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PIASy is a small ubiquitin-related modifier (SUMO) ligase
that modifies chromosomal proteins in mitotic Xenopus egg
extracts and plays an essential role in mitotic chromosome seg-
regation.We have isolated a novel SUMO-2/3-modifiedmitotic
chromosomal protein and identified it as poly(ADP-ribose)
polymerase 1 (PARP1). PARP1 was robustly conjugated to
SUMO-2/3 on mitotic chromosomes but not on interphase
chromatin. PIASy promotes SUMOylation of PARP1 both in
egg extracts and in vitro reconstituted SUMOylation assays.
Through tandem mass spectrometry analysis of mitotically
SUMOylated PARP1, we identified a residue within the BRCA1
C-terminal domain of PARP1 (lysine 482) as its primary
SUMOylation site. Mutation of this residue significantly reduced
PARP1 SUMOylation in egg extracts and enhanced the accumula-
tion of species derived frommodification of secondary lysine resi-
dues inassaysusingpurifiedcomponents. SUMOylationofPARP1
did not alter in vitro PARP1 enzyme activity, poly-ADP-ribosyla-
tion (PARylation), nor did inhibition of SUMOylation of PARP1
alter the accumulation of PARP1 on mitotic chromosomes, sug-
gesting that SUMOylation regulates neither the intrinsic activ-
ity of PARP1 nor its localization. However, loss of SUMOyla-
tion increased PARP1-dependent PARylation on isolated
chromosomes, indicating SUMOylation controls the capacity
of PARP1 to modify other chromatin-associated proteins.

Small ubiquitin-related modifiers (SUMOs)3 are proteins
found in all eukaryotes that become covalently conjugated to
other cellular proteins in a manner similar to ubiquitination (1,
2). Thismodification (SUMOylation) regulatesmany aspects of
interphase nuclear function and structure (1, 3, 4) as well as
events during mitosis (5). Consistent with the important and

broad roles of the SUMOylation pathway, hundreds of
SUMOylation targets have been identified in proteomic screens
(6–9). Three major SUMO family proteins, called SUMO-1,
SUMO-2, and SUMO-3, are expressed in vertebrates. SUMO-2
and SUMO-3 are closely related in their primary sequence (95%
identical), whereas SUMO-1 is around 45% identical to either of
the other two paralogues. In contexts where SUMO-2 cannot
be functionally distinguished from SUMO-3, we will refer to
these paralogues collectively as SUMO-2/3.All vertebrate para-
logues are around 50% identical to the single SUMO protein
found in budding yeast, Smt3p (2). SUMO conjugation to cel-
lular substrates is carried out in a manner similar to ubiquitin.
The conjugation process requires three sequential enzymes: an
activating (E1) enzyme, a conjugating (E2) enzyme, and usually
a SUMO ligase (E3 enzyme). All SUMOylation utilizes the same
E1 and E2 enzymes, which are called Uba2/Aos1 and Ubc9,
respectively. However, there are a number of different E3
enzymes that show a high degree of specificity for particular
conjugation targets (1).
All eukaryotes possess E3 enzymes with variant RING-finger

like domains (SP-RINGs) (1). These proteins are called Siz (SAP
and miz-finger domain) proteins in yeast and PIAS (protein
inhibitor of activated STAT) proteins in vertebrates. The five
vertebrate PIAS proteins (PIAS1, PIAS3, PIASx�, PIASx�, and
PIASy) are involved in a wide variety of processes, including
signal transduction, gene expression, and genomemaintenance
(10). We have previously shown that PIASy-mediated conjuga-
tion of SUMO-2/3 tomitotic chromosomal proteins is essential
for proper chromosomal segregation at anaphase in Xenopus
egg extract (XEE) cell free assays (11). One of the major targets
for PIASy-directed SUMOylation is DNA topoisomerase II�
(TopoII�) (12). PIASy-deficientmice are viable (13), suggesting
PIASy-catalyzed SUMOylation is not essential during anaphase
in mice. However, siRNA-mediated PIASy knockdown causes
mitotic arrest with aberrant chromosome cohesion in HeLa
cells (14). Moreover, the yeast Siz1p and Siz2p proteins are
essential for accurate segregation of chromosomes in yeast (15).
It, thus, appears that PIASy-mediated SUMOylation plays an
essential role in regulating mitotic chromosomal structure and
progression of mitosis in many cellular contexts.
Poly-ADP-ribosylation (PARylation) of proteins is another

major post-translational modification of many nuclear pro-
teins, catalyzed by poly(ADP-ribose) polymerases (PARPs)
(16–18). All PARPs share a conserved catalytic domain that
interacts with NAD�, which is the donor molecule of poly-
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(ADP-ribose) (19). The importance of PARylation duringmito-
sis has been demonstrated; inhibition of PARylation compro-
mises spindle formation in XEEs (20). PARylation mediated by
the enzyme Tankyrase-1 has been particularly implicated the
correct assembly of spindle poles (21). Another PARylation
enzyme, PARP1, has been shown to interact with centromeres
and couldmediate PARylation of centromeric proteins (22, 23).
PARP1 interacts with the mitotic chromosomal protein kinase,
Aurora B, and could mediate PARylation of Aurora B to regu-
late its activity (24). Although the mitotic function of PARP1
has not been clearly demonstrated, the increasing evidence that
PARP1 plays a role in chromatin structure suggests the poten-
tial relevance of PARP1 activity to chromosomal structure and
function in mitosis (18, 25).
We identified PARP1 as a SUMO-2/3-modified substrate

