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ABSTRACT: Poly(ADP-ribose) polymerase 14 (PARP14) is a
member of the PARP family of enzymes that transfer ADP-ribose
from NAD+ to nucleophilic amino acids on target proteins, a
process known as mono-ADP-ribosylation (MARylation). PARP14
is involved in normal immune function through the IL-4 signaling
pathway and is a prosurvival factor in multiple myeloma and
hepatocellular carcinoma. A mechanistic understanding of the
physiological and pathophysiological roles of PARP14 has been
limited by the dearth of PARP14-speciﬁc MARylation targets.
Herein we engineered a PARP14 variant that uses an NAD+ analog
that is orthogonal to wild-type PARPs for identifying PARP14speciﬁc MARylation targets. Combining this chemical genetics approach with a BioID approach for proximity-dependent
labeling of PARP14 interactors, we identiﬁed 114 PARP14-speciﬁc protein substrates, several of which are RNA regulatory
proteins. One of these targets is PARP13, a protein known to play a role in regulating RNA stability. PARP14 MARylates
PARP13 on several acidic amino acids. This study not only reveals crosstalk among PARP family members but also highlights
the advantage of using disparate approaches for identifying the direct targets of individual PARP family members.

P

of PARP14 are unknown. Without this information, it has been
diﬃcult to determine the mechanism by which PARP14mediated MARylation regulates these processes.
Recently, our lab and others have developed a chemical
genetic strategy using engineered PARP−modiﬁed NAD+
analog pairs for identifying the direct targets of PARP family
members.16−19 Herein, we report the expansion of our
chemical genetic strategy for identifying the direct targets of
PARP14. By engineering a variant of PARP14 that is able to
use a modiﬁed NAD+ analog, we identiﬁed 114 PARP14speciﬁc MARylation targets. The PARP14 targets we identiﬁed
are signiﬁcantly enriched for RNA regulatory proteins and
proteins involved in translation initiation, elucidating a broad
role for PARP14 in post-transcriptional regulation. We
discovered that PARP13, an inactive PARP family member
that regulates RNA stability, is a bona f ide PARP14 target,
demonstrating crosstalk among PARP family members. Using a
combined higher-energy collisional dissociation (HCD) and
electron-transfer dissociation (ETD) LC-MS/MS method,20
we identiﬁed 8 novel PARP14-speciﬁc MARylation sites on

oly(ADP-ribose) polymerase 14 (PARP14, ARTD8, or
BAL2) is a member of the PARP family of enzymes (17 in
humans) that have emerged as important factors in cell signal
transduction1 and are implicated in a host of physiological2−4
and pathophysiological5 pathways. PARPs contain a conserved
catalytic domain that transfers ADP-ribose from nicotinamide
adenine dinucleotide (NAD+) onto their protein targets.6 The
PARP family can be divided between PARP enzymes that
transfer a single ADP-ribose moiety (e.g., PARP14)7 and those
that transfer multiple ADP-ribose moieties (e.g., PARP1).8
Mono-ADP-ribosylation (MARylation) is suﬃcient to dramatically alter enzyme function: disrupting protein−protein
interactions, inhibiting enzyme function, and creating new
surfaces for binding.6,9
PARP14 plays an important role in normal immune function
where it regulates interleukin-4 (IL-4) and signal transducer
and activator of transcription 6 (STAT6)-dependent transcription in T and B cells.10−12 Further, it was shown to
regulate interferon beta (IFN-β) in macrophages.13 Beyond its
role in normal immune function, PARP14 was shown to play
an antiapoptotic role in both multiple myeloma (MM)14 and
hepatocellular carcinoma (HCC).15 While the activity of
PARP14 is required for its role in gene regulation in immune
cells and in cancer cell survival, the direct MARylation targets
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Figure 1. Identiﬁcation of PARP14 targets using a chemical genetic and “interactor” biotin aﬃnity capture approach. (a) Lysate labeling by WTΔN-PARP14, LG-ΔN-PARP14, and IG-PARP10 in the presence of 5-Bn-6-a-NAD+. HEK 293T cells were transfected with either WT-ΔNPARP14, LG-ΔN-PARP14, or IG-PARP10 and subjected to lysate labeling for 2 h in the presence of varying amounts of 5-Bn-6-a-NAD+.
MARylated proteins were visualized using streptavidin−HRP (Biotin). Expression of each PARP variant was conﬁrmed via immunoblot detection
of GFP. (b) Biotinylation of proximal PARP14 “interactors” by Myc-BirA*−PARP14 in the presence of biotin. HEK 293T cells were transfected
with Myc-BirA*−PARP14 and treated with media supplemented with vehicle (−Biotin) or biotin (+Biotin) for 24 h. Biotinylated proteins were
visualized using streptavidin−HRP (Biotin). Expression of Myc-BirA*−PARP14 was conﬁrmed via immunoblot detection of Myc and PARP14.
(c) Venn diagram comparing the LG-PARP14 targets identiﬁed in at least one LC-MS/MS run and the PARP14 “interactors” identiﬁed using MycBirA*−PARP14. (d) Tree map depicting enriched GO terms attached to the 114 shared LG-PARP14 and Myc-BirA*−PARP14 targets. GO term
enrichment was performed using the PANTHER toolkit. Signiﬁcantly enriched GO terms (p < 0.05) were condensed using ReviGO and similar
terms were nested based on similarity. Selected terms are indicated. The area of each box is proportionally scaled to the −log10(p-value).

