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ABSTRACT: Werner syndrome is a premature aging disorder
that is caused by defects in the Werner protein (WRN). WRN is
a member of the RecQ helicase family and possesses helicase and
exonuclease activities. It is involved in various aspects of DNA
metabolism such as DNA repair, telomere maintenance, and
replication. Poly(ADP-ribose) polymerase 1 (PARP1) is also
involved in these processes by catalyzing the formation of the
nucleic-acid-like biopolymer poly(ADP-ribose) (PAR). It was
previously shown that WRN interacts with PARP1 and that
WRN activity is inhibited by PARP1. Using several bioanalytical
approaches, here we demonstrate that the enzymatic product of
PARP1, i.e., PAR, directly interacts with WRN physically and
functionally. First, WRN binds HPLC-size-fractionated short and
long PAR in a noncovalent manner. Second, we identified and characterized a PAR-binding motif (PBM) within the WRN
sequence and showed that several basic and hydrophobic amino acids are of critical importance for mediating the PAR binding.
Third, PAR-binding inhibits the DNA-binding, the helicase and the exonuclease activities of WRN in a concentration-dependent
manner. On the basis of our results we propose that the transient nature of PAR produced by living cells would provide a
versatile and swiftly reacting control system for WRN’s function. More generally, our work underscores the important role of
noncovalent PAR-protein interactions as a regulatory mechanism of protein function.

Poly(ADP-ribosyl)ation (PARylation) is a post-translational
modification catalyzed by poly(ADP-ribose) polymerases

(PARPs). PARP1 accounts for the bulk of the cellular
PARylation capacity and is involved in various cellular
processes, such as DNA repair, telomere regulation, tran-
scription, and the regulation of cell death.1,2 It is catalytically
activated by DNA strand breaks and forms linear and branched
chains of poly(ADP-ribose) (PAR) consisting of up to 200
ADP-ribose units, which are covalently bound to acceptor
proteins, such as PARP1 itself (automodification) and histones
(Figure 1).1,2 Poly(ADP-ribose) glycohydrolase (PARG), on
the other hand, hydrolyzes PAR in both an endo- and
exoglycosidic manner, which leads to rapid turnover of PAR
in the cell and to the formation of free PAR. In addition to
covalent modification, free PAR can bind to proteins in a
noncovalent manner, which may alter their functions or
subcellular localization. Although PAR and DNA are
structurally related, noncovalent PAR-protein interactions are
not mediated via common DNA binding domains, since general
DNA binding enzymes such as polymerases, ligases, and

DNase1 do not bind PAR.3,4 Instead the PAR-protein
interaction is mediated by at least three specific PAR binding
motifs: (i) distinct macrodomains, (ii) a PAR-binding zinc
finger motif, and (iii) a weakly conserved ∼20 amino acid (aa)
PAR binding motif (PBM).5−9 Whereas the first two binding
motifs are present in a limited number of human proteins
(<50), the 20 aa PBM has been identified in several hundred
human protein sequences.6,9 This motif consists of (i) a cluster
rich in basic aa and (ii) a pattern of hydrophobic aa
interspersed with basic residues.6,9 Most of the PAR interaction
partners identified so far are involved in genomic maintenance
and cell-cycle control. For example, the recruitment of the base-
excision repair (BER) protein XRCC1 to sites of DNA damage
is completely dependent on efficient PAR formation.10

Moreover, the binding of PAR to the DEK oncoprotein
promotes the formation of DEK multimers with potential
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impact on gene transcription and maintenance of genomic
stability.11 Also, the ability of p53 to bind to DNA is decreased
upon noncovalent interaction with PAR, suggesting a PAR-
dependent regulation of transactivation functions of p53.12

Another factor involved in many aspects of DNA metabolism
such as replication, DNA repair, and telomere maintenance is
the Werner syndrome protein (WRN).13 In the hereditary
disease Werner syndrome (WS), the WRN gene is mutated and
dysfunctional. Patients show premature aging starting after
puberty, with age-associated characteristics such as osteopo-
rosis, atherosclerosis, and high cancer incidence, which is
paralleled and probably caused by high susceptibility to
genotoxic stress at a cellular level.14 WRN is a RecQ helicase
with additional exonuclease and ATPase activities.13 WRN
binds to various DNA substrates such as forked structures,
DNA/RNA duplexes, and repair intermediates including
Holliday junctions, bubbles, recessed ends, and telomeric
substrates.15 Both WRN’s helicase and exonuclease activities
work in the 3′→5′ direction and can act independently of each
other.16,17 Enzymatic properties of WRN can be altered by
post-translational modifications such as acetylation, which
regulates WRN function in BER,18 and phosphorylation,

which inhibits WRN’s enzymatic activities.19 A potential
covalent PARylation of WRN by PARP1 has been reported.20