associated with mitotic chromosomes. PARP1 was robustly
conjugated to SUMO-2/3 on mitotic chromatin but not on
interphase chromatin. PIASy promoted PARP1 SUMOylation
both in XEEs and in vitro SUMOylation assays using purified,
recombinant proteins. Through tandem mass spectrometry
analysis of mitotically SUMOylated PARP1, we identified a res-
idue within the BRCA1 C-terminal domain of PARP1 (lysine
482) as its primary SUMOylation site. Mutation of this residue
significantly reduced PARP1 SUMOylation in XEEs and
enhanced the accumulation of species derived from modifica-
tion of secondary lysine residues in assays using purified com-
ponents. SUMOylation of PARP1 did not alter PARP1 auto-
PARylation activity in vitro, nor did inhibition of SUMOylation
of PARP1 alter the accumulation of PARP1 onmitotic chromo-
somes in XEEs, suggesting that SUMOylation regulates neither
the intrinsic activity of PARP1 nor its localization. However,
loss of SUMOylation increased PARP1-dependent PARylation
on isolated chromosomes, indicating that SUMOylation con-
trols the capacity of PARP1 to modify other chromatin-associ-
ated proteins.

EXPERIMENTAL PROCEDURES

Recombinant Protein Expression, Cloning, Site-directed
Mutagenesis, and Antibodies—cDNAs ofXenopus PARP1were
cloned from Xenopus tadpole cDNA (kindly provided by T.
Amano and Y. B. Shi, NICHD, National Institutes of Health)
using PCR amplification with the addition of the BglII recogni-
tion sequence at the 5� end and SalI recognition sequence at the
3� end. Amplified cDNA was subcloned into pEGFP-C1 plas-
mids using BglII and SalI sites and was verified by DNA
sequencing. The full-length cDNAswere subcloned into pET28
using BamH1 and XhoI restriction sites. cDNA fragments
encoding Xenopus PAPR1 (amino acids 1–150 (PARP1xl-N)
and 500–650 (PARP1xl-M)) were amplified from a pEGFP-
PARP1construct and subcloned into pGEX4T-1 (GE Health-
care) and pET28a (Novagen) using BamHI andXhoI restriction
sites. The recombinant proteins encoded by these cDNAs were
expressed in Escherichia coli and purified by tag-based purifi-
cation according to the manufacture’s protocol followed by
conventional ion-exchange chromatography. The lysine to
arginine substitution of PARP1 was produced by site-directed
mutagenesis (QuikChange, Stratagene) according to the man-
ufacturer’s protocol.

Polyclonal antibodies against PARP1 and TopoII� were gen-
erated in rabbits by injection with recombinant fragments of
His6-T7-PAPR1xl-N, His6-T7-PAPR1xl-M, and His6-T7-
TopoII�xl C terminus (amino acids 1359–1579). The rabbit
antisera were subjected to affinity purification on NHS-Sepha-
rose (GEHealthcare) columnswith their covalently bound anti-
gens. The anti-SUMO-2/3 polyclonal guinea pig antibody was
raised and purified similar to previous polyclonal rabbit anti-
body (12). The anti-PAR monoclonal antibody and anti-T7 tag
antibody conjugated with horseradish peroxidase were pur-
chased from Trevigen and EMD Bioscience, respectively.
Unless otherwise specified, other reagents were obtained from
Sigma.
Protein Purification and in Vitro SUMOylation Assay—The

recombinant E1 complex (Aos1/Uba2 heterodimer) was puri-
fied by co-expression His6-Aos1 and Uba2 (kindly provided by
Dr. F.Melchior) in E. coli as described previously (26). The bac-
terially expressed E1 complex was purified with Talon affinity
resin (Clontech) purification followed by SUMO affinity and
conventional chromatography as previously described (27).
Purification of recombinant SUMO-2, wild typeUbc9, dnUbc9,
and PIASy were as previously described (11, 12).
Recombinant PARP1-wt and PARP1K482R proteins were

expressed in BL21(DE3) at 15 °C in the presence of 5% glycerol,
2.5% ethanol, and 0.1 mM ZnCl2. The expressed proteins were
purified from the soluble fraction of the bacterial lysate using
Talon affinity resin (Clontech) followed by Sephacyryl-300 gel
filtration and SP-Sepharose column chromatography (GE
Healthcare). Purified PARP1 proteins were concentrated up to
2�3 mg/ml by centrifugal concentrator (Amicon Ultra-4, 30
kDa,Millipore) then snap-frozen by liquid N2 in small aliquots.
In vitro SUMOylation assay was performed with 15 nM E1, 5

