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Abstract The transcriptional regulator Yin Yang 1 (YY1) has
previously been demonstrated to physically interact with poly-
(ADP-ribosyl) transferase (ADPRT). This nuclear enzyme
catalyzes the synthesis of ADP-ribose polymers and their
attachment to target proteins. It is reported here that YY1
associates preferably with the extensively auto(ADP-ribosyl)ated
form of ADPRT, but not with deproteinized ADP-ribose
polymers. In the presence of YY1 the catalytic rate of ADPRT
is enhanced about 10-fold. This stimulation is in part due to
modification of YY1, thus serving as a substrate of the reaction.
In addition, automodification of ADPRT is also substantially
increased. The activation by YY1 is most pronounced at low
concentrations of ADPRT suggesting that the presence of YY1
may either facilitate the formation of catalytically active dimers
of ADPRT or lead to the occurrence of active heterooligomers.
The potential significance of these observations was verified by
analyzing the activity of ADPRT in HeLa nuclear extracts. The
endogenous enzyme exhibited an about 10-fold higher activity as
compared to the isolated recombinant protein. It is likely that the
heat-stable transcription factor YY1 contributed to the increased
activity of ADPRT detected in the nuclear extracts, because
heated extracts had a similar stimulatory effect on isolated
ADPRT as isolated YY1 used at comparable concentrations. It
is concluded that YY1 may be an important regulator of ADPRT
and, therefore, could support the function of ADPRT to facilitate
DNA repair.
© 1999 Federation of European Biochemical Societies.

1. Introduction

The transcription factor Yin Yang 1 (YY1) is a nuclear
protein that has been described to be a regulator of polymer-
ase [I-dependent transcription. Different mechanisms have
been implicated in the regulation of gene transcription by
YY1. Depending on the context, YY1 was shown to either
stimulate or repress gene expression (for reviews see [1,2]).
YY1 was found to tightly associate with the enzyme poly-
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(ADP-ribosyl) transferase (ADPRT; EC 2.4.2.30) [3].
ADPRT is a nuclear protein which catalyzes the formation
of poly- (ADP-ribose) chains using NAD™ as a substrate.
These polymers are covalently attached to specific acceptor
proteins. Poly(ADP-ribosyl)ation appears to be involved in
a number of fundamental processes including cell differentia-
tion, neoplastic transformation, DNA repair, transcription
and others (reviewed in [4]). The occurrence of DNA damage,
especially single strand breaks, causes the initiation of the
poly(ADP-ribosyl)ation reaction. Although the synthesized
ADP-ribose polymers are primarily attached to the enzyme
itself [5], other proteins may serve as acceptors as well. As
potential target proteins of heteromodification histones,
DNA polymerases, ligases, topoisomerases, and high and
low mobility group proteins have been identified (reviewed
in [4]). Among transcription factors TFIIF [6] and p53 [7]
have been reported to be acceptors of poly(ADP-ribose).
ADPRT has been implicated in the regulation of gene expres-
sion [8-12]. While in the absence of NAD this protein serves
as a coactivator of activator-dependent transcription [10], ini-
tiation of poly(ADP-ribosyl)ation results in silencing of
polymerase II-dependent transcription [11]. We have recently
shown that YY1 may function as an acceptor of ADP-ribose
polymers. In addition, the modification prevented the specific
binding of YY1 to DNA [12].

In this study YY1 and ADPRT were investigated with re-
gard to their direct functional interaction. YY1 served as a
specific and efficient acceptor of poly(ADP-ribose). In the
presence of YY1 the poly(ADP-ribosyl)ation reaction was
substantially stimulated owing to both increased automodifi-
cation of ADPRT and modification of YY1. Experiments us-
ing HeLa nuclear extracts indicated that YY1 may be a phys-
iologically important activator of ADPRT.

2. Materials and methods

Reagents were purchased from Sigma unless otherwise noted. HeLa
nuclear extracts were obtained from Promega. Reinforced nitrocellu-
lose membrane (BA-S 85) was purchased from Schleicher and Schuell.
[0-*2P]NAD* was supplied by NEN DuPont. All chemicals were of
analytical grade.

2.1. Purification of recombinant proteins

After overexpression in Escherichia coli cells the human His-tagged
ADPRT was purified as described previously [13]. Recombinant hu-
man His-tagged YY1 (plasmid pHisY Y1) produced in E. coli cells was
purified as described by Shy et al. [14].

