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ABSTRACT: The enzymatic mechanism of poly(ADP-ribose) polymerase (PARP-1) has been analyzed in
two in zitro systems: (a) in solution and (b) when the acceptor histones were attached to a solid surface.
In system (a), it was established that the coenzymatic function of dsDNAs was sequence-independent.
However, it is apparent from the calculated specificity constants that the AT homopolymer is by far the
most effective coenzyme and randomly damaged DNA is the poorest. Rates of auto(poly-ADP-ribosylation)
with dsDNAs as coenzymes were nearly linear for 20 min, in contrast to rates with dcDNA, which showed
product [(ADPR)] inhibition. An allosteric activation of auto(poly-ADP-ribosylation) by physiologic
cellular components, Mg, C&", and polyamines, was demonstrated, with spermine as the most powerful
activator. On a molar basis, histones &hd H were the most effective PARP-1 activators, and their
action was abolished by acetylation of lysine end groups. It was shown in system (b) that oligo(ADP-
ribosyl) transfer to histone Hs 1% of that of auto(poly-ADP-ribosylation) of PARP-1, and this trans-
(ADP-ribosylation) is selectively regulated by putrescine (activator). Physiologic cellular concentrations
of ATP inhibit PARP-1 auto(poly-ADP-ribosylation) but less so the transfer of oligo(ADP-ribose) to
histones, indicating that PARP-1 auto(ADP-ribosylation) activity is dormant in bioenergetically intact
cells, allowing only trans(ADP-ribosylation) to take place. The inhibitory mechanism of ATP on PARP-1
consists of a noncompetitive interaction with the NAD site and competition with the coenzymic DNA
binding site. A novel regulation of PARP-1 activity and its chromatin-related functions by cellular
bioenergetics is proposed that occurs in functional cells not exposed to catastrophic DNA damage.

Poly(ADP-ribose) polymerase (PARP-1, EC 2.4.2.30) is other PARP-1 molecules [auto(poly-ADP-ribosylatior).(
a highly abundant non-histone protein component of all Subsequent results of Zahradka and Ebisuzakdémon-
eukaryotes (abov&accharomycéswhich, besides its as-  strated a Z&" requirement for PARP-1 activity, and extensive
sociation with chromatin, possesses the enzymatic activity work from DeMurcia’s laboratory ) provided strong
to transfer adenosine diphosphoribose from NAD to various evidence for the participation of two “asymmetric” Zn
acceptor proteins. Both the biological significance of this fingers in PARP-1. It was known that proteins containing
covalent protein-modifying reaction and the dependence of “symmetric” Zre* fingers, where all four Z3t coordinations
PARP-1 on damaged DNA have been the subject of take place with cysteine residueg,(bind to DNA largely
numerous publicationgl( 2), but no distinct cellular physi- by way of DNA sequence specific interactions. The anomaly
ologic function of PARP-1 has as yet been defined, relegating of PARP-1 Z@* fingers, which appear to bind to single-
PARP-1 to pathophysiology. stranded DNA breaks independent of the DNA nucleotide

The notion that broken DNA is an essential coenzyme of sequencef), remained unexplained in terms of molecular
PARP-1 is based on early observations of Benjamin and Gill mechanisms, even though the asymmetry of PARP4" Zn
(3), who showed a strong stimulation of PARP-1 activity fingers (containing one histidine residue and three cysteine
by DNAase 1-treated dsDNAUnNder these circumstances, residues) was known. Therefore, we cannot strictly exclude
PARP-1 transfers ADP-ribose polymers20 subunits) to  the possibility that “nonspecifically” produced single-
stranded DNA termini may coordinate with Znin asym-
" This work was supported by NIH Grants HL59693 and HL35561 metric Zrt* fingers, as in PARP-1, by replacing histidine as

to C.P.O. Zret ligan h a reaction mechanism would requir
* To whom correspondence should be addressed. Telephone: (415)a gand. Such a reactio echanis ould require