�M SUMO-2, 2.5 mM ATP, and 500 nM PARP1 in reaction
buffer (20 mM Tris (pH 7.5), 50 mMNaCl, 10 mMMgCl2, 0.05%
Tween 20, and 0.5 mM dithiothreitol) together with the indi-
catedUbc9 (E2) and PIASy (E3) concentrations. Reactionswere
incubated at 25 °C for the indicated periods.
Xenopus Egg Extracts—Sperm chromatin and low speed

extracts of Xenopus eggs arrested in metaphase by cytostatic
factor (CSF) were prepared as described (28). Where required,
CSF extracts were driven into interphase by the addition of 0.6
mM CaCl2. For mitotic chromosome assembly or interphase
nuclear assembly, demembranated sperm chromatin were
added to CSF or interphase extracts and incubated for 40�60
min at room temperature. Chromatin isolation was performed
as previously described (12). Unless otherwise specified, all
reactions contained 5000 sperm nuclei per �l.
Immunodepletion and Immunofluorescence—The immu-

nodepletion experiment with XEEwas performed as previously
described (11) with an affinity-purified anti-PARP1 antibody.
For add-back experiments, recombinant PARP1 proteins were
added at an endogenous concentration of 4 �g/ml.

The immunofluorescence analysis in Fig. 5C was demon-
strated as previously described (11). In brief, 100 �l of CSF
extracts were released into interphase by a 0.6 mM CaCl2 addi-
tion. 200 sperm/�l were added 5 min after the CaCl2, and the
extracts were incubated at 23 °C for 55 min to complete DNA
replication. Reentry intomitosis was induced by the addition of
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50 �l of fresh CSF extract. In the case of inhibition of mitotic
SUMOylation, dnUbc9 (150 ng/�l final concentration)was also
added at this point. The reactions were incubated for 40 min
after theadditionof freshCSFextract to reachmetaphase.Then50
�l were removed from each reaction, dilutedwith 200�l of buffer
A (0.8� CSF-XB buffer containing 10 mM �-glycerol phosphate
and 250mM sucrose), and incubated for 0.5min at 23 °C. 300�l of
buffer A containing 4% paraformaldehyde was added to this sam-
ple and incubated for an additional 10 min. Samples were spun
onto coverslips through a 35% glycerol cushion. Chromosomal
samples on coverslips were post-fixed by 1.6% paraformaldehyde
and processed for immunostaining with anti-PARP1 (rabbit poly-
clonal), anti-SUMO-2/3 (guinea pig polyclonal), and anti-
CENP-A (chicken polyclonal). Anti-rabbit Alexa 568, anti-guinea
pigAlexa 684, and anti-chickenAlexa 488were used as secondary
antibodies respectively. Specimens were observed by Nikon
TE2000-U microscope with Plan Apo 100�/1.40 objective.
Images were taken with Retiga SRV CCD camera (QImaging)
operated by Volocity software (Improvision).
PARylation Assay—To measure PARylation activity of in

vitro SUMOylated PARP1, reactions of in vitro SUMOylation
were incubated for 60 min, and then the reactions were diluted
twice with the reaction buffer (same as in vitro SUMOylation
reaction buffer) containing 2 mM NAD�. The reactions were
incubated further at 25 °C for indicated periods. Termination of
reaction was done by the addition of SDS-PAGE sample buffer
to the reaction mixture. For analysis of PARylation of chromo-
somal proteins, the mitotic chromosomes, assembled in an XEE
reaction,were suspended into 30�l of the reactionbuffer contain-
ing 1 mM NAD� and incubated at room temperature for 10 min.
The reactions were centrifuged, and chromosomal pellets were
boiled in SDS-PAGE sample buffer. PARylation of proteins in
SDS-PAGE samples were determined by immunoblotting with
anti-PARmonoclonal or polyclonal antibodies (Trevigen).

RESULTS

PIASyMediates SUMO-2/3Conjugation of PARP1 onMitotic
Chromosomes—PIASy-mediated SUMO-2/3 modification of
chromosomal proteins is essential for faithful anaphase chro-
mosome segregation in the XEE in vitro system (11). There are
a number of readily detectable SUMOylated proteins on
mitotic chromosomes in XEEs whose modification requires
PIASy, including TopoII� (11). To identify the full spectrum of
mitotic SUMOylation substrates for PIASy in XEEs, we added
hexahistidine (His6)-tagged SUMO-2 protein to XEEs arrested
inmeioticM phase through the action of cytostatic factor (CSF
XEEs) in the presence of demembranated sperm chromatin.
We purified a chromosomal fraction from these reactions and
isolated the SUMOylated proteins by Co2� affinity chromatog-
raphy under denaturing conditions (supplemental Fig. 1) in a
manner analogous to earlier studies (12).We observed a prom-
inent SUMOylated species with a molecular mass around 140
kDa and subjected it to LC (liquid chromatography)-tandem
mass spectometry analysis for protein identification at theHar-
vard Microchemistry and Proteomics Facility (Cambridge,
MA). The results indicated that this species was SUMO-2-con-
jugated PARP1. To confirm this identification, we clonedXeno-
pus laevis PARP1 and prepared antibodies against fragments of

the PARP1 protein (Fig. 1D). Immunoblotting analysis of
mitotic chromosomes prepared fromCSF XEEs clearly showed
more slowly migrating forms of PARP1 protein, which were
abolished when a dominant negative form of Ubc9 (dnUbc9
(11)) was added to the reactions or increased in abundance
upon the addition of exogenous PIASy (Fig. 1A).
To test directly whether the SUMOylation of PARP1