Furthermore, a physical and functional interaction between
PARP1 and WRN has been discovered. First, cells derived from
WS patients carrying a mutant form of WRN are severely
deficient in their PARylation activity under conditions of
genotoxic stress. Furthermore, WRN directly interacts with
PARP1 physically in human cells.21,22 The WRN-PARP1
interaction is mediated via three WRN regions, i.e., the N-
terminus, the helicase domain, and a C-terminal region
containing the RecQ-conserved (RQC) domain, and via two
PARP1 regions, i.e., the DNA-binding and BRCT domain.23

Interestingly, the WRN-PARP1 interaction seems to be
dependent on the PARylation state of PARP1, because
PARylated PARP1 binds WRN less efficiently than unmodified
PARP1.21 Also dependent on its PARylation state, PARP1
inhibits both exonuclease and helicase activities of WRN.23

Thus, unmodified PARP1 has a stronger inhibitory effect on
WRN activity than PARylated PARP1.23 In vivo, Parp1−/−/
WrnΔhel/Δhel mice develop cancer at higher incidence and exhibit
a shorter lifespan than corresponding single knockouts.
Furthermore, cells derived from those mice display major

Figure 1. In vitro production and biotinylation of poly(ADP-ribose). PARPs cleave the glycosidic bond of NAD+ between nicotinamide and ribose
followed by the covalent modification of acceptor proteins with an ADP-ribosyl unit. PARPs also catalyze adduct elongation, giving rise to linear
polymers with chain lengths of up to 200 ADP-ribosyl units, characterized by their unique ribose (1″→2′) ribose phosphate−phosphate backbone.
Some of the PARP family members also catalyze a branching reaction by creating ribose (1‴→2″) ribose linkages. In vitro synthesized poly(ADP-
ribose) (PAR) was detached from proteins by KOH treatment, purified by phenol/chloroform extraction, and for some experiments HPLC-size-
fractionated and labeled with biotin via a carbonyl-reactive biotin analogue (biocytin hydrazide) for detection purposes.
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signs of genomic instability 24 as well as a pronounced
dysregulation of gene transcription, including genes involved in
apoptosis, cell cycle control, and metabolism.25

The present work highlights the role of noncovalent PAR-
protein interactions as a regulatory mechanism of protein
function. WRN is considered an important factor in genome
maintenance, with implications in aging and cancer biology.13

The cellular functions of WRN and PARP1 are highly
overlapping and the interplay between both factors leads to
an inhibition of WRN’s catalytic activities.23 Here we are using
a series of bioanalytical approaches, e.g., HPLC size-
fractionation of PAR, PAR-protein interaction assays with
biotin end-labeled PAR, and quantitative isotope dilution mass
spectrometry to reveal that WRN directly and specifically
interacts with free PAR in a noncovalent manner and that this
interaction regulates WRN activity. We demonstrate that the
PAR-protein interaction is mediated via at least one PBM
located in WRN’s exonuclease domain. In addition, binding of
PAR to WRN decreases WRN’s ability to bind to a
physiologically relevant DNA substrate and also inhibits its

exonuclease and helicase activities. We propose that the
production of PAR provides a versatile, swiftly reacting and
highly efficient system to control WRN’s function in a
spatiotemporal manner.

■ RESULTS AND DISCUSSION

PAR Binds to WRN in a Noncovalent Manner. A direct
physical and functional interaction of WRN with PARP1 was
reported previously.21,23 To test the hypothesis that WRN is
capable of binding the enzymatic product of PARP1, i.e., PAR,
we performed interaction studies using purified recombinant
WRN. Increasing amounts of WRN were separated by SDS-
PAGE, immobilized on a nitrocellulose membrane, and
incubated with in vitro synthesized, purified PAR (see Figure
1 for synthesis). After high-stringency salt washes, protein-
bound PAR was detected using the PAR-specific antibody 10H
(Figure 2A). As expected, no detectable levels of PAR bound to
negative controls, such as bovine serum albumin, cytochrome c,
or lysozyme, whereas strong binding was observed to histone
H1, which served as a positive control. Importantly, a PAR-