476-4051. Fax: (415) 476-4845. E-mail: cmkun@comcast.net (E. Kun) Single-strand breaks in dsDNA, but leaves the physiologic
and ordahl@itsa.ucsf.edu (C.P.O.). meaning of this reaction undetermined.
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~ ' Abbreviations: dsDNA, double-stranded DNA; dcDNA, discon-  protected dsDNAs, originally derived from MCAT-contain-
tinuous DNA (DNA damaged by DNAase |, alkylation agents, or ing elements&—10), which have no DNA breaks, were more

radiation); ADPR, adenosine diphosphoribose [(ADHRaN oligomer ; _ ; ; ;
of ADPR]; TOPO I, topoisomerase |; AMP-PNPB-y-imidoadenosine effective coenzymes of PARP-1, especially in histone H

5-triphosphate; MNNG, 1-methyi-nitro-N-nitrosoguanidine; PBS, ~ activated systems, than randomly damaged DNA. Under
phosphate-buffered saline that is free ofCand Mg*. these circumstances of auto- or trans-modification of histone
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Regulation of the Enzymatic Catalysis of PARP-1

H,, or other acceptors, relatively short chair2Q subunits)
are synthesized, which herein is termed “oligo(ADP-ribo-
sylation)”. These results with dsDNA coenzymes pointed
toward a physiological role of PARP-1 in cell function.
Following this lead, this report deals with the analysis of
the effect of varying DNA sequences of dsDNAs as
coenzymes of PARP-1. Since Kigexerted significant
regulation of PARP-14), we extended our study to other
physiologically occurring cations (€3 polyamines, and
histones H and H) and to ATP, the generally recognized
central molecule of cellular bioenergetics. All of these
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1 h, dislodging it by repeated pipetting, and then determining
the amount of?P by transferring the material to counting
vials with one wash with 5L of 1 N NaOH. The net
histone-bound (ADPR)counts were obtained by subtracting
counts from noncoated wells, representing the background.

The lysine end groups of histones; ind H; were
acetylated by the method of Fraenkel-Coni#) @s follows.
Histones (5 mg) were dissolved (or suspended in the case
of Hz) in 200 4L of half-saturated sodium acetate in 1 mL
glass reaction vials chilled in an ice bath. Acetic anhydride
was added in three 2L portions, spaced 20 min apart over

physiologic cellular constituents had characteristic effects on the course of 1 h. The reaction mixture was vortexed after

PARP-1, thereby establishing a biologically meaningful
enzyme control that is being extended to a cellular level.

MATERIALS AND METHODS
The sources of PARP-1 and histoneg ahd H; as well

each addition and kept chilled in the ice bath. It was then
dialyzed at £C against distilled water (2 h) and PBS (2 h).
The dialysate was transferred to a vial; PBS was added to a
final volume of 1 mL, and the protein was quantitated by
the Bradford method (Bio-Rad).

as of other reagents and methods were the same as reported St€ady state velocity constants were calculated from

previously @). Comparison oK., andK, (see pages 99

Lineweavet-Burk plots (see pages 3%0 of ref 13 and

109 of ref11) values obtained with dsDNAs with varying Pages 99-109 of ref 11) carried out in triplicate, where

sequences was performed in the “soluble assay” system (5

uL, pH 8.0) as reported previously)( The quantitative
analysis of PARP-1- and histong4Hound oligo-ADPR was
carried out as described below.

Simultaneous quantitative oligo- and poly(ADP-ribosyla-
tion) of both histone Hand PARP-1 proteins was assayed
in a 96-well plate as described previoush}),( except
biotinylated NAD was replaced witfF3P]JNAD as follows.
Wells were coated with 5@L (per well) of a histone H
solution in PBS (10Q«g/mL) at 4°C overnight. The wells

Odeviations were within+10% of the mean. Nonlinear

(sigmoidal) regression curves were obtained by plotting
reaction rates at varying concentrations of the bivalent cations
using SigmaPlot and curve fitting by a standard sigmoidal
curve fitting equation (99% confidence). Hill coefficients
were directly read from slopes of linear plots according to
the equation (see pages 165 and 166 ofl@flog[v/(Vs —

v)] versus logl).