requires PIASy, we depleted PIASy from CSF XEEs (Fig. 1B);
PIASy depletion eliminated the slowly migrating SUMOylated
forms of PARP1. These forms of PARP1were restored upon the
addition of a recombinant PIASy to the depleted CSF XEEs,
confirming that they arise in a PIASy-dependent manner. To
test whether SUMOylation of PARP1 was sensitive to the cell
cycle status of the XEE, we compared chromatin fractions iso-
lated from CSF XEEs to chromatin fractions from interphase
XEEs (Fig. 1C). Immunoblotting analysis with anti-PARP1 and
anti-SUMO-2/3 antibodies showed robust SUMOylation in
the CSF XEEs (indicated with arrows) as expected, but no
SUMOylated PARP1 could be detected in the interphase chro-
matin fractions. Together, these results show that PARP1 is a
target of mitotic, PIASy-mediated SUMO-2/3 conjugation that
is associated with mitotic chromosomes in XEEs. Notably, this
pattern was closely similar to the SUMOylation of TopoII�, an
established PIASy substrate in this system (12).
In Vitro Reconstitution of PARP1 SUMOylation by PIASy—

To examine PARP1 SUMOylation by PIASy further, we recon-
stituted this modification in an in vitro system using entirely
purified components that were expressed in bacteria and pre-
pared as described under “Experimental Procedures.” We
found that PARP1 could be modified by SUMO-2/3 in the
absence of PIASy in reactions containing a very high concen-
tration of Ubc9 (600 nM) (Fig. 2A indicated with brackets).
These concentrations significantly exceeded the physiological
concentration of Ubc9 in XEEs, which was determined to be
around 30 nM through quantitative immunoblotting of XEE in
comparison to purified recombinant Ubc9 (data not shown). In
reactions containing 30 nM Ubc9, SUMOylated PARP1 was
hardly detected (Fig. 2B), even with prolonged incubation.
Notably, strong SUMOylation of PARP1 was observed when
PIASy was added to reactions containing near-physiological
concentrations of Ubc9 (Fig. 2C). Modified forms of PARP1
were evident in reactions containing 10 nM Ubc9 and 15 nM
PIASy. Such SUMOylation was enhanced in reactions contain-
ing 30 nMPIASy. Increasing the concentration ofUbc9 to 30 nM
provided a robust boost in PARP1 SUMOylation at both con-
centrations of PIASy.
Our results collectively showed that PIASy stimulates

SUMOylation of PARP1 at physiological concentrations of
Ubc9. A subtler but equally important finding from these in
vitro reactions was that the pattern of SUMOylated PARP1
bands differed between the reactions with and without PIASy.
Without PIASy, we observed a SUMOylated form of PARP1
with an aberrant migration on SDS-PAGE that did not corre-
spond to the bands observed in CSF XEEs (indicated with the
asterisk in Fig. 2, A and B). This form was dramatically
decreased in PIASy-dependent reactions (compare Fig. 2,B and
C). In other words, the pattern of SUMOylated PARP1 species
found in the PIASy-dependent in vitro reactions (Fig. 2C) was
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much closer to the pattern observed within the chromatin frac-
tions of complete CSF XEEs.
Lysine 482 Is a Primary SUMOylation Site of PARP1—To

determine the function of PARP1 SUMOylation, wemapped its
SUMOylation site(s). We isolated SUMOylated PARP1 by
immunoprecipitation with anti-PARP1 antibodies under dena-

turing conditions from a mitotic
chromatin fraction made from
CSF XEEs (supplemental Fig. 2A)
(29). Both SUMOylated and non-
SUMOylated PARP1 were sub-
jected to tandem mass spectometry
analysis for mapping of SUMOyla-
tion site(s). The SUMOylation site
was identified bymass spectrometry
after a double digestion with trypsin
and chymotrypsin. Chymotrypsin
generated a signature QQQTGG
tag on themodified lysine of PARP1.
With �70% sequence coverage of
PARP1, this analysis indicated that
lysine 482 was a candidate SUMOy-
lation site on PARP1. Moreover,
alignment of X. laevis PARP1 pri-
mary sequence to Homo sapiens
PARP1 (supplemental Fig. 2B) indi-
cated that lysine 482 is conserved to
a recently reported SUMOylation
site of human PARP1, which was
found by mutational analysis (30).
To confirm this mapping result,

we introduced a mutation at lysine
482 to encode an arginine at this
position (PARP1-K482R). We com-
pared the SUMOylation patterns of
wild type PARP1 (PARP1-wt) and
PARP1-K482R within SUMOyla-
tion assays using recombinant pro-
teins. In the absence of PIASy,
PARP1-wt and PARP1-K482R be-
came SUMO-2/3 conjugated to
similar extents and showed similar
dependence upon the concentra-
tion of Ubc9 (Fig. 3A). However,
PARP1-K482R showed a much
greater accumulation of the aber-
rant SUMOylation product that was
preferentially observed in PIASy-in-
dependent reactions (Fig. 3A, indi-
cated with an arrow; compare with
Fig. 2).
In reactions containing PIASy,

there were two important differ-
ences between PARP1-K482R and
PARP1-wt (Fig. 3B). First, PARP1-
K482R showed a significantly lower
efficiency of SUMOylation than
PARP1-wt. For instance, more than

