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Under conditions of severe DNA damage the nuclear
nzyme poly(ADP-ribose) polymerase 1 (PARP-1) is ac-
ivated, catalyzing the modification of proteins by
orming and attaching to them poly(ADP-ribose)
hains. A specific physical interaction between
ARP-1 and transcription factor Yin Yang 1 (YY1) in
itro was shown previously, which had important con-
equences for the activities of both proteins. It is dem-
nstrated here that YY1 and PARP-1 form complexes
n vivo. YY1 was transiently poly(ADP-ribosyl)ated im-
ediately after genotoxic treatment of HeLa cells. The
arrow time frame of the modification coincides with
hat known for the activation of PARP-1 under these
onditions. This immediate modification correlated
ith a decreased affinity of YY1 to its cognate DNA
inding sites. © 2001 Academic Press

Key Words: PARP; YY1; poly(ADP-ribosyl)ation; tran-
criptional silencing.

Transcription factor Yin Yang 1 (YY1) is a multifunc-
ional zinc finger protein with uncommon properties
1–3). This 44 kDa zinc finger-containing protein can
ct as a transcriptional repressor, activator, or an ini-
iator element binding protein that directs and ini-
iates transcription in vitro (reviewed in (4–6)). The
ranscriptional activity of YY1 can be regulated by
iral oncoproteins such as adenovirus E1A, via the
1A associated protein p300 (7), suggesting a possible

ole for YY1 in cell proliferation. Recently, YY1 has
een shown to be essential for mouse early embryonic
evelopment (8). In Drosophila, a putative YY1 ho-
olog has been identified and shown to be a member of

he Polycomb Group protein family (9). However, little
s known about the mechanisms that underlie the
rucial role of YY1 in regulating important biological
unctions.

1 To whom correspondence should be addressed: Fax: 149-30-838
6509. E-mail: Lity@chemie.fu-berlin.de.
27
ith the poly(ADP-ribose) polymerase (PARP-1) (10–
2). PARP-1 is a key enzyme that is involved in regu-
ating several nuclear processes, such as DNA repair,
eplication, and recombination, as well as transcrip-
ion and apoptosis (reviewed in (13–15)). In response to
he appearance of DNA lesions, generated either di-
ectly by genotoxic agents or indirectly following enzy-
atic incision of a DNA-base lesion the enzymatic ac-

ivity of PARP-1 is induced. PARP-1 catalyzes the
ransfer of ADP-ribose moieties to protein acceptors
nd synthesis of poly(ADP-ribose) using NAD1 as a
ubstrate, with the main reaction being automodifica-
ion of PARP-1 (16). This nuclear post-translational
odification has been considered to function in cellular

urveillance of genotoxic stress. In vivo, PARP-1 is
ssociated with components of the base excision repair
BER) pathway (17, 18) and plays an important role in
egulating BER (19). PARP-1 function was also impli-
ated in the regulation of RNA polymerase II-
ependent transcription (20–22). Catalytically active
ARP-1 may cause silencing of transcription, involving
odifications of transcription factors by poly(ADP-

ibosyl)ation which interferes with their DNA-binding
ctivity (11). An example is the regulation of YY1 by
ARP-1. PARP-1 induces poly(ADP-ribosyl)ation of
Y1 which hinders the ability of YY1 to bind its rec-
gnition sequences (11). However, the effect of this
hysical interaction on PARP-1 was less clear.
In this report, we demonstrate a physical interaction

etween both proteins in vivo, specifically under con-
itions of DNA damage. Following a treatment of HeLa
ells with methyl-N9-nitro-N9-nitrosoguanidine (MNNG)
Y1 was transiently poly(ADP-ribosyl)ated concomi-

antly and binding of YY1 to its recognition sequences
as affected.

ATERIALS AND METHODS

Cell culture and treatment. HeLa cells were maintained at 37°C
n a humidified atmosphere containing 5% Dulbecco’s minimal Eagle

edium (Sigma) supplemented with 10% fetal bovine serum, 20 mM
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



L-glutamine, and 500 mg/ml Streptavidin/Penicillin. Treatment of
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onconfluent growing cells was performed. Stock solution of MNNG
as dissolved in dimethyl sulfoxide and serially diluted with
hosphate-buffered saline (PBS) immediately before use. 500 mM
NNG was added to cultured cells at a time period as indicated.
fter treatment, cells were washed twice with PBS, and the cells
ere scraped of the plates in PBS. From harvested cells nuclear
xtracts were prepared (23).