adenosine ring contains an alkyne tag for enrichment of
MARylated protein targets using “click” chemistry and
subsequent identiﬁcation of them using LC-MS/MS.
Based on the primary sequence of PARP14, we hypothesized
that mutation of Leu1782 to a glycine would confer sensitivity
to 5-Bn-6-a-NAD+. Initially, we introduced this mutation into a
variant of PARP14 that is lacking the ﬁrst 553 amino acids of
the N-terminus (ΔN-PARP14). We started with this construct
because it lacks a region that will recombine in most E. coli
strains (with the exception of NEB stable cells grown at RT)
making it easier to manipulate. We expressed the engineered
form of PARP14 (LG-ΔN-PARP14) in HEK 293T cells and
incubated the lysates with increasing concentrations of 5-Bn-6a-NAD+. In lysates from cells transfected with LG-ΔN-

PARP13. These sites display diﬀerential PARP14-dependent
MARylation rates, and their mutation to alanine resulted in a
signiﬁcant decrease in PARP14-dependent labeling.
We have previously developed engineered PARP−modiﬁed
NAD+ analog pairs for identifying PARP family member
speciﬁc protein targets within complex cellular lysates.16−18
Our method relies on the introduction of a novel hydrophobic
pocket near the active site of the speciﬁc mono-PARP that will
accommodate a modiﬁed NAD+ analog. 5-Benzyl-6-alkyneNAD+ (5-Bn-6-a-NAD+) has a benzyl substituent at the C-5
position of the nicotinamide ring that allows it to be exclusively
used by an engineered mono-PARP. The modiﬁcation of
NAD+ at this position prevents endogenous PARPs from using
5-Bn-6-a-NAD+ as a substrate. The N-6 position of the
B
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Figure 2. PARP14 colocalizes with RNA regulatory proteins in the cell and modiﬁes PARP13 in vitro. (a) GFP−PARP14 and DDX6 are
colocalized in cytoplasmic puncta. HEK 293T cells expressing GFP−PARP14 were ﬁxed with paraformaldehyde and processed for
immunoﬂuorescence. DNA was stained with DAPI. Scale bar = 20 μM. (b) GFP−PARP14 and HA−PARP13 are colocalized in cytoplasmic
puncta. Cells were treated as described in part a. (c) HA−PARP13 coexpression increases the surface area of GFP−PARP14 puncta. The surface
area of GFP−PARP14 puncta from HEK 293T cells expressing GFP−PARP14 alone (n = 104) or GFP−PARP14 and HA−PARP13 (n = 99) is
depicted as a scatter plot, and the mean is indicated. ** represents p-value < 0.01, two-tailed Student’s t test. (d) HA−PARP13 coprecipitates with
GFP−PARP14. HEK 293T cells expressing HA−PARP13 and either GFP−PARP14-WT or GFP−PARP14-CD were lysed and aﬃnity puriﬁed
using the GFP tag. Lysates were treated with NAD+ or ABT-888, and PARP13 and PARP14 were detected via immunoblot. MARylation was
detected using MABE1016 (α-ADPr). (e) In vitro WWE-PARP14 MARylation assays demonstrate that PARP13 is a preferred PARP14 substrate.
WWE-PARP14 was screened for MARylation activity using recombinant PARP13 and NXF1 in the presence of NAD+. The same membrane was
ﬁrst imaged using a Ponceau S stain to detect total protein (bottom image) and then immunoblotted with MABE1016 to detect substrate
MARylation (top image). * highlights a nonspeciﬁc band in the NXF1 prep. (f) Quantiﬁcation of results shown in part e. The bar graphs depict the
MARylation activity for NXF1 and PARP13 with WWE-PARP14 at 10 and 60 min (mean ± SEM, n = 3). ** represents p-value < 0.01, two-tailed
Student’s t test. ns = not signiﬁcant.