50% of PARP1-wt became SUMOylated within 60 min at the
lowest Ubc9 and PIASy concentrations (10 and 15 nM, respec-
tively), whereas the extent of PARP1-K482R SUMOylation was
much less under the same conditions. In the presence of 30 nM
Ubc9 and 30 nM PIASy, the decreased efficiency of PARP1-
K482R SUMOylation was even more obvious; PARP1-wt was

FIGURE 1. PARP1 is a PIASy-mediated SUMOylated protein on mitotic chromosomes. A, PARP1 is SUMOy-
lated on mitotic chromosomes. Chromosomal fractions were prepared in CSF extracts in the presence of either
dnUbc9 or PIASy as described under “Experimental Procedures.” Isolated chromosomes were analyzed by
immunoblotting with indicated antibodies. Arrows indicate the position of SUMOylated PARP1, which were
diminished when SUMOylation was inhibited by dnUbc9. B, PIASy is required for PARP1 SUMOylation. CSF
extracts were subjected to immunodepletion with anti-PIASy antibody (�PIASy), and then a purified recombi-
nant PIASy was supplemented to PIASy-depleted extracts (�PIASy�Rec.PIASy). Chromosomal fractions were
prepared in the indicated conditions of CSF extracts, then the SUMOylation status of isolated chromosomes
was analyzed with the indicated antibodies. Arrows indicate the position of SUMOylated PARP1. C, PARP1
SUMOylation is specific in mitosis. CSF extracts were released into interphase by addition of CaCl2. Sperm
nuclei were added to either CSF or interphase extracts. After incubation of the indicated periods with inter-
phase extracts or 40 min with CSF extracts, the chromatin fractions were isolated as described under “Experi-
mental Procedures.” Isolated chromatin fractions were subjected to immunoblotting with the indicated anti-
bodies. Arrows indicate SUMOylated PARP1. D, representation of functional domains of PARP1 (adjusted from
Ref. 18) is shown. Lines indicate the fragments of PARP1 that were used as antigens. BRCT, BRCA1 C-terminal
domain.
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almost 100% SUMOylated within 30 min, whereas PARP1-
K482R was only about 50% SUMOylated in the same interval.
Second, aberrantly migrating SUMOylated species were
more abundant in reactions containing PARP1-K482R (Fig.
3B, indicated by an arrow). As before, these forms were
largely suppressed by the presence of PIASy in reactions
containing PARP1-wt (Figs. 2C and 3B). Collectively, these
results indicate that lysine 482 is a primary SUMOylation
site of PARP1 for PIASy-mediated SUMO-2/3 modification
in vitro. Mutation of this residue is accompanied by the
enhanced modification of other lysines within PARP1, lead-
ing to the formation of species with electrophoretic motili-
ties that differ from the primary SUMOylation products
observed in intact CSF XEEs.
PARP1-K482RShowsDeficient SUMOylation in XEE Assays—

We wished to compare the SUMOylation of PARP1-K482R to
PARP1-wt under more physiological conditions in XEE CSF
extracts. We added recombinant, T7-tagged PARP1-K482R
and PARP1-wt to chromatin-containing CSF XEEs that had
been immunodepleted of endogenous PARP1 using anti-
PARP1 antibodies (�PARP1) (Fig. 4). The efficiency of deple-
tion was measured by immunoblotting the extracts with an
anti-PARP1 antibody (left panel, indicated as Extracts). More
than 99% of PARP1 was eliminated from CSF XEEs without
detectable changes in the concentration of another PIASy sub-

strate, TopoII�. After a 60-min
incubation, mitotic chromosomes
were prepared from these reactions,
and the chromosomal proteins were
isolated (Fig. 4, right panels). As
expected, chromosomes prepared
from the PARP1-depleted extract
did not contain detectable levels of
PARP1 (Fig. 4, �PARP1 lane on the
right panels). Reactions reconsti-
tuted through the addition of
recombinant PARP1-wt to de-
pleted CSF XEEs showed levels of
SUMOylation similar to endoge-
nous PARP1 modification in non-
depleted CSF XEEs (right panels,
arrowheads), and this modifica-
tion was similarly sensitive to
dnUbc9. On the other hand,
PARP1-K482R was SUMOylated
to a lesser extent, and the resul-
tant species showed greater elec-
trophoretic mobility than the
SUMOylated forms of the endoge-
nous protein (Fig. 4, indicated with
asterisks), as we had previously
observed the assays with fully puri-
fied components (compare Fig. 3
and 4). Notably, the formation
of these species remained sensitive
to dnUbc9. Our findings would
be consistent with the utilization
of an alternative or secondary

SUMOylation site(s) in PARP1 that lacks lysine 482.
SUMOylation Regulates PARP1 Activity on Chromosomes—