Figure 2. PAR binds to WRN in a noncovalent manner. (A) PAR-overlay blots demonstrating WRN-PAR interaction. Proteins were separated by
SDS-PAGE, immobilized on a nitrocellulose membrane, and incubated with 0.2 μM (referring to ADP-ribosyl units) unfractionated PAR. Protein-
bound PAR was detected using the anti-PAR monoclonal antibody 10H. (Left panel) Histone H1 served as a positive control; bovine serum albumin
(BSA), cytochrome c (Cyt C), and lysozyme (Lys) served as negative controls. (Right panel) Specificity control of the 10H antibody; 5 pmol of
WRN were loaded per lane. After blotting, the membrane was cut and incubated with or without 0.2 μM PAR (±PAR), respectively. Apart from this,
both membranes were processed identically. After probing with the 10H antibody, membranes were stripped and incubated with an anti-WRN
antibody as loading control. WRN-PAR binding was observed only for the PAR-incubated membrane, whereas no signal was detected for the control
membrane. (B) (Left panel) PAR-overlay slot-blot evaluating the dependency of WRN-PAR binding on PAR chain length. WRN (15 pmol/slot) was
immobilized on a nitrocellulose membrane (in duplicates) and incubated with 0.2 μM PAR of chain length as indicated. (Right panel) Densitometric
quantification of PAR-overlay slot-blot, normalized to signals obtained from binding of unfractionated PAR.
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specific signal was associated with WRN demonstrating that the
latter is capable of specific noncovalent interaction with free
PAR (Figure 2A).
The finding that WRN is potentially covalently modified with

PAR on the one hand20 and that it interacts with PAR in a
noncovalent fashion on the other hand fits with data on other
proteins such as histone H1 and DEK, where dual regulation by
PAR has been shown.11,26−28 This highlights the complex
regulation of proteins by PAR on multiple levels.
As we have shown previously, noncovalent binding of PAR to

some proteins, e.g., DEK and XPA, depends on the chain length

of the polymer.29 We therefore investigated the ability of WRN
to bind to PAR of different, well-defined chain length. As is
shown in Supplementary Figure 1, PAR of chain lengths
ranging from 5 to >65 units was size-fractionated using a
previously established anion exchange HPLC protocol.29,30 In a
PAR-overlay assay equal amounts of membrane-immobilized
WRN were incubated with equal amounts of PAR of defined
chain length. Binding of PAR to WRN was observed for all
PAR fractions, with a slight tendency for stronger binding of
WRN to longer PAR chains (Figure 2B). Nonetheless, PAR
chains smaller than 10 units could still bind strongly to WRN,

Figure 3. WRN exhibits a PAR-binding motif in its exonuclease domain. (A) Alignment of the PAR-binding motif (PBM) consensus sequence with
the WRN polypeptide sequence revealed four putative candidates. Basic and hydrophobic aa are depicted in blue and red, respectively. (B) Scheme
of the WRN protein highlighting functional domains as well as the location of putative PBMs (in purple). Asterisk indicates the PBM that was
confirmed experimentally. (C) Experimental confirmation of the PBM. WRN peptides 166−188, 251−275, 785−812, and 1032−1058 were tested
for their ability to bind PAR, by using a PAR-overlay assay. Peptides were immobilized on a nitrocellulose membrane and incubated with 3 nM
biotinylated PAR. PAR was detected using streptavidin-HRP. Peptide 166−188 bound PAR strongly, whereas peptides 251−275 and 785−812
showed weak PAR-binding. No PAR-binding was detected with peptide 1032−1058. (D) Peptide loading control using SYPRO Ruby staining (E)
Densitometric quantification of panel C. Data represent means ± SEM from three independent experiments. Statistical analysis was performed using
ANOVA and Dunnett’s post-test. *** p < 0.001; n.d., not detectable; EXO, exonuclease domain; RQC, RecQ C-terminal domain; HRDC, helicase
and RNase D C-terminal domain; NLS, nuclear localization signal.
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with signal intensities similar to those of unfractionated PAR,
indicating that WRN is able to bind even very short PAR chains
with high affinity (Figure 2B). A control experiment using XPA
showed a strong dependency of PAR-XPA binding on PAR
chain length, which confirmed our previous results (Supple-
mentary Figure 2).29 The finding that some PAR-interacting
proteins, such as XPA and DEK, exhibit a strong preference for
long PAR chain lengths,11,29 whereas others, such as WRN and
H1, also efficiently bind to short polymer underscores the
importance of PAR chain length and probably also branching
complexity in the regulation of protein function.
Identification of a PAR-Binding Motif in the WRN

