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ABSTRACT. Poly(ADP-ribosyl) transferase (ADPRT) is a nuclear enzyme that catalyzes the synthesis of
ADP-ribose polymers from NAD as well as the transfer of these polymers onto acceptor proteins. The
predominant acceptor of the poly(ADP-ribose) chains appears to be the enzyme itself. The function of
ADPRT is thought to be related to a number of nuclear processes, including DNA repair and transcription.
In this study, it was found that polymerase ll-dependent transcription in nuclear HelLa extracts was repressed
in the presence of NAD at concentrations as low asuM. This repression was strictly dependent on

the activity of ADPRT and correlated with the auto(ADP-ribosyl)ation of the enzyme. Subsequent
degradation of the ADP-ribose polymers by enzymatic activities present in the nuclear extracts restored
transcriptional activity. It would appear from these results that poly(ADP-ribosyl)ation represents the
key event of the mechanism underlying NAldependent silencing of transcription. Importantly, ADPRT-

and NAD"-dependent silencing was observed only if poly(ADP-ribosyl)ation had taken place before
formation of the transcription complex was completed. That is, if the nuclear extract was preincubated
for more than 15 min in the presence of template DNA, transcription was rendered entirely insensitive to
NADT. These results suggest that poly(ADP-ribosyl)ation may prevent polymerase IlI-dependent
transcription, but does not interfere with ongoing transcription. Taking into account the known function
of ADPRT, this enzyme may facilitate recovery from DNA damage by stimulating DNA repair and silencing
transcription.

The nuclear enzyme poly(ADP-ribosyl) transferase eukaryotic cells, except yeast. The posttranslational transfer
(ADPRT! EC 2.4.2.30) modifies proteins by forming and of ADP-ribose moieties from NAD to proteins is thought
attaching to them poly(ADP-ribose) chains. It is a highly to be involved in the regulation of processes such as DNA
conserved and abundant protein occurring ubiquitously in repair, differentiation, proliferation, and neoplastic transfor-
- A a b o o Dovtsch matio+n (reviewed in rel). The major cellular pathway of

IS research was supported by a grant irom the Deutscheé NAD* catabolism has been ascribed to ADPRT activity (
gg:ngrlljsq%ignegmfégssgi?séﬁgﬁ\VX)ﬁgg 4-1). 3.G. s supported by the 3). The enzy_matic activity of ADPRT_ is strongly enhanced

* Author to whom correspondence should be addressed. Tele- after genotoxic treatment of mammalian cells and correlates
phone: +49 30 8382910. Fax:-49 30 8386509. E-mail: Lity@chemie.  with the depletion of the intracellular NADpool (4). DNA

fu-berlin.de. : K . e i ot .
! Abbreviations: ADPRT, poly(ADP-ribosyl) transferase; 3-ABA, repair Oiy iradiated plasmids is Stlmma‘t(.a(.j by ADPR.T n

3-amionobenzamide; HEPES\-(2-hydroxyethyl)piperaziné¥ -2- an NAD'-dependent manneb), and a positive correlation

ethanesulfonic acid; PAGE, polyacrylamide gel electrophoresis. between ADPRT activity and repair of DNA damage induced

S0006-2960(97)02739-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/20/1998



1466 Biochemistry, Vol. 37, No. 6, 1998

- 00 01 1 10100 uMMAD

1 2 i 4 5 B8
- - - -

Ficure 1: NAD™ affects Pol ll-dependent in vitro transcription.
Following a preincubation for 30 min as outlined below, transcrip-
tion reactions were started by the addition of NTPs and incubation
was continued for 1 h. Transcripts were separated by PAGE and
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EXPERIMENTAL PROCEDURES

Materials

Reagents were purchased from Sigma unless otherwise
noted. Nucleotides and HeLa nuclear extracts were obtained
from Promega. ¢-*P]JNAD" and [o-*2P]CTP were obtained
from NEN, DuPont. tRNA and RNase T1 were purchased
from Boehringer Mannheim. Polyclonal antibodies raised
against human ADPRT, developed in goat, were used as
described beforeld). The recombinant ADPRT-automodi-
fication domain and full-length enzyme were overexpressed
as His-tagged fusion proteins and purified as described

previously (5).