Lysine 482 is located within the BRCA1 C-terminal domain
of PARP1. This domain is predicted to bind to other proteins as
well as to mediate auto-PARylation. Therefore, we hypothesized
that SUMOylation of Lys-482 may either affect auto-PARylation
activitybymodulating theconformationof thecatalyticdomainor
affect the PARylation of other substrates by modulating PARP1
protein-protein interactions (18, 19).
To test the first possibility, we examined whether SUMOyla-

tion of PARP1 altered auto-PARylation activity in an in vitro
reaction. An in vitro SUMOylation reaction was performed in
the presence of PIASy as in Fig. 3B using either unconjugate-
able SUMO-2 that lacked aC-terminal diglycinemotif (SUMO-
2-G) or conjugate-able SUMO-2 (SUMO-2-GG). As expected,
there was no SUMOylated PARP1 detected in the SUMOyla-
tion reaction with SUMO-2-G, whereas the bulk of PARP1 was
modified in the reaction with conjugate-able SUMO-2-GG
(Fig. 5A, lower panel at t � 0 min) (27). After PARP1 had
become SUMOylated, NAD� was added to the reaction, and
further incubation allowed the formation of poly(ADP-ribosyl)
chains on PARP1. Poly(ADP-ribosyl) chain formation was ana-
lyzed by immunoblotting with a monoclonal anti-PAR anti-
body (Fig. 5A, upper panel). There was a similar amount of
PARylated PARP1 in both SUMO-2-G- and SUMO-2-GG-

FIGURE 2. PIASy stimulates PARP1 modification by SUMO-2/3 in reconstituted in vitro SUMOylation
reaction. All recombinant proteins, E1, E2, E3, PARP1, and SUMO, were expressed in E. coli and purified as
described under “Experimental Procedures.” In vitro SUMOylation reaction was performed with 15 nM E1, 500
nM PARP1, and 6 �M SUMO at 25 °C. Reactions were terminated at the indicated times by the addition of
SDS-PAGE sample buffer. SUMOylation of PARP1 was analyzed by immunoblotting with horseradish peroxi-
dase-conjugated anti-T7 antibody (Novagen). The bracket indicates the position of SUMOylated PARP1.
A, Ubc9 dose dependence of PARP1 SUMOylation without E3 is shown. B, kinetics of Ubc9-dependent PARP1
SUMOylation are shown. The SUMOylation reaction was performed with the indicated concentration of Ubc9
without PIASy. The reaction mixtures were incubated for 60 min in A and for the indicated time periods in B.
C, PIASy-dependent SUMOylation of PARP1 is shown. The reaction mixtures containing the indicated concen-
tration of Ubc9 and PIASy were incubated for the indicated times.
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containing reactions. These results indicate that SUMOylated
PARP1 retains robust auto-PARylation activity. Our findings
suggest that SUMOylation of PARP1 has neither an inhibitory
nor an enhancing effect on the auto-PARylation of PARP1.
To test the second possibility, we examined whether inhibi-

tion of SUMOylation in XEE assay affects a PARylation on
chromosomal proteins in CSF XEEs (Fig. 5B). We prepared
mitotic chromosomes under conditions where SUMOylation
occurred normally and under conditions where it was blocked
by dnUbc9.We then induced PARylation of chromosomal pro-
teins by incubating the isolated chromosomes with NAD� as
described under “Experimental Procedures.” The PARylation
of chromosomal proteins was analyzed by immunoblotting
with anti-PAR polyclonal antibody. As shown in Fig. 5B, the
chromosomes from the reaction where SUMOylation was
inhibited (�dnUbc9 lane) showed more PARylation, and the
pattern of PARylated proteins was clearly different from the
control reaction (Control lane). To confirm that this PARyla-
tion was dependent upon PARP1, we performed the same
experiment using CSF XEEs that were depleted of PARP1. The
PARP1-depleted chromosomes showed little PARylation, indi-
cating that PARP1was the primary enzyme thatmediated chro-
mosomal PARylation in this assay.

Finally, we investigated whether SUMOylation may con-
trol PARylation by modulating PARP1 localization on
mitotic chromosomes. Sperm chromatin was allowed to
undergo a single round of DNA replication in interphase
XEEs. The XEEs were then returned to mitosis through the
addition of a fresh aliquot of CSF XEE, allowing the forma-
tion of mitotic chromosomes. Individual chromosomes were
isolated on coverslips and stained using antibodies against
SUMO-2/3, PARP1, and centromeric histone variant
CENP-A (Fig. 5C). Consistent with earlier experiments (11),
the anti-SUMO2/3 antibody stained the inner centromere
region of the chromosomes, and this signal was completely
abolished in the presence of dnUbc9 (Fig. 5C, right panels).
PARP1 associated broadly on chromosome arms, with slight
accumulation on the inner centromere region, partially co-
localizing with the region of highest SUMO-2/3 accumula-
tion (Fig. 5C, upper left panel). As shown in the magnified
insets, red (PARP1) and green (SUMO-2/3) merged to yellow
at the edge of SUMO-2/3 signals, although the majority of
SUMO-2/3 signal did not overlap with PARP1. This pattern

FIGURE 3. The substitution of lysine 482 to arginine causes an alteration
in the efficiency and specificity of the SUMOylation of PARP1 in in vitro
SUMOylation assay. We have introduced a mutation at lysine 482 to argi-
nine (PARP1 K482R) to confirm the mapping result. Purified PARP1 proteins
were subjected to in vitro SUMOylation assay as in Fig. 3. A, shown is the Ubc9
dose-dependent reaction without PIASy. The SUMOylation reaction was per-
formed with the indicated concentration of Ubc9 without PIASy. The reaction
mixtures were incubated for 60 min. B, shown is the PIASy-dependent reac-
tion. The reaction mixtures containing the indicated concentration of Ubc9
and PIASy were incubated for the indicated times. The arrow indicates the
aberrant molecular mass shifted form that is more abundant in K482R mutant
than the wild type.