Exonuclease Domain. The most frequent feature of proteins
that associate with PAR noncovalently is the presence of a
weakly conserved PBM.6 This PBM consensus sequence
consists of a stretch of basic aa that are separated by
hydrophobic aa from a further cluster of N-terminally located
basic aa (Figure 3A). A homology search based on the PBM
consensus sequence reported by Pleschke et al. revealed a total
of four potential PBMs within the WRN protein (Figure 3A,B).
The first PBM is located in the WRN exonuclease domain (aa
166−188), the second in between the exonuclease domain and
the acidic region (aa 251−275), the third in the RecQ
conserved (RQC) domain (aa 785−812), and the fourth in the
helicase and RNase D C-terminal (HRDC) domain (aa 1032−
1058) (Figure 3B). These sequences were synthesized as
oligopeptides and tested for their ability to bind PAR using a
PAR-overlay assay. Increasing amounts of each peptide were
immobilized on a nitrocellulose membrane and incubated with
biotin end-labeled PAR (Figure 1) to detect PAR with high
specificity and sensitivity.29 Biotinylated PAR was detected after
high-stringency salt washes using streptavidin-coupled horse

radish peroxidase (HRP). Peptide 166−188 at the N-terminus
of WRN revealed strong PAR-binding (indicated by an asterisk,
Figure 3B), whereas weak PAR-binding was observed for
peptides 251−275 and 785−812. No or very weak PAR-
binding was detected for peptide 1032−1058, further
demonstrating the specificity of the PAR binding to peptide
166−188 (Figure 3C−E). The finding that peptide 166−188
has been identified in an in silico search for putative PBMs in
combination with the result that this peptide binds PAR with
high affinity provides strong evidence for the existence of a
PBM within aa 166−188 of the WRN protein.

Basic and Hydrophobic Amino Acids in the PBM
Contribute to PAR Binding. To determine which aa residues
within the PBM mediate PAR-binding, peptide 166−188 was
subjected to an aa exchange analysis. Both hydrophobic and
basic aa have been described to contribute to the specificity of
PAR-binding within PBMs.6,9 To this end, the PBM was
mutated consecutively either by changing basic or hydrophobic
aa in groups of two or three (Figure 4A). A PAR-overlay assay
was performed to test the interaction of the four peptides with
PAR (Figure 4). As expected, the wild type (WT) peptide
displayed the strongest PAR-binding affinity. PAR-binding was
significantly weaker with peptide W-h1, carrying exchanges of
three hydrophobic aa to alanine. Peptide W-h2 with exchanges
of five hydrophobic aa as well as peptide W-b1 with exchanges
of three basic aa displayed no detectable PAR-binding.
In summary, we have identified a PBM at aa position 166−

188 of the WRN protein. Within this motif, both basic and
hydrophobic aa contribute to efficient binding of the polymer,
although basic aa appeared to have a slightly greater impact on
PAR-binding than hydrophobic ones. Next, we tested three
different functional end points of WRN activity, i.e., DNA

Figure 4. PAR-overlay blot with mutant WRN peptides derived from peptide 166−188. (A) Peptide sequences used for PAR binding studies with
amino acid exchanges highlighted in bold. (B) Peptides were immobilized on a nitrocellulose membrane in concentrations as indicated and
incubated with 3 nM biotinylated PAR. PAR was detected using streptavidin-HRP. The WT PAR binding motif displays the strongest binding to
PAR followed by the peptide W-h1, which possesses only minor PAR-binding ability. For both W-h2 and W-b1 binding is strongly reduced. (C)
Peptide loading control using SYPRO Ruby staining. (D) Densitometric quantification of panel B. Data represent means ± SEM of three
independent experiments. Statistical analysis was performed as described in Figure 3. *** p < 0.001; n.d., not detectable.
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binding properties as well as WRN’s enzymatic activities to
analyze potential functional consequences of the WRN-PAR
interaction.
PAR Inhibits WRN-DNA Interaction. For WRN-DNA

interaction studies, we chose a commonly used DNA
oligoduplex substrate that comprises a forked structure carrying
a 5′-biotin end label to allow detection via streptavidin-HRP. As
shown previously such a DNA structure can be potentially
formed during processes such as transcription and replication
and at telomeric ends and serves as a good substrate for WRN,
because it can be recognized as ssDNA, dsDNA, a DSB, or a
forked structure.15 Binding of full-length WRN to this
oligoduplex was analyzed using an electrophoretic mobility
shift assay (EMSA). As it is evident from Figure 5A, WRN
efficiently bound to the oligoduplex in a concentration-
dependent manner as expected. An almost complete and
highly significant shift was observed at a molar ratio of
WRN:oligoduplex of 2.5:1, where even residual single-stranded
DNA (from incompletely annealed oligoduplexes) is bound by
the protein (Figure 5A). To analyze if the WRN-PAR
interaction interferes with WRN-DNA binding, we preincu-
bated WRN with increasing concentrations of PAR before
adding the oligoduplex. As no major influence of PAR chain
length on its WRN-binding affinity was observed, EMSA
experiments were performed with unfractionated PAR