RESULTS

were then dried by tapping them on paper towels and rinsed Effect of Nucleotide Sequences of dsDNHse histone

with 5 x 100uL of PBS, and the reaction mixture was added
to tap-dried wells consisting of &L of 100 nM dsDNA, 5
uL of H,0 (or 250 mM MgC} or 30 mM spermine), 2.6L

of 1 M Tris-HCI (pH 8.0), 0.5uL of PARP-1 (100ug/mL,

to give a final concentration of 8 nM), and LL of H,O
(per well). The reaction was started with 20 of 1 mM
NAD (containing®?P label to give~1 x 10° dpm/well), and
then the mixture was incubated for 220 min at room

Hj-stimulated oligoadenosine diphosphoribose transferase
reaction, which includes histone-stimulated auto(ADP-ribo-
sylation) and trans(ADP-ribosylation) to histoneg, Hvas
characterized byKca and Ky values determined under
conditions reported previously), As shown in part A of
Table 1, experiments 1 and 2 included nucleotides that also
test positively in the differentiation assay, but experiments
4—7 included compounds, while serving as coenzymes in

temperature. The reaction was terminated by siphoning off the enzymatic test, that have no function in differentiation.

50 uL of supernatant (containing PARP-1) and delivering it
into 900uL of 25% TCA (in Eppendorf vials) followed by
a 50uL PBS rinse of the well. To remove remaining traces
of soluble radioactivity, this step was followed with five
washes with 10QuL of PBS each, and the washes were

Damaged DNA (dcDNA) (experiment 4) has the low€gt,
whereas the AT homopolymer exhibits the highest apparent
affinity. Various preparations of dcDNA as a coenzyme tend
to exhibit variable degrees of coenzymic action, in contrast
to dsDNAs, which are constant. Column 3 of Table 1 lists

discarded. To the supernatant as a coprecipitant was addedspecificity constants” of PARP-1-catalyzed reactions as

40 uL of BSA (10 mg/mL); the tubes were vortexed and
centrifuged for 10 min at 4C, and after removal of the TCA

influenced by dsDNAs of varying composition compared
with dcDNA. This constant, as defined by Fershf)( is

supernatant, the precipitate was washed three times with 90Ghe K../Kr, ratio, being equal ta which holds true at any

uL of 20% TCA. The radioactivity of the TCA precipitate

substrate concentration and is related to the apparent second-

was determined by placing the precipitate-containing tubes order rate constant of the forward reaction pathway. There-

into scintillation vials filled with scintillation fluid, followed
by scintillation spectrometry.

The quantity of histone Hor Hz bound to each well was

fore, the KcafKm value can serve as an indicator of the
catalytic efficacy of DNAs, keeping all other variables
constant. As seen from Table 1 (column 3), the AT

determined by the Bio-Rad protein test before and after the homopolymer is by far the most effective coenzyme and
coating procedure; the attached amount was calculated fromdCDNA the weakest. This is also consistent with, and

the difference, and the amount of covalently attached oligo-
ADPR was calculated per picomole of histones (or picomole

of PARP-1 in the supernatant). The amount PJADP-
ribose bound to histone ;Hvas determined by treating the
attached histone Hwith 50 uL of 1 N NaOH at 37°C for

supports, earlier resultgl);

A further significant difference between the coenzymic
function of dsDNAs and dcDNA is the maintenance of nearly
linear rates of poly(ADP-ribosylation) for 20 min by dsDNA
but not by dcDNA. This is illustrated in Figure 1A, where
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Table 1: Catalytic Constants of dsDNAs with Varying Nucleotide
Sequencés
nature of the DNA coenzyme Keat  Km  KealKm (x1079)
(A) Histone H-Supported Poly(ADP-ribosylation) Reactions
1 MCAT-1 (end-protected) 2.50 45 55
2 MCAT-1 (free ends) 1.75 26 67 -
3 SV40 MCAT (end-protected) 2.50 45 45 o
4 dcDNA (damaged DNA) 0.75 26 29 <
5 NSC 2.50 24 101 2
6 AT homopolymer (end-protected) 2.50 10 250 =
7 CG homopolymer (end-protected) 1.56 20 78
(B) Mg?"-Supported Poly(ADP-ribosylation) Reactions
1 MCAT-1 (end-protected) 250 400 6.2
2 MCAT-1 (free ends) 1.90~400 4.7
3 dcDNA (damaged DNA) 3.10~500 6.9
4 AT homopolymer (end-protected) 7.5 85 88 1 [ I
5 GC homopolymer (end-protected) 1.5 85 18 15 3.0 6.0 12.0
aVaried concentrations of the DNA coenzymes-@& nM) were [cation] (mM)