2.2. Gel electrophoresis and electrophoretic transfer

Proteins were separated on 6 X 10 cm SDS-PAGE minigels accord-
ing to Laemmli [15]. Electrotransfer of proteins onto nitrocellulose
sheets was performed as described by Towbin et al. [16].
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2.3. Blot overlay

Blot overlay with radiolabeled probes was performed as described
previously [17]. Briefly, for radiolabeling purified His-tagged ADPRT
(5 ng) was incubated in a total volume of 100 ul of ‘binding buffer’
(10 mM Tris-HCI, pH 8.0, 7 mM MgCl,, 50 uM ZnCl,) with 6 nM
[0-32PINAD™ (0.3 uCi/nmol) and 10 pg sonicated salmon sperm DNA
(Boehringer Mannheim) for 30 min at 25°C. In the absence of supple-
mentary unlabeled NAD* the reaction resulted in 3?P-labeled oli-
go(ADP-ribosyl)ated enzyme. To obtain the radioactively labeled poly-
(ADP-ribosyl)ated ADPRT, labeling was carried out as described
above for 30 min at 25°C and the reaction was subsequently contin-
ued for a further 30 min with unlabeled NAD™ at a final concentra-
tion of 1 mM. Residual [0-3?P]NAD* was removed by G50 gel filtra-
tion. After radiolabeling both oligo- and poly(ADP-ribosyl)ated
ADPRT had the same specific radioactivity. For synthesis of 32P-
labeled poly(ADP-ribose) after the poly(ADP-ribosyl)ation reaction
and TCA precipitation modified proteins were treated with 100
pg/ml of proteinase K in the presence of 0.1% SDS at 37°C for 1 h.
32P-labeled ADP-ribose polymers were extracted with phenol/chloro-
form, precipitated with ethanol and dissolved in 10 mM Tris-HCI, pH
8.0, | mM EDTA. For blot overlay, proteins were electrophoretically
separated in SDS-PAGs and transferred onto nitrocellulose. Trans-
blotted proteins were renatured overnight in ‘overlay buffer’ (0.5%
BSA, 0.25% gelatin, 0.2% Triton X-100, 50 mM Tris-HCI, pH 7.4,
5 mM B-mercaptoethanol) at 4°C. Incubation of the blots with radio-
labeled probes was carried out in overlay buffer containing 250 mM
NaCl for 2 h at 4°C. Blots were washed three times for 10 min with
10 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 0.05% Tween-20 and
then subjected to autoradiography.

2.4. Determination of ADPRT activity

Recombinant ADPRT in the absence or presence of different pro-
teins or HelLa nuclear extract [18] as indicated in the legends was
incubated in binding buffer containing 1% BSA. Reactions were
started by the addition of [*?P]NAD™ and 10 ug/ml sonicated salmon
sperm DNA (Boehringer, Mannheim) and carried out at 25°C. Incu-
bations were stopped by the addition of TCA to give a final concen-
tration of 20%. After centrifugation TCA precipitates were washed
with 5% TCA and ethanol. Relative incorporation of [*’PJADP-ribose
was determined by Cerenkov counting.

2.5. Poly( ADP-ribosyl)ation of YY1

Poly(ADP-ribosyl)ation reactions were carried out by incubation of
purified recombinant ADPRT with the indicated proteins in the pres-
ence of 3?P-labeled NAD™ under conditions indicated in the legends.
Incubations were stopped by the addition of SDS-containing sample
buffer. Proteins were separated by SDS-PAGE. After electrophoresis
gels were stained with Coomassie blue and subsequently subjected to
autoradiography.

3. Results

Interaction of ADPRT with partner proteins depends on
the functional state of the enzyme, which can be simulated