subjected to autoradiography. (A) HeLa nuclear extract and template Methods

pML(C,AT) were incubated in the absence)(or presence of
NAD™ as indicated. (B) HeLa nuclear extract and template pML(C
AT) were incubated in the presence of 0.6 mM 3-ABA in the
absence (lane 1) or presence (lane 2) of 480 NAD™*. HelLa
nuclear extracts depleted of ADPRT by immunoprecipitation and
template pML(GAT) were incubated in the absence (lane 3) or
presence (lane 4) of 106M NAD*. Hela nuclear extract, the
template pML(GAT), and an equal amount (200 ng) of the
promaotor-less plasmid pg&T) were incubated with 1006M NAD +

in the absence (lane 5) or presence (lane 6) of 100 ng of ADPRT.

by alkylating agents has been documen®d Elimination

Standard in Vitro Transcription AssaysStandard tran-
scription reactions were conducted using a supercoiled
plasmid pML(GAT) as a template 16). Hela nuclear
extracts containing 18g of protein per reaction mixture were
incubated with 200 ng of pML(§AT) for 30 min at ambient
temperature in transcription buffer [10 mM HEPES (pH 7.9),
50 mM KCI, 0.1 mM EDTA, 0.25 mM DTT, 10% glycerol,
and 7 mM MgC}]. Transcription was started by adding
NTPs [0.6 mM ATP, 0.6 mM UTP, 2%M [a-3?P]CTP
(10 000 cpm/pmol), and 0.1 mM'-®-methyl-GTP]. The

of ADPRT in knocked-out mice rendered cells more final volume was 1%L. Incubation was then continued for

susceptible tg-irradiation as detected by impaired prolifera- 1 h at 30°C. For some experiments, the transcription assays
tion (7). These and other investigations have established contained further additions, which were added at the times
ADPRT as a regulator of important nuclear processes.and concentrations indicated in the figure legends. The
Nevertheless, the actual biological function of ADPRT and transcription reactions were stopped, and after phenol/

its catalytic activity have still largely remained obscure.

Eukaryotic transcription is a complex and tightly controlled
process. Regulators of class Il gene transcription include
the general factors, and other effectors (reviewed irg8yef

The requirement for transcription factors has been demon-

strated 9), and fractionation studies led to the characteriza-
tion of multiple RNA polymerase Il-dependent (Pol II)
transcription factors1(0). Among them, the transcription
factor Il C was isolated from cell extractd(), the active
component of which was subsequently identified as the
enzyme ADPRT 11). However, it was demonstrated to be
non-essential for basal transcriptiohl). Studies with a
chimeric protein of ADPRT fused to the glucocorticoid
receptor revealed that ADPRT activity can be targeted to
specific DNA sequences and repress gene expressi)n (
Meisterernst et al.13) reported that unmodified ADPRT

chloroform extraction, RNA was precipitated with ethanol,
resuspended in 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA,
and incubated with RNase T1 (1 unit per reaction) for 15
min at 37°C. Then, samples were subjected to 5% PAGE,
containirg 7 M urea in TBE buffer, and autoradiography.
Preparation of Antibodies and Immunodepletion of Nuclear
HelLa Extracts Polyclonal antibodies developed in rabbit
and raised against either the recombinant DNA-binding
domain (amino acids-1232) or the automodification domain
(amino acids 337#573) were affinity-purified according to
a published methodl1{). These antibodies were highly
specific and did not exhibit cross-reactivity with any other
nuclear proteins. Either of the purified antibodies (8
was coupled to 35@g of protein A Sepharosel8) and
incubated with 10@g of HeLa nuclear extracts in transcrip-
tion buffer far 1 h at 4 °C. After centrifugation, the
supernatant was used for the transcription assays.

possesses the intrinsic capacity to enhance activator-depend- App Ribosylation and Chain-Length Determination of

ent transcription in vitro. The observed ADPRT coactivator

Protein-Bound ADP-Ribose PolymerkleLa nuclear extracts

function on supercoiled templates did not depend on damagetcontaining 18:g protein per reaction mixture were incubated

DNA, but was reversed by NAD(13).

In this study, Pol ll-dependent transcription was analyzed
in HeLa nuclear extracts with regard to the possible role of
ADPRT and its catalytic function. When poly(ADP-ribosyl)-

with 200 ng of pML(GAT) in the presence of AM [o-32P]-
NAD™ (3 uCi per reaction) in transcription buffer in a total
volume of 15uL at 30 °C. Incubation was stopped by
adding 15l of SDS sample buffer. Proteins were separated

ation was induced before a stable transcription complex hadPy 12% SDS-PAGE and subjected to autoradiography. Size

been formed, transcription was virtually completely silenced.

analysis of ADP-ribose polymers was performed as described

On the other hand, when the transcription complex had beenbY Panzeter and Althaud9).

allowed to form, poly(ADP-ribosyl)ation was without any
effect on transcription. These results suggest that ADPRT,
when activated (e.g., by DNA strand breaks), may prevent
transcription.