Immunoprecipitation/Western blot. Nuclear HeLa cell lysates
ere immunoprecipitated with protein A Sepharose and antibodies

anti-PARP-1 rabbit antibodies or as control anti-c-Jun rabbit anti-
odies (Santa Cruz, CA)) or anti-YY1 agarose-coupled rabbit anti-
odies (C-20 AC, Santa Cruz, CA) for 1 h at 4°C in a buffer containing
0 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20. After five
ashes, precipitates were run on an 8% SDS–polyacrylamide gel and

ransferred to nitrocellulose. Western blot analyses was performed
ith anti-PARP-1 goat antibodies or anti-YY1 monoclonal antibodies

H-10, Santa Cruz, CA) and with secondary antibodies coupled to
lkaline phosphatase (Santa Cruz, CA).

Isolation of poly(ADP-ribosyl)ated proteins. Modified proteins
ere purified by the method of Adamietz and Hilz (24) with some
odifications. Nuclear extracts prepared (23) from typically three

00-mm Falcon tissue culture dishes were immediately precipitated
ith 20% trichloroacetic acid (TCA). All following procedures were

arried out at 4°C. The precipitate was collected by centrifugation,
ashed twice with 5% TCA and 70% ethanol and then resuspended

n 300 ml 6 M guanidine hydrochloride, 100 mM 3-(N-
orpholino)propanesulfonic acid (Mops) (pH 7.0). The pH was ad-

usted to pH 9.0 by addition of NaOH and the sample was immedi-
tely loaded onto a 200 ml boronyl column (Pierce) equilibrated with
M guanidine hydrochloride, 100 mM Mops (pH 8.9). Incubation at
pH . 8 was kept to a minimum (less than 30 min) to avoid

ydrolysis of the alkaline-sensitive protein modification. The column
as washed with 600 ml 6 M guanidine hydrochloride, 100 mM Mops

pH 8.9), 1 ml 6 M guanidine hydrochloride, 100 mM Mops (pH 8.0),
nd 200 ml 6 M guanidine hydrochloride, 100 mM Mops (pH 4.5).
odified proteins were subsequently eluted with 400 ml 3 M ammo-

ium acetate (pH 5.0). After precipitation by the addition of 1 ml
thanol modified proteins were collected by centrifugation, washed
wice with 70% ethanol and redissolved in 1 M hydroxylamine (pH
.0) and incubated for 1 h at 37°C. Then proteins were subjected to
DS–PAGE, followed by transfer to nitrocellulose (Schleicher &
chuell). Detection of YY1 was performed by western analyses with
ffinity purified rabbit antibodies directed against YY1, kindly pro-
ided as a gift by Dr. B. Lüscher, Hannover.

Electrophoretic mobility shift assay. 32P labeling of the YY1 oli-
onucleotide (25) GGCTCCGCGGCCATCTTGGCGGCT and AP-1
ligonucleotide CGCTTGATGAGTCAGCCGGAA (26) and EMSAs
ith HeLa nuclear extracts prepared (23) were performed as de-

cribed previously (10). In brief, in a 10 ml binding reaction nuclear
eLa extracts (8 mg of protein) were incubated with 5 ng of 32P-

abeled duplex YY1 oligonucleotide for 10 min at room temperature
n 12 mM Hepes, pH 7.9, 1 mM EDTA, 5 mM MgCl2, 0.2 mM
ithiothreitol, 10% ficoll, 100 mg/ml bovine serum albumin, 500 ng
oly(dI-dC), and 400 ng of an unrelated oligonucleotide to inhibit
nspecific DNA-binding activities. Protein-DNA complexes were
hen separated in a 4% polyacrylamide gel. After electrophoresis the
els were autoradiographed. All data presented are representative of
t least three independent sets of experiments.