Table 1
Stimulation of ADPRT activity by nuclear proteins

Relative activity of ADPRT

ADPRT 1
NE 9.8
NEGO°C 0
ADPRT+YY1 1.8
ADPRT+NE®C 2.4

Proteins were incubated at the concentrations given below with 1 uM
of 32P-labeled NAD™ and 10 pug/ml sonicated DNA. ADPRT, 1.5 pg/
ml; YY1, 1 ug/ml; HeLa nuclear extract (NE), 1.5 mg/ml. NE®"C,
prior to the reaction HelLa nuclear extract was incubated for 15 min
at 60°C and then cooled to ambient temperature. Incubations were
continued for 1 min and then stopped by TCA precipitation. Incor-
porated radioactivity was related to the value obtained for ADPRT in
the absence of other proteins.
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Fig. 1. Specific interaction of YY1 with poly(ADP-ribosyl)ated
ADPRT. Recombinant YY1 was separated by SDS-PAGE and gels
were transblotted onto nitrocellulose and subjected to blot overlay
experiments as described in Section 2. Autoradiograms of blots after
incubation with the additions indicated below are shown. Lane 1,
32P-labeled oligo(ADP-ribosyl)ated ADPRT (50000 cpm/ug, 50000
cpm/ml); lane 2, 3>P-labeled poly(ADP-ribosyl)ated ADPRT (50000
cpm/ug, 50000 cpm/ml); lane 3, 3*P-labeled deproteinized poly-
(ADP-ribose) (100000 cpm/ml). The position of YY1 is indicated by
the yin-yang sign.

by varying the extent of auto(ADP-ribosyl)ation [17]. The
specific association of transblotted potential partner proteins
can be visualized in a blot overlay using two forms of radio-
labeled automodified ADPRT carrying ADP-ribose polymers
of different size. The ability of these two forms of ADPRT to
interact with transblotted YY1 was tested. Oligo(ADP-ribosyl)-
ated ADPRT (Fig. 1, lane 1) with fewer than 20 ADP-ribose
units per chain or poly(ADP-ribosyl)ated ADPRT (Fig. 1,
lane 2) with polymer lengths of up to 200 ADP-ribose residues
were incubated with transblotted YY1. Since equal amounts
of enzyme carrying similar amounts of radioactivity were
used, the results shown in Fig. 1, lanes 1 and 2, can be directly
compared. It is obvious that the oligo(ADP-ribosyl)ated
ADPRT, which tightly interacts with histones [17], had no
affinity to transblotted YY1, while poly(ADP-ribosyl)ated
ADPRT bound efficiently to YY1 (Fig. 1, lane 2). No asso-
ciation with YY1 was detectable if deproteinized 3*P-labeled
poly(ADP-ribose) detached from the enzyme molecule (Fig. 1,
lane 3) was used. This is in accordance with the observation
that isolated polymers did not affect spe ific DNA-binding of
YY1 [12]. These data suggest that poly(ADP-ribosyl)ated
ADPRT interacts with YY1 primarily via protein-protein con-
tacts. As opposed to YY1, p53 exerted a high affinity not only
to poly(ADP-ribosyl)ated ADPRT, but also to isolated poly-
mers (not shown), supporting a direct interaction of p53 with
poly(ADP-ribose) polymers as has been suggested previously
[19].

The enzymatic activity of ADPRT depends on the avail-
ability of DNA [20]. In the presence of small amounts of
DNA (10 pg/ml), presumably insufficient to tightly bind
both YY1 and ADPRT, YY1 was ADP-ribosylated, even
though NAD™ was added after a preincubation of 15 min
(Fig. 2A, first lane). In contrast, modification of YY1, but
not ADPRT, was virtually absent under these conditions, if
the DNA concentration was raised to 80 pg/ml (Fig. 2A, third
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Fig. 2. Poly(ADP-ribosyl)ation of YY1. A: 100 ng of purified recombinant ADPRT were incubated in binding buffer with 50 ng of recombi-
nant YY1 as indicated (+) and reactions were carried out in a final volume of 10 ul. For the first, third and last lanes, reactions were started
by the addition of 100 nM 32P-labeled NAD™ (post). For the second lane, 100 nM 3?P-labeled NAD* was preincubated (pre) with proteins
and the reaction then started by adding 80 ug/ml DNA. After 15 min incubations were stopped with SDS-containing sample buffer and pro-
teins were separated by SDS-PAGE. An autoradiogram of the gel is shown. The positions of ADPRT and YY1 (yin-yang sign) are indicated.
B, left panel: Purified recombinant ADPRT (10 ng) and YY1 (1 ug) were incubated. Reactions were started by the addition of 10 pg/ml DNA
and 32P-labeled NAD" as indicated. After 10 min incubations were stopped by the addition of SDS-containing sample buffer. Proteins were
separated by SDS-PAGE and an autoradiogram of the gel is shown. Right panel: Purified recombinant ADPRT (4 pg) and YY1 (1 ug) were
incubated in the absence or presence of | mM NAD™" as indicated. Reactions were started by the addition of 100 ug/ml DNA. After 60 min
incubations were stopped by the addition of SDS-containing sample buffer. Proteins were separated by SDS-PAGE and stained with Coomassie
blue. The positions of ADPRT and YY1 (yin-yang sign) are indicated.