representing a mixture of short and long chains ranging from
1 to over 200 units, with an estimated mean chain length of 100
ADP-ribosyl units (PAR100mer). Figure 5B demonstrates that
with increasing concentrations of PAR fewer WRN-DNA
complexes were formed. At a concentration of 10 μM PAR
(PAR concentration refers to monomeric ADP-ribose if not
stated otherwise) a highly significant reduction of the
electrophoretic shift was observed to ∼50% compared to
control (2:1 molar ratio PAR100mer:WRN). Maximum reduction
of the electrophoretic shift by ∼75% was observed at a PAR
concentration of 20 μM (4:1 molar ratio of PAR100mer:WRN)
(Figure 5B).
These results demonstrate a direct functional effect of free

PAR by interfering with WRN’s DNA-binding ability. WRN
harbors three DNA-binding domains with distinct substrate
specificities.15 One of these DNA-binding domains is located
N-terminally within the exonuclease domain, the other two C-
terminally, i.e., within the RQC and helicase domains. Because
all three of these DNA-binding domains bind to forked
substrates, as used in this study, with high affinity, we speculate
that steric and/or structural changes within the WRN protein
are responsible for the reduced WRN-DNA interaction upon
PAR-binding. Furthermore, PAR may compete with the DNA
substrate for WRN-binding via WRN’s N-terminal DNA-
binding domain which overlaps with the N-terminal PBM.

Figure 5. WRN-PAR interaction inhibits binding of WRN to DNA. (A) (Upper panel) Increasing concentrations of WRN were incubated with 200
fmol of biotin-labeled forked oligoduplex. A WRN-dose-dependent shift of the oligoduplex is indicative of WRN-DNA binding. (Lower panel)
Densitometric quantification of three independent experiments (means ± SEM). (B) (Upper panel) Effect of PAR on the WRN-DNA interaction.
WRN (50 nM) was preincubated with increasing concentrations of PAR. Ten micromolar PAR corresponds to a 2:1 molar ratio of PAR100mer:WRN.
The presence of PAR inhibited the formation of the WRN-DNA complex in a dose-dependent manner. (Lower panel) Densitometric quantification
of three independent experiments (means ± SEM). Statistical analysis was performed using ANOVA and Dunnett’s multiple comparison test, *** p
< 0.001. Curves were fitted using a sigmoidal dose−response curve with variable slope. Single-stranded oligonucleotide (gray arrow), duplex
oligonucleotide and WRN-DNA complex (black arrow) are indicated. ds, double-stranded biotinylated oligonucleotide; ss, single-stranded
biotinylated oligonucleotide.
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Conversely, it is possible that DNA is able to dissociate PAR
from WRN. In this respect, it was shown previously that PAR
and DNA compete for PAR binding sites in histone H1 at a
high molar excess of DNA.3,6 Because WRN shows a weaker
PAR binding compared to histone H1 (Figure 2A), it is
therefore likely that at high concentrations DNA is able to
dissociate PAR from WRN as well. If this is of any physiological
relevance remains to be elucidated.
PAR Inhibits WRN’s Helicase and Exonuclease

Activities. To study if the WRN-PAR interaction affects
WRN’s enzymatic functions, first a WRN helicase assay was
developed based on a previously published protocol.31 Instead
of using a radioactively end-labeled substrate, a non-radioactive
biotin-labeled forked DNA oligoduplex was used. The
oligoduplex was incubated with increasing concentrations of
WRN, separated by native PAGE, immobilized on a nylon
membrane, and detected via streptavidin-HRP. As expected, a
dose-dependent unwinding of the substrate was observed
(Figure 6A). At a molar ratio of WRN:oligoduplex of 0.75:1
significant formation of single-stranded DNA was observed that
reached saturation at a molar ratio of WRN:oligoduplex of
1.25:1 (Figure 6A). When WRN was preincubated with
increasing concentrations of PAR before adding the oligoduplex
substrate, WRN’s unwinding activity was inhibited in a
concentration-dependent manner (Figure 6B). PAR signifi-
cantly inhibited DNA unwinding by 62% at a concentration of
2.5 μM (1:1 molar ratio of PAR100mer:WRN). A maximum

inhibitory effect of 80% was observed at 10 μM PAR (4:1 molar
ratio of PAR100mer:WRN) (Figure 6B).
As the WRN-PBM is located in the exonuclease domain, we