PARP14 and treated with 100 μM 5-Bn-6-a-NAD+, we
observed MARylation of several protein targets across the
molecular weight spectrum (Figure 1a). Importantly, this
MARylation is not detected in lysates from untransfected cells
or cells transfected with wild-type PARP14 (WT-ΔNPARP14). The banding pattern produced by LG-ΔNPARP14 is distinct from that produced by the previously
characterized PARP10 variant, IG-PARP10,18 which highlights
our ability to detect mono-PARP speciﬁc protein targets.
When we introduced the LG variant into the full-length
PARP14 construct and performed LC-MS/MS analysis with
the enriched MARylation targets, we identiﬁed 305 novel
PARP14 protein targets (Supporting Table 1).
One of the main challenges when using our chemical
genetics method is determining which of the PARP targets are
physiologically relevant and which are false positives. Herein
we describe a modiﬁcation to our workﬂow that addresses this
ambiguity. Based on a method for identifying proximal protein
interactions in cells termed BioID,21 we designed a variant of
PARP14 that is fused at the N-terminus to a promiscuous form

of a biotin ligase (Myc-BirA*−PARP14). When cells are
treated with media containing exogenous biotin, BirA* will
biotinylate nearby proteins in a diﬀusion-limited process
allowing for identiﬁcation of proximal proteins using biotin
aﬃnity capture. We expressed Myc-BirA*−PARP14 in HEK
293T cells treated with biotin, and we observed a concomitant
increase in biotinylated proteins (Figure 1b). These biotinylated proteins are either interacting with PARP14 or are in
close proximity to PARP14 in the cell. We then used biotin
aﬃnity capture and LC-MS/MS to identify these PARP14
“interactors”. We identiﬁed 301 proteins that are selectively
biotinylated in the presence of Myc-BirA*−PARP14 (Supporting Table 2).
By comparing our proteomic data sets of PARP14
MARylation targets and PARP14 “interactors”, we discovered
a subset of 114 proteins that are both labeled by PARP14 and
spatially near PARP14 in the cell (Figure 1c). These 114
proteins represent the ﬁrst global set of PARP14 targets
identiﬁed in a cellular context. They now provide a new avenue
for investigating the molecular function of PARP14-speciﬁc
C
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Figure 3. Identiﬁcation of PARP14 MARylation sites on PARP13. (a) Domain architecture of the PARP13 protein. Amino acids that were
identiﬁed as MARylation sites are indicated (orange, E111, E115, E116; blue, E286; cyan, D287; black, D304; gray, D317, and red, E456). (b)
Tandem LC-MS/MS pipeline used to identify PARP13 MARylation sites. (c−g) Annotated ETD spectra for the PARP13 MARylation sites
identiﬁed in the present study. Shown are representative spectra. Each peptide containing the ADPr modiﬁcation is listed above the spectra, and the
site of modiﬁcation is indicated in bold. Coloring is the same as in part a. (h) MARylation activity for each PARP13 modiﬁcation site was
monitored via ETD at 5, 15, 30, and 60 min. MARylation site precursor ion intensities were normalized against the unmodiﬁed
SLNYKSTSSGHREISSPR peptide. Peak integrations were performed using the sum of the peptide precursors in Skyline.