used to determin&ca (nanomoles of ADP-ribose bound per milliliter oo 2- cationic effects on auto( ; ;

. ! : poly-ADP-ribosylation). The
per picomole of PARP-1) arki, (nanomoles of dsDNA or equivalent 4 tiyating effects of cations on auto(poly-ADP-ribosylation) were
weight of dcDNA) values from double-reciprocal plots (see Materials asted in the soluble assay syste#h ontaining 200 nM dsDNA
and Methods). The amount of ADP-ribose bound to protein was (AT 23mer, end-protected), 32 nM PARP-1, the indicated ions (Sp,

determined from the acid-precipitable radioactivity derived from ¢ [ A ; A P
. . - . ) permine; Ca, calcium; Mg, magnesium chloride; Sd, spermidine;
[32P]NAD. Poly(ADP-ribosylation) reaction mixtures in the presence and Pu, putrescine), and 4@ [32P]NAD (pH 7.3) incubated in

of histone H (50L) contained Sg of histone Hand 8 "M PARP-1. 5 4] yolume of 5QuL for 10 min at room temperature (ZT),
Auto(poly-ADP-ribosylation) reaction mixtures (30.) contained 32 fq)1ged by determination of acid precipitable radioactivity. Aver-

nM PARP-1 and 25 mM Mg but lacked histone. NSC nonspecific  4geg from triplicate measurements are shown: the error range was
control oligonucleotide (STGGTCGTATCTTCACCGTATCTG-3 oo " ’ g

with free ends.

in the catalytic efficacy of dsDNAs with varying composi-

3— J—

A B R tions are observed for botca and K.
5 —| 5 The M¢?*-stimulated auto(ADP-ribosylation) reaction (part
B of Table 1) was also most efficiently catalyzed by the AT
2 — 4 4= o homopolymer as the coenzyme and least by the dcDNA.

MCAT-1 exhibited much loweK.y andKnvalues than the
AT homopolymer. Just like the histongddctivated reaction
1 2— 4 2—| (Table 1A), no sequence specificity for coenzymic DNA was
apparent, but the efficacy of catalysis was influenced by the
T T nature of the DNA.
Effects of Polyamines, €3 and Mg" on the Auto-Poly-
[ [T M1 T 1 (adenosine diphosphoribose) Transfer Reactions Determined
10 20 48 16 32 125 25 50100200 . .
minutes PARP-1 in the Soluble Assay Systeithe correlation between the

-1] ("M) [ATT] (M) . ) :
. . . concentration of cations and rates of auto(poly-ADP-ribo-
Ficure 1: Effects of time and concentration on auto(poly-ADP- lati toH 7.3 ized in Ei 2 In Fi 2
ribosylation). (A) Time linearity of ADP-ribosylation activated by sylation) a pR 7.51s summarized In Figure - 1N lgure 2,
20 nM end-protected AT 23merd} or by randomly broken  the coenzymic DNA was 200 nM AT. Spermine proved to
(nuclease 1-treated) salmon sperm DNZ) (10 1g/50uL assay) be the most powerful activating cofactor, disclosing the fact
in the presence of 2.4M histone H and 8 nM PARP-1. (B) = that the long-sought biologic mode of action of polyamines