ESULTS

Coimmunoprecipitation experiments were per-
ormed to examine a physical association of YY1 and
ARP-1 in the living cell (Fig. 1). Nuclear extracts were
repared (23) from nonconfluent HeLa-cells and pro-
28
ein complexes were precipitated with polyclonal anti-
odies directed against the two proteins. Apparently
he PARP-1 antibodies exhibited some unspecific reac-
ivity to higher molecular weight proteins (see the
mear of higher molecular weight above the position of
ARP-1 in Fig. 1, lane 2). However, a highly specific
garose-coupled YY1 antibody was used in the coim-
unoprecipitation experiments (Fig. 1, lanes 3 and 6).
estern blot analyses showed that agarose-coupled
Y1 antibodies were able to coimmunoprecipitate
ARP-1 from HeLa nuclear extracts (Fig. 1, lane 3).
onsistent with this result, PARP-1 antibodies, but not
-Jun antibodies used as control, were able to coimmu-
oprecipitate YY1 from HeLa nuclear extracts (Fig. 1,

anes 5–7). Thus, endogeneous complexes of YY1 and
ARP-1 are present in nuclear extracts of HeLa cells.
YY1 has been shown previously to be poly(ADP-

ibosyl)ated by PARP-1 in vitro (11, 12). Using an
ffinity chromatography approach (24) the modifica-
ion of YY1 in HeLa cells was examined. As described
nder Materials and Methods, HeLa nuclear extracts
ere prepared and subjected to chromatography using
oronic acid as an affinity resin which retains proteins
odified with poly(ADP-ribose). After elution of modi-

ed proteins from the affinity column, ADP-ribose
olymers were detached by treatment with neutral
ydroxylamine. Proteins were then separated by SDS–
AGE, transferred to nitrocellulose, and subjected to
estern analyses with specific antibodies directed
gainst YY1. As shown in Fig. 2, poly(ADP-ribosyl)-
tion of YY1 was undetectable in growing, untreated
eLa cells (Fig. 2, lane 1). It is well established that

enotoxic stress situations such as treatment with al-
ylating agents result in the induction of the catalytic
ctivity of PARP-1 (27, reviewed in 13–15). Therefore,
eLa-cells were treated with MNNG and the status of

FIG. 1. Existence of a YY1-PARP-1 complex in HeLa cells. Im-
unoprecipitation experiments were performed as described under
aterials and Methods. HeLa nuclear lysates were immunoprecipi-

ated with an antibody directed against the protein indicated above
he lanes and subjected to Western blot analyses with anti- PARP-1
lanes 1–3) or anti- YY1 (lanes 4–7) antibodies. In lanes 1 and 4 pure
uclear HeLa extracts (NE, 1 mg protein) were applied to the gel. The
ositions of YY1 ( ) and PARP-1 are indicated.
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Y1 poly(ADP-ribosyl)ation was examined during a
ime course of 15 min posttreatment. Surprisingly, sig-
ificant amounts of modified YY1 isolated from HeLa
ells were detected only 12.5 min after the treatment
ith MNNG (Fig. 2, lane 3). This modification was

ransient, because a significantly reduced level of
oly(ADP-ribosyl)ated YY1 was detected 15 min after
NNG-treatment (Fig. 2, lane 4). Proteolytic cleavage

nd cell-death occur only after a long-term exposure
longer than 15 min) to MNNG (28) and the PARP-1
evels were unchanged during the time course exam-
ned. Thus, the reduced level of modified YY1 15 min
fter MNNG-treatment (Fig. 2, lane 4) is consistent
ith previous observations that the half-life of poly-

ADP-ribose) synthesized following genotoxic treat-
ent is rather short (29, 30). No modification of YY1
as detected in MNNG-treated cells, cultured in the
resence of 3-aminobenzamide, an inhibitor of
oly(ADP-ribosyl)ation (data not shown).
It was demonstrated previously that specific DNA

inding of some transcription factors including YY1
ould be prevented by poly(ADP-ribosyl)ation (11).
herefore, nuclear extracts were prepared from un-
reated or MNNG-treated HeLa cells, and specific YY1-
NA binding activity was analyzed in EMSAs (Fig. 3).
uclear proteins were subjected to EMSAs using a
Y1 (Fig. 3, lanes 1 and 2) or an AP-1 (Fig. 3, lanes 3
nd 4) -specific oligonucleotide probe as outlined under
aterials and Methods. The signals of specific YY1-
NA complexes obtained with extracts of untreated

ells are significantly more intense as compared to
NNG-treated cells (compare in Fig. 3, lanes 1 and 2).
reviously was shown that c-Jun was not affected by