PARP14 plays a broader role in post-transcriptional regulation
than previously thought.
From our chemical genetics experiments, we discovered that
DEAD-box helicase 6 (DDX6) was a potential PARP14 target
in the cell. While DDX6 did not pass our thresholds for being
both a PARP14 target and PARP14 interactor, we thought it
might still serve as a useful marker for PARP14 localization in
the cell. DDX6 is involved in a range of RNA regulation
activities in the cell and has been validated as a key component
of post-transcriptional repression within p-bodies.24,25 We
found that GFP−PARP14 colocalized with endogenous DDX6
(Figure 2a). This colocalization occurs independently of any
applied stress (e.g., sodium arsenite) or induced stress granule
formation. Unlike other PARP family members, such as
PARP12 and PARP13,5 PARP14 does not localize to stress

MARylation. To ascertain what roles these protein targets
fulﬁll in the cell, we subjected them to genome ontology (GO)
analysis using AmiGO (Figure 1d and Supporting Table 4).22
We found signiﬁcant enrichment for two broad subsets of
biological processes: translational initiation (p-value, 6.4 ×
10−20) and SRP-dependent cotranslational targeting to
membrane (p-value, 1.9 × 10−15). Within the ﬁrst category,
we ﬁnd enrichment for terms related to global RNA processing
(e.g., RNA processing, mRNA metabolic process, posttranscriptional regulation of gene expression), which corroborates previous reports that showed a role for PARP14 in the
regulation of RNA.5,23 This GO analysis, combined with our
identiﬁcation of multiple RNA binding and regulatory proteins
as PARP14-dependent MARylation targets, suggests that
D
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granules (identiﬁed with the stress granules marker TIAR26)
induced by either sodium arsenite or carbonyl cyanide-4(triﬂuoromethoxy) phenylhydrazone (FCCP) (Figure S1).
Together, these results show that PARP14 localizes to p-bodies
and not stress granules, supporting our proteomics studies that
suggest that PARP14 plays a role in post-transcriptional
regulation.
After validating the formation of PARP14 positive p-bodies,
we turned our attention to another intriguing PARP14 target,
PARP13. PARP13 is an inactive member27 of the PARP family
and is known to play important roles in antiviral RNA
repression28 and cellular RNA regulation.29 Here we ﬁnd that
PARP14 and PARP13 colocalize in HEK 293T cells in distinct
subcellular puncta (Figure 2b). Interestingly, we ﬁnd that the
coexpression of PARP14 with PARP13 dramatically increases
the surface area of the PARP14 positive puncta that we
previously observed in non-PARP13 expressing cells (Figure
2c). Therefore, PARP13 appears to not only bind PARP14 in
the cell but dictate the subcellular localization of PARP14 to
PARP13 positive puncta. As with DDX6, these results place
PARP14 inside puncta with RNA regulatory machinery and
provide further evidence that PARP14 plays a role in
MARylating RNA regulators in the cell.
Next, we wanted to determine if PARP14 interacts with
PARP13 and if this interaction is dependent on PARP14
catalytic activity. We coexpressed HA−PARP13 and GFP−
PARP14 in HEK 293T cells and pulled down PARP14 from
the resulting lysate. We found that PARP13 co-immunoprecipitated with PARP14 (Figure 2d). This interaction does not
depend on the addition of NAD+ to the lysate. By treating the
cells with ABT-888, a known PARP1/2-selective inhibitor,30
we also conﬁrmed that this interaction is independent of
PARP1/2 activity. Using a catalytically inactive variant of
PARP14 (GFP−PARP14-CD), we further veriﬁed that this
interaction was independent of PARP14 activity. Further, the
interaction between PARP14 and PARP13 is not mediated
directly through RNA, as the addition of RNase A during coimmunoprecipitation had no eﬀect on the ability of PARP14 to
bind and precipitate PARP13 (Figure S2). Taken together,
these results conﬁrm that PARP14 and PARP13 share a
protein−protein interaction that is both RNA and NAD+
independent.
Our chemical genetic results demonstrated that PARP13 is
MARylated by PARP14. We next sought to conﬁrm these
results using native NAD+ as a substrate. We puriﬁed
recombinant full-length PARP13 and a truncated form of
PARP14 (WWE-PARP14) and assayed in vitro WWE-PARP14
MARylation activity. We found that WWE-PARP14 MARylates PARP13 robustly within minutes (Figure 2e). To
conﬁrm that PARP14 speciﬁcally MARylates PARP13, we
compared WWE-PARP14 activity with NXF1, a previously
identiﬁed PARP11 speciﬁc substrate.18 We were surprised to
ﬁnd that while PARP14 signiﬁcantly prefers PARP13 to NXF1
over a short time span, both substrates were modiﬁed to
similar levels within an hour (Figures 2e,f). These results
conﬁrm that PARP13 is a speciﬁc PARP14 target and
demonstrate that care must be taken when assaying potential
PARP targets in vitro, as their apparent promiscuity can lead to
false positive target identiﬁcations.
Lastly, we sought to identify the amino acid sites on
PARP13 that are MARylated by PARP14. Previous studies
have shown that PARPs can auto-MARylate on several amino
acids, including glutamate and aspartate, serine, arginine,