RESULTS

NAD*-Dependent Silencing of Transcription Is Mediated
by ADPRT Actiity. Standard in vitro Pol Il transcription
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assays were carried out with cell-free HeLa nuclear extracts f HE«MAD R+ ML
(20) in the presence of various amounts of NAD The .
plasmid pML(GAT) (16), carrying the adenovirus major late o ¥
promoter, was used as the templjat'e (Figu're}A). The L iy B
presence of only 10 nM NADwas sufficient to significantly R T gy
repress transcription. Moreover, at concentrations higher
than 100 nM NAD, basal transcription was apparently - - -‘
completely silenced (Figure 1A).

As ADPRT was the major candidate mediating the effect FIGURE 2 ADPRT- and NAD-dependent silencing occurs only

of NAD*, this possibility was explored in detail. First within the first minutes of transcription initiation. (A) HeLa nuclear
! . L ’ ' extracts (NE), template pML@T) (ML), 100 uM NAD*, and
3-aminobenzamide (3-ABA), a potent inhibitor of ADPRT  ;cjeotides (NTPs) were added to the transcription assays in the

activity (21), was tested to interfere with NADdependent  order and at the times indicated. After addition of NTPs, the
transcriptional silencing. When in vitro transcription was transcription reaction was allowed to proceed for 1 h. (B) HeLa
carried out in the presence of 0.6 mM 3-ABA, transcription Put:tlﬁart_extra_ctg_ antddtr;e”tem%age t%M%)tWeref‘igﬁ'n”CN“AbSaed

. . o or the times indicated followed by the addition o
was slightly redl_Jced (Figure 1B, Iane _1), buF the addition of and NTPs. Incubation was then continued for 1 h.
100uM NAD * did not affect transcription (Figure 1B, lane

2). In a further experiment, Hela nuclear extracts were  Tq address this point, NADanalogues substituted in the
depleted of ADPRT by immunoprecipitation. ADPRT-free ,;rine pase were examined in their ability to silence Pol I

nuclear extracts exhibited transcriptional activity, whether transcription. These NADanalogues are suitable as sub-
NAD™ was present in the assay (Figure 1B, lanes 3 and 4).yrates for the transfer and the polymerization reaction
Some residual ADPRT activity<10%) in the nuclear  catalyzed by ADPRT, but the velocity of the automodifica-
extracts after immunodepletion may account for the slight ion reaction is substantially reduce24f. Within the time
suppression of transcription in the presence of NABigure  frame of the experiment (1 h), nicotinamide guanine di-
1B, lane 4). Significant transcriptional activity remained in - nycleotide and nicotinamide hypoxanthine dinucleotide did
the presence of 10@M NAD™ when the transcription ot affect transcription (not shown). Another NARna-
reaction was carried out in the presence of 200 ng of pML(C  |pgue, 3-acetylpyridine adenine dinucleotide, which exhibited
AT) template and 200 ng of the promotor-less plasmidp(C 3 reaction rate similar to that of NAD(24), silenced
AT) (Figure 1B, lanes 5 and 6). The amount of endogenous transcription as efficiently as NAD (not shown). These
ADPRT in the nuclear extracts (about 20 ng of full-length  gpservations indicate that the rate of polymer fomation by

enzyme per transcription reaction) could have been limiting ADPRT may be crucial for NAD-dependent silencing of
for efficient silencing of transcription when 400 ng of DNA  transcription.

was present; that is, ADPRT may have bound to the
additional DNA without being part of a transcription
complex. Such a possibility exists owing to the high affinity
of this enzyme for DNA 22). Importantly, under these
conditions, addition of 100 ng of purified recombinant
ADPRT restored NAD-dependent silencing of transcription
(Figure 1B, lane 6). In the absence of NADQhe addition

of purified recombinant ADPRT had no detectable effect on
transcription (not shown). These findings indicate that, not
the absolute amounts, but the ratio of DNA to ADPRT may ADPRT itself as determined by Western blotting and

be critical for the NAD -dependent silencing. immunodetection with anti-ADPRT antibodies (Figure 3A).
ADPRT- and NAD-Dependent Silencing Occurs during  Besides ADPRT I, = 116 000), another significantly