Q- -

lane). This finding suggested that DNA binding of YY1 ren-
dered this protein inaccessible to poly(ADP-ribosyl)ation. At
high DNA concentrations (80 ug/ml) YY1 was still effectively
poly(ADP-ribosyl)ated, but only if NAD™ was added before
the proteins had bound to DNA (Fig. 2A, second lane). Thus,
for efficient heteromodification of the transcription factor the
reaction needs to take place prior to DNA binding. Never-
theless, when YY1 is bound to DNA and thus inaccessible to
modification, it is still an efficient stimulator of auto(ADP-
ribosyl)ation of ADPRT (compare the last two lanes of Fig.
2A).

In Fig. 2B the poly(ADP-ribosyl)ation of YY1 is shown. In
the presence of low concentrations of NAD™ oligo(ADP-1i-
bosyl)ation of ADPRT and YY1 occurred (Fig. 2B), while in
the presence of 1| mM NAD™ the majority of ADPRT and
YY1 remained in the stack of the gel due to their modification
with large poly(ADP-ribose) chains (Fig. 2B).

The stimulation of the catalytic activity of ADPRT by in-
teraction with YY1 was analyzed by quantifying the amount
of protein-associated poly(ADP-ribose) in the presence of
varying amounts of the two proteins. Small amounts of puri-
fied recombinant ADPRT catalyzed the poly(ADP-ribosyl)a-
tion reaction at a slow rate (Fig. 3). The addition of YY1
resulted in a dose-dependent rate enhancement approaching
a maximum at about 10-fold stimulation (Fig. 3A). The oc-
currence of heteromodification and the maximal rate (for a
given concentration of ADPRT) were always observed inde-
pendently of the time point at which YY1 was added. That is,
if the auto(ADP-ribosyl)ation reaction had been allowed to
proceed in the absence of YY1, subsequent addition of satu-
rating amounts of YY1 led always to a maximal stimulation
of the reaction (not shown). In Fig. 3B poly(ADP-ribosyl)a-
tion is represented as a function of the ADPRT concentration.
Under the conditions used (0.5 uM NAD) a maximum of 5-6

pmol ADP-ribose units could be incorporated due to the lim-
ited substrate supply. In the absence of YY1 the initial non-
linear slow increase of incorporation is likely to reflect the
requirement of ADPRT to dimerize for efficient catalysis
[21-23]. If, however, YY1 (500 ng per 25 ul reaction) was
added, a significant stimulation of ADP-ribose incorporation
was observed (Fig. 3B). These results may indicate that het-
erooligomerization of ADPRT with YY1 may mimic the di-
merization of the enzyme. Alternatively, YY1 may greatly
facilitate the dimerization of ADPRT at low concentrations
of the enzyme. Even though saturating amounts of YY1 (150
png/ml) were used, ADPRT was still readily modified (Fig. 3C,
lanes 3 and 4). Only at very low concentrations of ADPRT
(1 ng/ml) ADP-ribosylation appeared to be limited to moder-
ate heteromodification of YY1 (Fig. 3C, lane 2).

The significance of the observed influence of YY1 on the
catalytic activity of ADPRT was tested in HeLa nuclear ex-
tracts. The contents of both YY1 and ADPRT in the extracts
was estimated by immunoblot titrations with specific antibod-
ies using the isolated recombinant proteins as standards (not
shown).

The poly(ADP-ribosyl)ation activity of endogenous
ADPRT in nuclear extracts of HeLa cells appears to be stimu-
lated 10-fold as compared to the same concentration of
isolated recombinant ADPRT (1.5 pg/ml) (Table 1). The
addition of HeLa nuclear extract after heating to inactivate
endogenous ADPRT (Table 1) resulted in a 2.4-fold stimu-
lation of the poly(ADP-ribosyl)ation reaction catalyzed by the
isolated recombinant enzyme (Table 1). Since YY1 activity is
heat-stable [24], this enhancement is likely to be due to
endogenous YY1. Moreover, the addition of the same amount
of recombinant YY1 (about 1 pug/ml YY1) led to a 1.8-fold
increase of the activity of the recombinant ADPRT
(Table 1).
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4. Discussion