FIG. 2. YY1 is poly(ADP-ribosyl)ated after MNNG treatment.
eLa cells were treated with 500 mM MNNG for 0, 10, 12.5, or 15
in as indicated. Nuclear extracts were immediately prepared and

roteins modified with poly(ADP-ribose) were isolated using an af-
nity support (see Materials and Methods). After detachment of
oly(ADP-ribose), isolated proteins were separated by SDS–PAGE
nd transferred to nitrocellulose. Immunostaining was performed
ith anti-YY1 antibodies. Relative molecular weights of marker
roteins (numbers on the left) and the position of YY1 ( ) are
ndicated.
29
bility (11). Consistent with those findings, in EMSA
sing the AP-1 oligonucleotide specific for c-Jun bind-

ng, the formation of AP-1 complexes was insensitive to
treatment with MNNG (Fig. 3, lanes 3 and 4).

ISCUSSION

Covalent modifications of DNA binding proteins are
hought to be involved in the regulation of processes
uch as gene transcription and DNA repair. In the
resent study the poly(ADP-ribosyl)ation of the tran-
cription factor YY1 under conditions of DNA damage
aused by alkylating agents is observed. YY1 was
oly(ADP-ribosyl)ated in a strict and narrow time-
rame after the introduction of DNA lesions, coinciding
ith the activation of PARP-1. In addition, specific
NA binding of YY1 is repressed after induction of
ARP-1 activity.
Previous studies described a function of PARP-1 in

he regulation of transcription (reviewed in 14).
ARP-1 plays dual roles in transcription, depending on
he presence of DNA strand breaks. Catalytically inac-
ive PARP-1 promotes activator-dependent transcrip-
ion by interacting with RNA pol II-associated factors
21, 31). A number of reports revealed that several
ranscription factors, among them Oct-1 (32) and
-Myb (33) may form stable complexes with PARP-1.
oreover, PARP-1 deficiency correlated with an al-

FIG. 3. Specific DNA binding ability of YY1 is reduced after
NNG treatment. Nuclear extracts were prepared from untreated

2) or MNNG-treated (1) HeLa cells. Identical amounts of nuclear
xtracts were incubated with 32P-labeled YY1 oligonucleotide (lanes
and 2) or 32P-labeled AP-1 oligonucleotide (lanes 3 and 4) and

nalyzed in EMSA as described under Materials and Methods. The
ositions of specific DNA-YY1 ( ), DNA-AP-1 complexes, and unre-
arded oligonucleotides (free) are indicated.
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enomic instability, cancer, and aging (34). Enzymatic
odifications of transcription factors are one of several
olecular mechanisms for transcriptional silencing.
oly(ADP-ribosyl)ation of some transcription factors,
mong them P53 (35) and NF-kB (36), affects their
pecific DNA binding ability. In this study the specific
oly(ADP-ribosyl)ation of a transcription factor follow-
ng DNA damage is demonstrated in vivo. Poly(ADP-
ibosyl)ation of YY1 was only detectable within a nar-
ow time-window (Fig. 2). This is presumably due to
he fact that the half-life of synthesized poly(ADP-
ibose) is rather short (30), and that about 30 minutes
fter the introduction of DNA lesions PARP-1 activity
s down-regulated (19). This transient nature of YY1

odification coincides with the time-dependent occur-
ence of poly(ADP-ribose) in cells in response to alky-
ating treatment, as for example reported by Malanga
nd Althaus (37), and also with the conditions required
or transcriptional silencing (11, 22). The observed ef-
ects seem to be specific, since other transcription fac-
ors such as c-Jun are not affected by poly(ADP-
ibosyl)ation (11).

In conclusion, in this study a new role of PARP-1 in
egulating trancription in situations of DNA damage
as been uncovered. Covalent modification of tran-
cription factors with poly(ADP-ribose) could be an
fficient mechanism to prevent the expression of dam-
ged genes.
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