Transcription Initiation Preincubation of nuclear extract |abeled protein migrating with an apparent molecular weight
with 100 M NAD™ for 30 min before the addition of the  of about 85000 was identified as a C-terminal ADPRT
PML(C2AT) template led to silencing of transcription (Figure fragment present in the nuclear extract. Other weakly
2A, left lane). In contrast, when additions were made in radiolabeled bands detected in the autoradiogram were
the opposite order [preincubation of pML{&T) template presumably the result of heteromodification of nuclear
with nuclear extract, followed by the addition of 1M/ acceptor proteins (for example, labeled bands Witk of
NAD™* after 30 min], transcription was not repressed (Figure about 70 000, 50 000, and 35 000). In parallel experiments,
2A, right lane). This result suggested that the silencing effect the labeled polymers were detached from the proteins and
of NAD* should take place during transcription initiation, their sizes analyzed. The occurrence of long ADP-ribose
presumably during the formation of the transcription com- polymers with more than 30 ADP-ribose residues per chain
plex. From Figure 2B, it is obvious that repression of was observed already within the first minutes of the
transcription occurred only if NAD was added within the  incubation (Figure 3B). The size of the polymers was stable
first minutes following the addition of template DNA to the for about 15 min, while after 60 min, only short polymers
nuclear extract. Addition of NADto activated ADPRT (i.e.,  with less than 7 ADP-ribose residues per chain remained
in the presence of DNA) leads to the synthesis of large ADP- (Figure 3B, last lane). This disappearance of poly(ADP-
ribose polymers within a few minute®3). Therefore, ribose) can be attributed to the activity of catabolic enzymes
NAD*-dependent silencing of transcription may depend on [e.g., poly(ADP-ribose) glycohydrolase or phosphodiester-
the rate of the ADP ribosylation reaction. ases] present in the nuclear extra@s)( If the transcription

Poly(ADP-ribosyl)ation Correlates with Silencing of Pol
Il Transcription. Since ADPRT activity appeared to be
important within the first minutes of transcription initiation,
this time period was analyzed with regard to ADP ribosy-
lation (Figure 3). Nuclear extract and template DNA were
incubated in the presence ofuM [3P]NAD™. Incubation
was stopped at the times indicated, and proteins were then
subjected to gel electrophoresis and autoradiography. The
main target for modification with poly(ADP-ribose) was
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Ficure 3: Time course of poly(ADP-ribosyl)ation during silencing - -

of transcription. HeLa nuclear extracts and the template pML(C
AT) were incubated in the presence ofuM 3?P-labeled NAD

for the times indicated. (A) Incubation was stopped by the addition g re 4: ADPRT-dependent silencing of transcription is revers-
of SDS-PAGE sample buffer. Proteins were separated by 12% pje Following a preincubation for 30 min as outlined below,

SDS-PAGE and subjected to autoradiography (first six lanes). For jncypation was continued for the time indicated. Transcription
the rightmost lane, after SDSAGE, proteins were transferred — o5ctions were then started by the addition of NTPs, and incubation
onto nitrocellulose and immunostained using anti-ADPRT antibod- 55 continued for 1 h. (A) HeLa nuclear extracts and the plasmid
ies. The position of ADPRT and relative molecular sizes are pML(C,AT) were incubated for 30 min, and thengd NAD+
indicated M, x 1079). (B) Incubation was stopped by TCA a5 added. These samples served as a control, because addition of
precipitation, and poly(ADP-ribose) was detached from proteins NaD+ g this stage had no effect on transcription (see Figure 2A).

by alkaline treatmen€?P-labeled polymers (20 000 cpm per lane) (gy Hela nuclear extracts and the plasmid pM ere
were separated by 20% PAGE and subjected to autoradiography.i(nc)ubated fol# 30 minXin the presence gﬁM ,\I|A8+.W) W
Numbers of ADP-ribose units are indicated on the right.

reaction was carried out in the presence of 100 ng of the DISCUSSION

isolated recombinant automodification domain of ADPRT  This study demonstrates that transcription by Pol Il can
(including amino acids 337573), the NAD-dependent  be silenced in an NAD-dependent manner mediated by the
silencing effect was absent even in the presence ofld0  nuclear enzyme ADPRT. The catalytic activity of ADPRT,

NAD*. The automodification domain serves as an acceptor that is, the synthesis of protein-bound ADP-ribose polymers
for poly(ADP-ribose) and, therefore, drastically reduced the from NAD™, is essential for this repression of transcription

extent of automodification of the endogenous full-length and correlates with the extent of poly(ADP-ribosyl)ation.