This study provides insight into the functional consequences
of the recently observed protein-protein interaction between
the transcriptional regulator YY1 and ADPRT [3]. It is dem-
onstrated here that YY1 is a substrate for poly(ADP-ribosyl)-
ation and the extent of modification depends on both the
amount of ADPRT and substrate present. The substantial
stimulation of the catalytic activity of ADPRT by YY1, es-
pecially at low concentrations of ADPRT, may point to a
function of YY1 that includes stabilization of ADPRT dimers
or to the formation of heterooligomers of the two proteins.
An important observation relating to this point is that, if
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Fig. 3. Stimulation of ADPRT activity by YY1. All incubations
were carried out in binding buffer containing 1% BSA and 10 pg/ml
DNA in a final volume of 25 pl. [*?P]JADP-ribose incorporation was
quantified by Cerenkov counting. A: Purified recombinant ADPRT
(1 pg/ml) was incubated with increasing amounts of YY1 as indi-
cated. Reactions were started by adding 1 uM of 32P-labeled
NAD™. Incubations were stopped after 10 min by TCA precipita-
tion of the proteins. B: Indicated amounts of purified recombinant
ADPRT were incubated with no further addition (4) or in the
presence of 150 pg/ml purified recombinant YY1 (yin-yang sign).
Reactions were started by adding 0.5 uM of 3?P-labeled NAD™. In-
cubations were stopped after 10 min by TCA precipitation of the
proteins. C: Purified recombinant YY1 (150 pg/ml) and increasing
amounts of ADPRT as indicated were incubated with 100 nM 32P-
labeled NAD™. Reactions were started by the addition of 10 pg/ml
DNA and after 10 min incubations were stopped by the addition of
SDS-containing sample buffer. Proteins were separated by SDS-
PAGE. An autoradiogram of the gel is shown. The positions of
ADPRT and YY1 (yin-yang sign) are indicated.

«—

previously bound to DNA, YY1 is inaccessible to ADP-ribo-
sylation. Nevertheless, the activity of ADPRT is still substan-
tially enhanced (Fig. 2A).

It has been noted before [17] that interaction of ADPRT
with potential partner proteins is selective with regard to the
extent of automodification of the enzyme. YY1 exhibited a
pronounced preference to associate with the poly(ADP-ribo-
syl)ated, that is, the catalytically active form of the enzyme
(Fig. 1). This is in contrast to histones which interact primar-
ily with the oligo(ADP-ribosyl)ated ADPRT [17], although
they also serve as acceptor proteins. On the other hand, p53
prefers to bind to ADP-ribose polymers, regardless of whether
or not they are bound to ADPRT [19]. Thus, there are at least
three different molecular entities (poly-, oligo(ADP-ribosyl)-
ated ADPRT and ADP-ribose polymers) that appear to spe-
cifically interact with certain proteins. This observation may
indicate a functional distinction between the partner proteins
of ADPRT. For example, as opposed to YY1, histones have
no significant stimulatory effect on the activity of ADPRT,
although they are ADP-ribosylated. Moreover, other potential
partners of ADPRT such as XRCC1 [25] or DNA-PK [26]
inhibit ADPRT activity.

Transcription requiring YY1 as a cofactor is likely to be
influenced by the activity of ADPRT. Recent reports suggest
that YY1 may play an important role in development and
differentiation and act as a negative regulator of cell growth
with a possible involvement in tumor suppression [27]. The
experiments presented here suggest an interaction between
ADPRT and YY1 in the cell nucleus. It is of interest in this
regard that isolated recombinant ADPRT exhibited a much
lower catalytic activity as compared to the endogenous en-
zyme in Hela extracts. It would appear that YY1 may sig-
nificantly contribute to this stimulation (Table 1). Since it is a
known function of ADPRT to support DNA repair, YY1
may also be involved in the regulation of this process by
stimulating the catalytic activity of the enzyme. Besides the
function of ADPRT as a coactivator of activator-dependent
transcription [10], the catalytically active enzyme might also
stimulate gene expression by indirect means. For example,
YY1 is known to repress the transcription of specific genes
including c-fos [28,29]. ADP-ribosylation would abolish the
repression by preventing YY1 from binding to DNA. There-
fore, such a mechanism could potentially apply to induce the
expression of c-Fos.
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