examined a potential impact of PAR on WRN’s exonuclease
function using a recently developed method to quantify WRN’s
exonuclease activity.32 In this method WRN’s exonuclease
activity is analyzed by detecting the release of free
deoxyguanosine (dG) via isotope dilution mass spectrometry
(LC−MS/MS). A forked oligoduplex mimicking the telomeric
repeat sequence was used as a substrate. A concentration-
dependent reduction in WRN’s exonuclease activity was
observed in the presence of PAR (Figure 7). A significant
inhibition of exonuclease activity by ∼25% was observed at a
PAR concentration of 10 μM (2.5:1 molar ratio of
PAR100mer:WRN). Maximum inhibition of exonuclease activity
of ∼45% was observed with PAR concentrations >50 μM.
These results were confirmed using a classical WRN
exonuclease activity assay by detection of a 5′-biotin-end-
labeled oligonucleotide after electrophoretic separation under
denaturing conditions (Supplementary Figure 3).
In summary, our results demonstrate that WRN-PAR

interaction significantly interferes with WRN’s helicase and
exonuclease functions in vitro. The effect of PAR on WRN’s
exonuclease and helicase activities may be induced by
conformational changes upon PAR-binding leading to allosteric
inhibition of the enzyme or by the reduced DNA-binding
ability of WRN upon PAR-binding. The effect of PAR on
WRN’s exonuclease activity is conclusive, considering that the

Figure 6. WRN-PAR interaction inhibits WRN’s helicase activity. (A) WRN helicase assay. (Upper panel) Unwinding of a forked oligoduplex in a
WRN-concentration-dependent manner. (Lower panel) Densitometric quantification from three independent experiments (means ± SEM).
Reactions were performed at 37 °C for 20 min. (B) Impact of PAR binding on WRN’s helicase activity. (Upper panel) Recombinant WRN (25 nM)
was preincubated with increasing concentrations of PAR as indicated. Helicase reaction was started by addition of the biotin-labeled oligoduplex. The
presence of PAR inhibited WRN’s helicase activity in a concentration-dependent manner. (Lower panel) Densitometric quantification of three
independent experiments (means ± SEM). Ten micromolar PAR correspond to a 4:1 molar ratio of PAR100mer:WRN. § indicates single-stranded
DNA due to incomplete annealing of oligonucleotides. This signal was background-subtracted in quantitative analyses. Statistical analysis and curve
fitting were performed as described in Figure 5. * p < 0.05; ** p < 0.01; *** p < 0.001.
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PBM as identified in this study is located in this domain.
Notably, molar ratios of WRN and PAR as used in this study
are in agreement with physiological ratios. Previous studies
estimated that cells contain ∼60,000 WRN and ∼45,000
PAR100mer molecules, respectively, under conditions of
genotoxic stress.33,34 Furthermore, PAR production in cells is
highly controlled in a spatiotemporal manner, e.g. at sites of
DNA damage, potentially resulting in very high local
concentrations.
It is important to note that WRN activity needs to be tightly

controlled in vivo, because uncontrolled WRN activity may
cause genomic instability. Von Kobbe et al. showed that the
unmodified PARP1 is able to inhibit both catalytic activities of
WRN, while enzymatic activation of PARP1 released WRN
from its enzymatic inhibition.23 Considering our finding that
PAR itself controls WRN activity, it is tempting to speculate
that the transient nature of PAR produced by living cells in
response to DNA strand breakage and specific DNA structures
like four-way junctions would provide a versatile and swiftly
reacting control system for WRN’s function (Figure 8). In such
a scenario, under physiological conditions unmodified PARP1
would inhibit WRN by ‘taming’ its exonuclease and helicase
activities. Upon a genotoxic stimulus, e.g. a DNA strand break,
PARP1 is PARylated and WRN is released from its repression,
opening a time window during which WRN can take action on
its DNA substrates. Shortly thereafter, PARG releases free PAR
leading to a noncovalent WRN-PAR complex which shuts
down WRN activity, as we have shown in the present work.
Thus, the WRN-PAR complex may represent an inter-

mediate state to control WRN activity until unmodified PARP1
is fully reconstituted and able to take over the function of
repressing WRN activity. Because PARP1 and WRN are both
multifunctional proteins, additional factors are presumably
involved in vivo.
The physiological relevance of a functional regulation of

WRN has impressively been demonstrated in a recent study
which characterized the PAR-associated proteome in response

to alkylating DNA-damage-mediated PARP activation.35 This
study identified WRN as factor that is strongly modified by
PAR upon DNA damage. Whether this occurs in a covalent or
noncovalent manner remains to be clarified.
In conclusion, by using an array of bioanalytical approaches

we provide new insight into the regulation of the multifunc-
tional WRN protein via noncovalent interaction with the
nucleic-acid-like biopolymer PAR. Results from this study and
other recent findings provide evidence that PARP1 and its
enzymatic product PAR work cooperatively to modulate WRN
activity in a spatiotemporal manner. This may have important
implications in DNA metabolism and genomic maintenance,
aging as well as cancer biology. Notably, inhibitors of PARP
catalytic activity are currently being tested in cancer therapy
either as radio- or chemosensitizers or as stand-alone drugs
following the concept of synthetic lethality.36 Overall, this work
exemplifies how the noncovalent interaction of a protein, e.g.,
WRN with a scaffold and signaling molecule like PAR can
mediate efficient regulation of protein functionality.