FIGURE 4. Lysine 482 of PARP1 is a primary acceptor site of SUMO-2/3 on
mitotic chromosomes. CSF extracts were immunodepleted with an anti-
PARP1-M antibody. Either wt or K482R mutant PARP1 (K482R) was added to
the PARP1-depleted extracts. Mitotic chromosomes were assembled with
these altered CSF extracts, and the chromosomal fractions were isolated. The
chromosomal proteins were analyzed by immunoblotting with the indicated
antibodies. Exogenous PARP1 is detected with anti-T7 tag antibody (middle
right panel). The arrowhead indicates SUMOylated PARP1 corresponding to
the endogenous SUMOylated PARP1. The asterisk indicates a shifted PARP1
that does not correspond to the endogenous SUMOylated PARP1 and was
observed only with K482R.

SUMO-2/3 Conjugation of PARP1

14420 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 19 • MAY 7, 2010



was not obviously changed by the addition of dnUbc9, argu-
ing against the possibility that SUMO-dependent changes in
PARylation by PARP1 are due to its mislocalization on

chromosomes. Together, our find-
ings favor the possibility that
SUMOylation primarily controls
the capacity of PARP1 to act on
PARylation of substrates without
substantially altering its intrinsic
enzymatic activity or subcellular
localization.

DISCUSSION

We have identified PARP1 as a
novel mitotic SUMO-2/3-modified
chromosomal substrate in M-phase
X. laevis egg extracts (CSF XEEs). In
a manner similar to a previously
identified SUMO-2/3 conjugation
target, DNA topoisomerase II�,
PARP1 modification in CSF XEEs
required PIASy, the presence of
chromatin, and the mitotic phase of
the cell cycle (11, 12). We have
mapped the SUMOylated residues
of PARP1 that were purified from
mitotic chromosomes and found
that lysine at 482 was a primary
SUMOylation site. We have recon-
stituted SUMOylation of PARP1
using purified components and
shown that PIASy plays two impor-
tant roles in its conjugation; it
enhances both the efficiency of
SUMOylation and the accuracy of
site selection. At high concentra-
tions of Ubc9, PARP1 could be
SUMOylated in the absence of
PIASy. At more physiological
concentrations of Ubc9, however,
PARP1 SUMOylation became al-
most entirely PIASy-dependent.
The aberrant migration of the mod-
ified species in reactions lacking
PIASy suggested that the secondary
or tertiary SUMOylation site(s) on
PARP1 was being used at a greater
frequency than when it was present.
Similar species were observed even
in the presence of PIASy when the
reactions were performed with a
PARP1mutant, PARP1-K482R, that
lacked the major SUMOylation site
that we had mapped.
Control of Chromosomal PARyla-

tion by SUMOylation—We did not
find that PARP1 activity in auto-
PARylation assays was substantially

dependent upon its SUMOylation status (Fig. 5A), arguing
against the idea the SUMOylation of PARP1 changes its intrin-
sic enzymatic activity. On the other hand, we observed that

FIGURE 5. Inhibition of SUMOylation on mitotic chromosomes alters chromosomal PARylation.
A, SUMOylated PARP1 retains robust enzymatic activity of poly-ADP-ribosylation in vitro. An in vitro SUMOylation
reaction was performed in the presence of the indicated SUMO-2 proteins as in Fig. 3. After the SUMOylation
reaction, NAD� was added to the reaction mixture, and then the reaction mixture was incubated for the
indicated periods. Poly(ADP-ribosyl) chain formation was analyzed by a monoclonal anti-PAR antibody (Trevi-
gen). PARP1 was detected with an anti-T7 antibody. B, SUMOylation affects PARylation on chromosomes
prepared from XEE. Mitotic chromosomes were isolated from the extracts that were manipulated as indicated.
Isolated chromosomal fractions were incubated with NAD�-containing buffer to promote PARylation on chro-
mosomal proteins, and then the reactions were terminated with the addition of SDS-PAGE sample buffer. The
obtained chromosomal samples were analyzed by immunoblotting with the indicated antibodies. The bracket
indicates the area of PARylation signals affected by the inhibition of SUMOylation. C, inhibition of SUMOylation
does not affect localization of PARP1 on mitotic chromosomes significantly. CSF extracts were released into
interphase by CaCl2 addition. 200 sperm/�l were added 5 min after CaCl2, and the extract was incubated at
23 °C for 55 min. Reentry into mitosis was induced by the addition of fresh CSF extract (50% of reaction volume)
with or without dnUbc9 (150 ng/�l final concentration). Chromosomes from each reaction were spun onto
coverslips and analyzed by immunofluorescence with antibodies against SUMO-2/3, PARP1, and CENP-A as
described under “Experimental Procedures.” Each signal was pseudocolored as indicated at the top of the
panels. DNA was visualized with Hoechst 33342 staining. Insets are magnified images around the centromere
region.
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PARP1 was the major PARylation enzyme associated with
mitotic chromosomes in XEEs, as this modification was essen-
tially abolished in its absence, and that its capacity to mediate
PARylation of other chromosomal proteins was enhanced under
conditions where SUMOylation was suppressed (Fig. 5B).