lysine, and cysteine.31 To date, eﬀorts to identify mono-PARP
family member speciﬁc MARylation sites on target proteins
have been stymied by a lack of validated speciﬁc targets.
Building on the work from the Matic lab,20 we adapted a
method for identifying PARP13 MARylation sites using
tandem mass spectrometry. Brieﬂy, this method uses a
combination of HCD and ETD fragmentation events. The
HCD fragmentation is ﬁrst used to identify peptides that
undergo a neutral loss of adenosine or adenosine containing
fragments. Once a peptide with an adenosine neutral loss event
is detected, an ETD scan is triggered allowing for precise
localization of the MARylation modiﬁcation without causing
the ADP-ribose moiety to be lost during fragmentation. Using
this method, we identiﬁed 13 distinct PARP13 peptides that
were modiﬁed by ADP-ribose when PARP13 was co-incubated
with WWE-PARP14 for 1 h (Supporting Table 5). However,
we had trouble conﬁrming the exact location of the ADPribose signature within a peptide containing multiple potential
modiﬁcation sites (i.e., E, D, K, R, S, T). To address this
diﬃculty, we created a new ETD method that searched
through an inclusion list that contained only the previously
identiﬁed potential PARP13 modiﬁcation sites. The increase in
resolution achieved with this modiﬁed ETD method allowed
us to conﬁdently assign 8 PARP13 MARylation sites (Figure
3a and Supporting Table 6). Each MS/MS spectra was
manually validated to conﬁrm the correct localization of the
ADP-ribose moiety. While we allowed our search to include
basic residues (K and R), cysteine, serine, and threonine, we
were only able to validate acidic residues (D and E) as the sites
for PARP14 modiﬁcation.
Based on our in vitro results with both PARP13 and NFX1,
we were concerned that while our 1 h time-point could reveal
PARP13 sites that could be modiﬁed by PARP14, we needed a
better understanding for how PARP14 targeting evolves over
time. Therefore, after ﬁnding the 8 sites from the longer time
point, we determined if they were diﬀerentially labeled by
PARP14 or if they were modiﬁed in a stochastic manner. To
answer this question we started by MARylating PARP13 with
WWE-PARP14 and removed aliquots of labeled protein for
site identiﬁcation LC-MS/MS at regularly timed intervals
(Figure 3b). During our time course, we were only able to
obtain useful chromatographic information for 5 of the 8
previously identiﬁed PARP13 sites (Figure 3a). The MS/MS
spectra for each of these sites were manually validated to
obtain a list of key MS1 and MS2 ion signatures that would
allow us to localize each ADP-ribose modiﬁcation (Figures
3c−g). We used this ion list to accurately assign chromatographic peaks in the LC-MS/MS data for each site. Using
Skyline,32 a freely available reaction monitoring (SRM) client,
we compiled each of the separate timed PARP13 ETD runs
into a library containing the chromatographic peaks for each
modiﬁed site at each time point. By integrating the peaks (see
Methods for details) for each of the PARP13 MARylation sites,
we could compare the respective PARP14 modiﬁcation rates
(Figure 3h). While we cannot rule out that the overall
abundance of these sites in our LC-MS/MS data could be
aﬀected by diﬀerences in how the peptides ﬂy during ETD
fragmentation, we still notice a stark diﬀerence in the rates at
which PARP14 modiﬁes the diﬀerent PARP13 sites. Roughly,
these sites can be broken into three categories: fast (E456),
moderate (E286 and D287), and slow (D304 and D317). This
provides the ﬁrst evidence that mono-PARPs display a sitespeciﬁc preference on the same target protein and that the
E
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together, we have demonstrated that PARP14 modiﬁes
PARP13, we have identiﬁed a series of PARP13 sites that are
speciﬁcally MARylated by PARP14, and we have conﬁrmed
that our mutations do not eﬀect RNA binding functions of
PARP13.
In summary, we used our chemical genetics strategy together
with a BioID proximity labeling approach to identify direct
targets of PARP14. We found that PARP14 speciﬁcally
MARylates and interacts with a number of diverse RNA
regulatory proteins and is localized with DDX6 to RNA pbodies. Further, we identiﬁed another PARP family member,
PARP13, as a bona ﬁde PARP14 MARylation target. In
addition, we were able to identify and validate a number of
new PARP14-dependent MARylation sites on PARP13. Using
our pipeline, it is now possible to go from a speciﬁc PARP
family member to its direct targets and from there to the exact
sites of modiﬁcation.
Our identiﬁcation of individual PARP13 MARylation sites
presents a number of intriguing questions for future study. In
particular, we are interested in uncovering whether the
MARylation sites are involved in RNA recognition or
regulation events, if they play a role in antiviral repression,
or if they are important for an as-yet unknown PARP13
function. As the validated biological roles for the PARP family,
and PARP14 in particular, continue to expand, this work
should aid in the elucidation of the function of MARylation in
normal physiology and disease.