■ METHODS
Sequence Alignment of PAR-Binding Motifs. In silico align-

ment was performed using the PattInProt motif search tool (http://
npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_pattinprot.
html) with the algorithm [HKR]-X-[AVILFWP]-[AVILFWP]-[HKR]-
[HKR]-[AVILFWP]-[AVILFWP] allowing one mismatch, according
to Pleschke et al.6

Expression and Purification of Human His-WRN. Human His-
WRN was overexpressed in Sf 9 cells and purified as described.32 WRN
oligopeptides were custom-synthesized by Genscript.

Synthesis and Purification of PAR. Human PARP1 was
expressed in Sf 9 cells and purified as described.29,37 Synthesis of
PAR was performed as described.29 Briefly, 75 nM of recombinant
PARP1 was incubated in a mixture containing Tris-HCl pH 7.8 (100
mM), MgCl2 (10 mM), DTT (1 mM), histone H1 (60 μg/mL),
histone H2a (180 μg/mL), EcoRI linker [5′-GGAATTCC-3′] (50 μg/
mL), and βNAD+ (1 mM) for 20 min at 37 °C. The reaction was
stopped by adding ice-cold trichloroacetic acid (TCA) to a final
concentration of 10% (w/v). After precipitation and centrifugation at
9000 × g for 10 min at 4 °C, the pellet was washed twice with ice-cold
ethanol. PAR was detached from proteins by incubation in 0.5 M
KOH and 50 mM EDTA for 10 min at 37 °C. After adjustment of pH
to 7.5, DNA and proteins were digested using DNase I [200 μg/mL]
and proteinase K [100 μg/mL]. PAR was finally purified by phenol-
chloroform extraction and ethanol precipitation.

Figure 7. WRN-PAR interaction inhibits WRN’s exonuclease activity.
WRN (40 nM) was preincubated with increasing concentrations of
PAR. Exonuclease reaction was started by addition 75 fmol of a forked
oligoduplex. Exonuclease reaction was carried out at 37 °C for 45 min,
subsequently the mixture was placed on ice, 15N-labeled dG was added
to samples as an internal standard to account for technical variability,
and nucleotides were dephosphorylated by alkaline phosphatase. After
removal of enzymes, free deoxguanosine (dG), which directly
correlates with WRN’s exonuclease activity, was quantified via isotope
dilution LC−MS/MS. Ten micromolar PAR correspond to a 2.5:1
molar ratio of PAR100mer:WRN. Statistical analysis and curve fitting
were performed as described in Figure 5. * p < 0.05; *** p < 0.001.

Figure 8. Potential molecular mechanism for temporally controlled
regulation of WRN activity by PAR and PARP1. The model
summarizes the results from the present study and ref 23. For details
see the text.
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Biotinylation of PAR and HPLC Fractionation. Biotinylation
and preparative anion-exchange HPLC fractionation was performed as
described.29 Briefly, in vitro synthesized and purified PAR was
incubated with 4 mM biocytin hydrazide under reductive amination
conditions in sodium acetate buffer pH 5.5 for 8 h at RT. Samples
were dialyzed and PAR was precipitated using ethanol. Biotinylated
PAR was size-fractionated using a Shimadzu LC-8A HPLC system
with a semipreparative DNA Pac PA100 column (Dionex). PAR
fractions were eluted using a multistep NaCl gradient in 25 mM Tris-
HCl pH 9.0 (modified from ref 30). PAR fractions were ethanol-
precipitated and dissolved in water, concentration was determined via
absorption at 258 nm, and characterization was performed on a silver-
stained sequencing gel (GELCODE Color silver stain, Pierce).
Binding of Immobilized Proteins and Peptides to PAR (PAR-

Overlay Blot). Proteins were separated by 8% SDS-PAGE and
immobilized on a nitrocellulose membrane (GE Healthcare). Peptides
were immobilized directly by slot-blotting. Subsequently, membranes
were incubated with PAR as indicated in TBST buffer for 1 h at RT
before unspecific binding was removed by high-stringency washes
using 1 M NaCl in TBST (3 times for 5 min at RT). Blots were
blocked in 5% (w/v) milk powder and bound PAR was detected using
10H antibody or streptavidin-HRP (GE Healthcare).
Oligonucleotides. Oligonucleotides were purchased from Sigma-