These data are consistent with the idea that SUMOylation of
PARP1 substantially decreases its capacity to recognize or
modify other proteins. Because lysine 482 is located within the
BRCA1 C-terminal domain of PARP1, we speculate that
SUMOylation of this residue may substantially change PARP1
association with other proteins (31). Such interactions did not
appear to be important for targeting of PARP1 onto mitotic
chromosomes (Fig. 5C) butmaydisrupt its capacity to PARylate
its chromatin-bound substrates. An alternative explanation for
our findings is that SUMOylation inhibits PARylation through
modification of PARP1 target proteins. The dnUbc9 would,
thus, increase PARylation by relieving such inhibition. It has
not been possible to restore chromosomal PARylation to
PARP1-depleted XEEs with recombinant PARP1, possibly
because immunodepletion of PARP1 co-precipitates other fac-
tors necessary for its activity (data not shown), so it has not been
possible to rigorously test these two alternatives; notably, they
are not mutually exclusive, so that SUMOylation of both
PARP1 and its targets couldmodulate the level of chromosomal
PARylation.
Further investigation will be required to identify the sub-

strates of PARP1-mediated PARylation in XEEs and the role of
this modification in altering their function. Consistent to our
finding that a portion of PARP1 localizes on inner centromere
region with XEE assay (Fig. 5C), PARP1 is localized to the cen-
tromeres of mammalian cells (22, 32). It has been shown to be
involved in the regulation of chromatin structure (33) and to
promote the PARylation of several centromeric proteins (23).
One attractive possibility is that these aspects of PARP1 func-
tion might be regulated through SUMOylation. In this context,
the Aurora B kinase is a particularly intriguing potential target
for PARP1; it interacts with the BRCA1 C-terminal domain of
PARP1 and can be PARylated by PARP1 (24). Moreover, the
fact that PARP1 associated with the inner centromere region
might be consistent with this possibility (Fig. 5C). However, it
was not possible for us to validate this notion because we did
not find evidence that Aurora B becomes PARylated in XEEs
nor that such a modification could be modulated by changes in
SUMOylation (data not shown). It also remains possible that
PARP1 itself is a major PARylation substrate on mitotic chro-
mosomes. In this case the capacity of chromosome-bound
PARP1 to catalyze auto-PARylation may be more regulated
through SUMOylation than isolated PARP1 protein in our
purified assays (Fig. 5A).
Role of PIASy in PARP1 SUMOylation—SUMOylation sites

of many targets lie within a preferred consensus motif,
�KX(D/E) (� is an aliphatic branched amino acid; X is any
amino acid). Ubc9 can directly bind this motif and conjugate
the lysine residue within it in an E3-independent manner (34).
Lysine 482 of PARP1 lies within such a consensus motif
(supplemental Fig. 2), and Ubc9 interacts PARP1 in yeast two-
hybrid assays (35). Consistent with these facts, we found that
PARP1 could be SUMOylated in the absence of PIASy (Fig. 2).

We note, however, that Ubc9 was also able to recognize other
lysine residues of PARP1 in these E3-independent reactions, as
we continued to observe SUMOylation in reactions with a
mutant form of PARP1 that lacked this residue (PARP1-
K482R). Notably, direct recognition by Ubc9 is relatively inef-
ficient, and we observed little PARP1 SUMOylation at physio-
logical concentrations of Ubc9, even for PARP1 possessing a
wild type lysine at residue 482.
Recent structural analysis on a fragment of Siz1p, a SIZ/PIAS

family SUMO ligase from budding yeast, showed that it binds
the thioester-linked Ubc9�Smt3p complex in such a way as to
properly configure it for catalysis and to promote correct inter-
actions between the conjugation target and Ubc9’s active site
(36). PIASy dramatically increased the extent of PARP1
SUMOylation at physiological concentration of Ubc9 (Fig. 2C).
This increased SUMOylation is likely to reflect the capacity of
PIASy to recognize bothUbc9�SUMO-2 and PARP1, analogous
to the interactions formed by Siz1p. This binding would bring
them into a single complex, elevating the effective concentra-
tion of Ubc9�SUMO-2 as well as increasing the efficiency of
SUMO-2 transfer. Notably, Siz1p also directs the transfer of
Smt3p to the appropriate lysine residue of the target protein
(36). We find that PIASy can similarly bias conjugation toward
a preferred residue, lysine 482. The preference for this residue is
not absolute, as we find that alternative residues can be utilized
when it is mutated either in purified assays (Fig. 3B) or in XEEs
(Fig. 4), albeit inefficiently.
In summary, we have shown that PARP1 is a substrate of

PIASy-mediated SUMOylation on mitotic chromosomes in
XEEs. This modification regulated its activity in this context,
perhaps through its capacity to recognize ormodify other chro-
mosomal proteins. PIASy facilitates themodification of PARP1
by increasing both the extent of SUMOylation and by directing
the modification to a preferred site on PARP1. In combination
with earlier observations showing that PIASymodifies TopoII�
in XEEs (11, 12), our findings suggest that PIASy is responsible
for a series of coordinated changes in the activity of chromatin-
associated enzymes that contribute to chromosome segrega-
tion in this system.
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