Dependence of the rate of ADP-ribosylation on the concentration ; ; _
of PARP-1 in the range of432 nM in the presence of 100 nM (14, 15) is most probably the regulation of auto(ADP

end-protected AT 23mer and 25 mM MgC{C) Rate of ADP- ribosylation) of PARP-1. Itis of special interest that whereas
ribosyalation in the presence of 32 nM PARP-1 and 3 mM spermine Spermine exerts the largest increase in the level of auto(poly-
with varied concentrations of end-protected AT 23mer. All reactions ADP-ribosylation), putrescine is only 10% as active in the
(50|H|-)dV\{efe &eréOfmed in the soluble SySt_erS by the S_el‘?ond mﬁth‘)d same reaction but is a far more effective activator in trans-
B e e a1 W1 (ADP-rbosy/ation) of histone (see below and Figure 7).
Spermidine is less effective than spermine (Figure 2). It
the catalytic activity of 8 nM PARP-1 is measured with 20 follows that both auto- and trans(ADP-ribosylation) are
nM dsDNA (or dcDNA at 10ug/50uL) added in amounts  differentially regulated by two members of the polyamine
conventionally applied in PARP-1 assays. The generally pathway (spermine and putrescine). Spermidiné,”Cand
experienced self-inhibition of PARP-1 by auto(poly-ADP- Mg?* followed spermine in activating potency. It is important
ribosylation) in the presence of broken DNA as a “coen- to note that without the activating cations, coenzymic DNAs
zyme” is clearly avoided by dsDNA (Figure 1A). The had a negligible effect on auto(ADP-ribosylation); therefore,
reaction rate with dsDNA as the coenzyme is proportional not DNA per sebut the activating cations and DNA are
to the quantity of PARP-1 protein (Figure 1B) and shows required for optimal enzymatic activity.
saturation with dsDNA (Figure 1C). It can be concluded that  Allosteric Properties of PARP-Dbserving the sigmoidal
while no correlation was found between the nucleotide kinetics of activation of auto(ADP-ribosylation) (Figure 2),
sequence and coenzymic function, quantitative differenceswe calculated Hill coefficients (see Materials and Methods)

nmols ADPR bound
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Ficure 3: Effect of spermine, over an expanded concentration
range, on auto(poly-ADP-ribosylation). Incubation was as described
in the legend of Figure 2, except that 100 nM dsDNA (AT 23mer) | I
was used with the addition of the indicated varied concentrations ugiml 625 25 50 100
of spermine. Values are the average of triplicate measurements that uM (H1) 0.3 0.6 1.2 24 4.8
were within+10% of the mean.
uM (H3) 0.4 0.8 1.6 3.3 6.6

; P ; : Ficure 4: Histones as activators of PARP-1 activity. The activating
for the bivalent cation-dependent reactions. Expanding the effects of histones Hand Hy on ADP-ribosylation were tested in

Coefiiets of 11 fr Spermine. o or o and 2 or M 1 5 hmr (ot oecc s A ones

calculated from Figure 2. These unexpectedly high apparentindicated concentration. Incubation and processing were as de-

Simply a reguiatory enzyme catalyzing the polymerzation SLSETE of sctalon by acchlted tonenh iy, Vs ae

of ADP-ribose, but that as a protein structure also undergoesihe mean.

oligomerization itself. Kinetic evidence for the oligomeriza-

tion of PARP-1 has been obtained during studies concerned

with the activating action of PARP-1 on Topo 16), and

the large Hill coefficient, particularly with the polyamine,

spermine (Figure 3), indicates a macromolecular association

of PARP-1, a new observation requiring further studies.
Activating Effect of Histones Hand H; on Auto-Oligoad-

enosine Diphosphoribose Binding to PARPHIstone H,

which in solution is both a PARP-1 activator and an ADP-

ribose acceptorl(7), is approximately twice as effective as M [_] |=|

histone H, but acetylation of both histones abolishes catalytic cation Ca* Mg+ Ca* Sp Sp Sp

activation (Figure 4). This result identifies the basic lysine [mM] [18] [15] (151 [018] [0.18] [0.18]

end groups of histonesHand H as the most probable M‘gl C;++ Mgﬁ

activating molecular species. On a molar basis, histones are (5] (18l [15]

~10° more potent activators of PARP-1 than bivalent cations Ficure 5: Combinatorial effects of cations on PARP-1 activity.