ADPRT (not shown). When activated by binding to DNA, ADPRT is able to

ADPRT-Dependent Silencing of Transcription IsBs-  synthesize large polymers from NADwithin a time frame
ible. As shown in Figure 3B, addition of NADto the ~ (1—2 min) that precedes the completed assembly of the
nuclear extracts led to transient occurrence of poly(ADP- transcription complex. It would appear, therefore, that
ribose) polymers. This observation indicated the possibility ADPRT exerts its regulatory function during the initiation
that the silencing of transcription could be temporary as well. of transcription, presumably by interfering with the formation
The data reported in Figure 4B support this suggestion. of the preinitiation complex. This view is supported by the
Addition to the nuclear extracts of NADtogether with the ~ observation that activation of ADPRT (by adding NAD
DNA template prevented transcription only if the nucleotides has no effect on transcription when the preinitiation complex
were added within 30 min (see above). After 1 h, the effect has been allowed to form (Figure 2A).
of NAD*' was already much less pronounced. When Transcription is controlled by a variety of mechanisms.
transcription was started by nucleotidd@ h after adding  One principal way includes the covalent modification of
NAD* and template DNA to the nuclear extracts, the proteins that participate in transcription or its regulation. For
transcription reached almost control levels (compare panelsexample, reversible phosphorylation of the transcriptional
A and B of Figure 4). Incubation with longer durations led machinery represses transcription at mitosis (reviewed in ref
again to a decrease in transcriptional activity. However, this 26). Furthermore, histone deacetylation has been reported
decrease can be attributed to the deterioration of the nucleain several recent studies to exert a regulatory effect on
extracts, since it occurred similarly in the control samples transcription (reviewed in ref27 and28). As a result of
(compare the last two lanes of Figure 4A,B). It should be this study, poly(ADP-ribosyl)ation should also be regarded
pointed out that the recovery of transcriptional activity as a covalent modification regulating transcription. Although
coincided with the disappearance of protein-bound poly- the crucial acceptor(s) of the ADP-ribose polymers respon-
(ADP-ribose) polymers (Figure 3B), lending further support sible for the silencing of transcription has not been identified,
for the role of poly(ADP-ribosyl)ation in the observed there are indications that it may be the automodification of
silencing of transcription. ADPRT itself. ADPRT was by far the most prominently
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modified protein in the nuclear extracts. Moreover, detect-
able heteromodification occurred only several minutes after
the ADPRT-dependent silencing was already maximal
(Figure 3A). Nevertheless, the possibility of poly(ADP-
ribosyl)ation of other transcription factors has been demon-
strated 28) and may be essential for the observed silencing.
It is relevant to this point that the degradation of ADP-ribose
polymers and the reversal of ADPRT-dependent silencing
of transcription occurred concomitantly. This observation
may indicate a role for poly(ADP-ribose) glycohydrolase in
the regulation of transcription.

Besides DNA repair, cell cycle regulation, and differentia-
tion, ADPRT function has already been implicated in the
regulation of transcription in previous studies. For example,
ADPRT was found to be a component of the transcription
complex (0, 11), and a stimulating effect of ADPRT on
activator-dependent transcription which was completely
reversed by NAD has been reported.d). However, the
role of ADPRT as a negative regulator of transcription with

the requirement for its fast catalysis adds an unexpected new 16.

aspect concerning the biological function of this enzyme. In
this regard, it is important to note that ADPRT stimulated
excision DNA repair in the presence of NAD(5, 9).
Combined with the results presented herein, a model that
places ADPRT as a switch between DNA repair and
transcription may be proposed. Occurrence of DNA damage
would be detected by ADPRT, thereby stimulating its
enzymatic activity. As a result, transcription would be
silenced and DNA repair enhanced. Therefore, one of the
functions of ADPRT could be providing resources for
efficient DNA repair by liberating some of the factors
required. In addition, recent evidence suggests that the ADP-
ribose polymers may be used to generate ATP in DNA repair
sites by the concerted action of poly(ADP-ribose) glycohy-
drolase and ADP-ribose pyrophosphoryla3®) ( A regula-

tory role is further supported by a number of studies
demonstrating the requirement of ADPRT during the recov-
ery from DNA damage®, 32—36). The proposed model is
also in line with the finding that ADPRT knocked-out mice
do not lack any fundamental cellular function).( Impor-
tantly, as demonstrated here, the activation of ADPRT would
not interfere with ongoing transcription, but only prevent the
formation of new transcription complexes. Such regulation
appears to be plausible, because it would focus nuclear
processes on the repair of damaged DNA without interrupting
vital processes.
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