catalytic domain alone is capable of distinguishing between
these sites.
To conﬁrm our site identiﬁcation LC-MS/MS results, we
introduced a series of point mutations into recombinant
PARP13 and subjected the variants to in vitro ADPribosylation using WWE-PARP14. Surprisingly, we found
that mutation of the “fast” site to an alanine residue
(PARP13-E456A) resulted in more labeling at both 10 and
60 min as compared to the WT construct (Figure 4a,b). Based

■

METHODS

Chemical Synthesis. Synthesis of 5-Bn-6-a-NAD+ and 6-a-NAD+
was completed as previously described.16,18
Cloning Full-Length PARP14. To generate full-length PARP14
constructs, PCR primers were designed to amplify the entirety of the
PARP14 coding sequence ﬂanked by various restriction enzyme sites.
Ampliﬁed PARP14 was cut, gel-puriﬁed, and ligated into various
expression constructs. PARP14 containing vectors were transformed
into NEB Stable cells (NEB), and they were recovered at 30 °C for 1
h in LB media. Following plating, they were incubated at RT for 2
days, and resulting colonies were grown in LB/Kan media at 24 °C
instead of 37 °C. Following clonal expansion, plasmids were puriﬁed
using Midiprep kits (Thermo).
Cell Culture and Immunoﬂuorescence. HEK 293T cells were
grown in DMEM (Gibco) supplemented with 10% fetal bovine serum
(FBS, HyClone), penicillin/streptomycin (Invitrogen), and 1×
GlutaMAX (Gibco) at 37 °C and 5% CO2. Transient transfections
of HEK 293T cells with 20 μg of GFP-tagged or Myc-BirA*
expression vectors per 10 cm dish (∼70% conﬂuency) were
performed using the CalPhos system (Clontech) according to
manufacturer’s instructions. For coexpression experiments, GFP−
PARP14 vectors were transfected 1:1 with HA−PARP13 or an empty
vector (as a negative control). Cells were lysed in HEPES buﬀer
supplemented with cOmplete EDTA-free protease inhibitor (Roche),
and cell debris was cleared by centrifugation at 14 000g for 5 min at 4
°C. Immunoﬂuoresence localization experiments with GFP−PARP14,
DDX6, TIAR, and HA−PARP13 were performed as previously
described.18 The treatment of cells with sodium arsenite and FCCP to
induce stress granule formation was based on published reports.33
Images were collected on an ApoTome microscope (Zeiss) and were
processed using ImageJ. Z-stacks were compressed as maximal 2D
projections, and background subtraction was completed using the
Rolling Ball Background Subtraction plugin (radius = 8).
NeutrAvidin Enrichment and LC-MS/MS Analysis. Total
protein (0.5−1 mg) from HEK 293T cells expressing WT- or LGPARP14 was incubated with 100 μM 5-Bn-6-a-NAD+ for 2 h at 30 °C,
click conjugated to biotin−PEG3-azide, and subjected to enrichment
using NeutrAvidin agarose (Pierce) and proteolysis as described.16−18