(compare with Figures 2 and 4). This effect is likely to Activating effects of low concentrations of calcium or magnesium

. . . . alone or in combination, and those of a low spermine concentration
represent a novel catalytic role of histones in cell physiology. alone or in combination with Ga or Mg2*, Oﬂ auto(poly-ADP-

It is important that the histone-activated systems Show no yipgsylation), tested in the soluble assay system with 20 nM AT
cooperative kinetics. The increased rate of poly(ADP- (23mer, end-protected) and 32 nM PARP-1. Incubation and
ribosylation) in the presence of histone ¥ersus that in the processing were as described in the legend of Figure 2. Error bars
presence of K (Figure 4) is most probably due to the indicate the deviation from the mean in triplicate samples.
catalytic activity of histone Hbeing intrinsically higher than )
that of H, not to the simultaneously occurring trans(ADP- Mones and drugs that modify cellular TaMg?*, and
ribosylation) to histone H As could be predicted, 6 mM polyamine content in 'co'ncert. can markedly influence the
EDTA abolishes the activating effects of TCaand Mg+ PARP-1 system, medla'glng direct effects of hormone and
(between 1 and 6 mM), but has no effect on the polyamine- drug on chromatin function.
or histone-induced activation of ADP-ribose transfer (not  The apparent depression or inhibition of histone- H
shown). induced auto(poly-ADP-ribosylation) by 25 mM Nigis
Mutual Effects of Actiators.When low concentrations of illustrated in Figure 6. Whereas histong ¢tbubles the rate
C&™, Mg?", or spermine are added together to the soluble of auto(poly-ADP-ribosylation) of PARP-1 (compare bar 3
auto-oligo(adenosine diphosphoribose transferase) assayvith bar 2) compared to that induced by Malone, addition
system in amounts which by themselves cause only a smallof Mg?t to the histone-activated system abolishes the
activation, their combined action induces more than additive activation by histone IH (compare bar 4 with bar 3),
augmentation (Figure 5). These results have significant indicating that M§"™ at 25 mM competes with the activating
physiologic and pharmacologic implications because hor- action of histone K This explains our previous result)(

2000— =

1000—

pmols ADPR bound / 10 min
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FIGurRe 7: Cationic effects on simultaneous auto- and trans-
|_] modification by PARP-1 in a solid phase system. The wells of 96-
0 25 0 25 well flat-bottom tissue culture plates were coated with histone H
(see Materials and Methods). After the wells were washed, a
[Mg*++ImM reaction mixture containing 10 nM dsDNA (GC 23mer, end-

protected), 8 nM PARP-1, and the indicated ions was added to the
wells, and the reaction was started by addi#f@]NAD to give a

final concentration of 40@M. After incubation for 10 min at room
Q[emperature, auto(poly-ADP-ribosylation) (supernatant) and trans-
(poly-ADP-ribosylation) (histone-attached) were assessed. Note the
scale difference between panel A and panels B and C. Abbreviations
are as described in the legend of Figure 2. Each bar shows the
» o ) ) ) average of triplicate measurements that were withirb% of the
where addition of M§" inhibits poly(ADP-ribosylation) in mean.

a histone H-activated system.