Aldrich. For WRN helicase assays and EMSAs 200 fmol of 5′-biotin-
(TTT)5-GAGTGTGGTGTACATGCACTAC-3′ oligonucleotide was
annealed with 400 fmol of 5′-GTAGTGCATGTACACCACACTC-
(TTT)5-3′ complementary oligonucleotide by heating to 95 °C for 5
min in TE buffer supplemented with 50 mM NaCl followed by cooling
to RT. For exonuclease assays, 5′-biotin-(TTT)5-(TTAGGG)4-
CATGCACTAC-3′ oligonucleotide was annealed with 5′-GTAGTG-
CATG-(CCCTAA)4-(TTT)5-3′ complementary oligonucleotide. An-
nealing of the oligonucleotides was confirmed via 20% TBE-PAGE
followed by semidry TBE-blotting. After immobilizing on nylon
membranes (GE Healthcare) biotin-labeled oligonucleotides were
detected via streptavidin-HRP.
Electophoretic Mobility Shift Assay (EMSA). WRN (in

concentrations as indicated) was incubated with 200 fmol of the
annealed oligoduplex duplex in EMSA buffer containing 40 mM Tris-
HCl pH 8.0, 4 mM MgCl2 0.1 mg mL−1 BSA, 5 mM DTT, and 0.1%
(v/v) Nonidet P40 for 30 min at 4 °C in a total reaction volume of 10
μL. To test the influence of PAR on WRN-DNA binding, PAR was
added in concentrations as indicated and mixtures incubated for 20
min at RT prior to the addition of oligoduplex. After addition of 4 μL
of loading dye [40% (v/v) glycerol, 0.05% (w/v) Orange G, and 0.05%
(w/v) bromophenol blue], DNA and DNA-WRN complexes were
separated via 4% TBE-PAGE and detected as described above.
WRN Helicase Assay. WRN was incubated (at concentrations as

indicated) in helicase reaction buffer containing 30 mM HEPES-KOH
pH 7.4, 5% (v/v) glycerol, 40 mM KCl, 0.1 mg mL−1 BSA, 1 mM
MgCl2, and 1 mM ATP in a total volume of 10 μL. To test the
influence of PAR on the WRN helicase activity, PAR was added as
indicated, and mixtures were incubated for 20 min at RT prior to the
addition of oligoduplex. Helicase reaction was carried out for 20 min at
37 °C and was stopped by the addition of 4 μL stop dye [1% (w/v)
SDS, 40% (v/v) glycerol, 50 mM EDTA, 0.05% (w/v) Orange G,
0.05% (w/v) bromophenol blue and 0.05% (w/v) xylene cyanol].
Afterward oligonucleotides were separated by 12% TBE-PAGE and
detected as described above.
WRN Exonuclease Assay. The assay was carried out as described

recently.32 Briefly, 40 nM WRN was incubated in a reaction buffer
containing 40 mM Tris-HCl pH 8.0, 4 mM MgCl2, 0.1 mg mL

−1 BSA,
and 4 mM DTT together with 75 fmol oligonucleotide substrate and
concentrations of PAR as indicated for 45 min at 37 °C in a total
volume of 10 μL. After completion of the reaction, the mixture was
immediately transferred on ice, and 90 μL of 30 mM sodium acetate
(pH 7.8) and 2 pmol of 15N-labeled-dG (internal standard) were
added to the mixture before filtering through a 10-kDa cutoff spin
column filter (Pall). Subsequently, nucleotides were dephosphorylated
by incubation with 34 U alkaline phosphatase (Sigma-Aldrich) at 37
°C overnight. Samples were filtered through a 10-kDa cutoff spin

column filter and subjected to LC−MS/MS analysis using a Waters
LC−MS/MS system consisting of an HPLC 2695 Separations Module
and a Micromass Quattro Micro mass spectrometer equipped with an
electrospray ionization source. Samples were resolved using a Hypersil
Gold column (150 mm × 2.1 mm; 3 μm particle size; Thermo Fisher)
under isocratic conditions with a solvent composition of 97% of 0.1%
acetic acid in water and 3% of 0.1% acetic acid in acetonitrile at a flow
rate of 0.2 mL/min and a column temperature of 25 °C. The MS was
operated in positive ion mode. Multiple reaction monitoring (MRM)
mode was used for data acquisition. Response ratios were obtained by
plotting the MRM area ratios between the labeled and unlabeled dG
against their corresponding concentration ratios.
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