Figure 4. In vitro validation of speciﬁc PARP13 MARylation sites
using WWE-PARP14 and NAD+. (a) WWE-PARP14 was screened for
MARylation activity using recombinant PARP13 variants in the
presence of NAD+. The same membrane was ﬁrst imaged using a
Ponceau S stain to detect total protein (bottom image) and then
immunoblotted with MABE1016 to detect substrate MARylation (top
image). (b) Quantiﬁcation of results shown in part a. The bar graphs
depict the MARylation activity for the PARP13 variants with WWEPARP14 at 10 and 60 min (mean ± SEM, n = 3). ** represents pvalue < 0.01, two-tailed Student’s t test. ns = not signiﬁcant.

on these results, it is possible that the E456 site plays an
inhibitory role and blocks modiﬁcation of additional sites
within PARP13. Further, it is possible that the mutation we
introduced could alter the PARP13 structure and reveal new
modiﬁcation sites. Regardless, when we mutate all of the 8 sites
we identiﬁed to alanine (PARP13-SM) we see a signiﬁcant
reduction in PARP14-dependent labeling (∼50% of WT
labeling) at 10 min and a nonsigniﬁcant reduction after an
hour (Figure 4b). The inability to drive PARP14-dependent
MARylation to zero could indicate that there are additional
sites we have not accounted for, that the WWE-PARP14
construct does not reproduce fully the preferences of the fulllength cellular PARP14, or that PARP14 can modify additional
glutamates and aspartates to compensate for the loss of its
preferred sites. To rule out signiﬁcant structural changes in
PARP13 that might be caused by our mutations, we compared
the ability of the WT and SM variant to bind a previously
characterized PARP13-bound RNA fragment.29 Both the WT
and SM variant bound RNA with a similar Kd (118.8 nM vs
127.6 nM, respectively) suggesting that our mutations did not
radically alter the structure of PARP13 (Figure S3). Taken
F
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The labeling of Myc-BirA*−PARP14 interactors with biotin was
performed as previously reported.21 Brieﬂy, HEK 293T cells
expressing GFP−PARP14 or Myc-BirA*−PARP14 were treated
with media supplemented with 50 μM biotin for 24 h prior to
protein extraction. Biotinylated proteins were subjected to NeutrAvidin agarose enrichment and target identiﬁcation as described.16−18 The PARP13 MARylation site identiﬁcation experiments
were performed with 150 μg of recombinant PARP13 that was labeled
for 30 min at 30 °C with 3 μM WWE-PARP14 and 100 μM NAD+.
MARylated PARP13 was digested via partial proteolysis with 1.5 ng/
μL trypsin (Promega) for 20 min at RT and puriﬁed using ﬁlter aided
sample prep (FASP) as described previously.20 Time course
experiments were completed as described above except aliquots of
150 μg of PARP13 were removed and precipitated in methanol at 5,
15, 30, or 60 min prior to LC-MS/MS sample preparation. MS
experiments were performed using an Orbitrap Fusion (Thermo)
equipped with a nanospray UPLC system. MS processing and analysis
thresholds are discussed in Supporting Information.
PARP14 Selectivity Assay. Recombinant proteins were preceded
by a 6× His tag and were expressed and puriﬁed as previously
described.16 In addition to Ni-NTA aﬃnity chromatography, PARP13
constructs were further puriﬁed via size-exclusion chromatography
using a Superdex 200 Increase 10/300 column (GE Healthcare).
WWE-PARP14 (5 nM) was incubated with either PARP13 or NXF1
(500 nM) and 100 μM NAD+ for 10 or 60 min at 30 °C in an 18 μL
reaction volume consisting of 50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 12 mM MgCl2, and 0.5 mM TCEP. Substrate labeling was
detected via immunoblot using the pan-ADP-ribose detection reagent
MABE1016 (Millipore) and quantiﬁed using ImageLab v5.2 (BioRad) and normalized against the total substrate load as determined
using Ponceau S stain. The MARylation activity was normalized
against PARP13 activity at 60 min.
PARP13 Site Validation. WWE-PARP14 (5 nM) was incubated
with either PARP13-EA, the E456A point mutant (PARP13-E456A),
or the E111A, E115A, E116A, E286A, D287A, D304A, D317A, and
E456A mutant (PARP13-SM) (500 nM), and treated as detailed
above in the PARP14 selectivity assay. The MARylation activity was
normalized against PARP13-WT activity at 60 min.
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