Quantitatwe Distribution of Ca@alently Bound Oligo(ADP-  shows that the extent of trans(oligo-ADP-ribosylation) to this
ribose) between PARP-1 and Histonége have previously  protein is only 1% of the extent of auto(poly-ADP-ribosy-
reported that histone thttached to the wall of plastic wells  lation) with spermine as the activator and much less so with
serves as a direct acceptor for trans(ADP-ribosylation) from Mg?*. In a comparison to the relatively weak activation of
NAD to the histone protein, since PARP-1 (which is in auto(ADP-ribosylation) of PARP-1 in the presence of pu-
solution) is quantitatively removed). This technique was  trescine, this diamine, which is the product of ornithine
extended to the simultaneous analysis of PARP-1- anddecarboxylase, appears to be relatively specific for the
histone-bound oligomers of ADP-ribose with the aid BP]- acceleration of trans(ADP-ribosylation) of histones, while
NAD (see Materials and Methods). This “solid phase” assay spermine activates both auto- and trans(ADP-ribosylation).
may simulate physical conditions prevailing in cell nuclei,  Asillustrated in Figure 7C, histonesHwhich is not poly-
which have a high solute (protein or DNA) content that is ADP-ribosylated in soluble assay systerh®)( is covalently
not comparable with that in conventional assays performed modified to a lesser extent (compared to histong when
in solutions. Both “solution” and solid phase assays representattached to the reaction well. This indicates that the modifi-
enzymological models, requiring extension to cellular sys- ability by poly(ADP-ribosylation) of core histones, readily

FiGURE 6: Combinatorial effect of Mg and histone on PARP-1
activity. The effect of adding Mg (25 mM) to a histone
Hj-containing soluble assay system was tested and compared t
the effect of adding Mg to a histone-free soluble assay system
(containing 8 nM PARP-1). Values are the average of triplicate
measurements that were withinl 0% of the mean.

tems. observed in nucleosomes, is imitated when core histones are
As shown in Figure 7, the quantity of ADP-ribose bound to a solid surface.
covalently bound to histoneHs only 1% of that bound to Inhibition of PARP-1 by ATPResults thus far obtained

PARP-1; therefore, the increased rate with histonéHitjure with in eitro enzyme systems constructed from PARP-1,
6) can clearly be attributed to improved auto(poly-ADP- dsDNA, cationic activators, and histones consistently show
ribosylation) of PARP-1, assuming equivalent mechanisms a large preference for auto(poly-ADP-ribosylation), as
in the “soluble” and “solid” state trans(ADP-ribosylation) compared to histone Htrans(ADP-ribosylation), in agree-
assays. This assumption is supported by the fact that the samenent with general experiencg)( but in variance with the
binding constants were obtained in both systed)s ( protein-bound poly(ADP-ribose) content in intact animal
Results presented here with the aid of the solid phase assayissues 18), which demonstrated only histong End some
provide the following information. As shown in Figure 7A, non-histone proteins as poly(ADP-ribose) accepiiong 0.
auto(poly-ADP-ribosylation) of PARP-1 in the presence of This apparent contradiction betweén vizo andin vitro
solid phase-attached histong &hd H; with 3 mM spermine results is removed by the observation that ATP at physiologic
as the maximal activator and dsDNA as the coenzyme yieldsconcentrations preferentially inhibited auto(poly-ADP-ribo-
500 pmol of poly(ADP-ribose) synthesized per picomole of sylation) (Figure 8A). Since aerobic metabolizing cells may
PARP-1 in 10 min. These polymers have long chains as contain~10 mM ATP, we can predict that auto(poly-ADP-
deduced from the observed stoichiometry. With ZX@r ribosylation) in aerobic, bioenergetically coupled cells is
putrescine, proportionately smaller quantities of polymers are completely abserih vivo. However, trans(ADP-ribosylation)
synthesized, as predicted from Figure 2. However, simulta- to histone H was far less sensitive to inhibition by ATP
neous synthesis of histong4ound oligomers (Figure 7B)  (Figure 8B). Thus, in agreement witth »zivo results
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Ficure 8: Effect of nucleotide triphosphates on PARP-1 activity.
The differential effects of ATP, the nonhydrolyzable ATP analogue,
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(poly-ADP-ribosylation) and trans(oligo-ADP-ribosylation) (A and
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FiIGUrRe 9: Kinetics of inhibition of PARP-1 activity by ATP. (A)
The concentration of NAD was kept constant at 0.45 mM in a

B, respectively) were tested in the solid phase system. Each barhistone-supported soluble system assay containing (all concentra-
shows the average of triplicate measurements that were within tions are final) 50 mM Tris-HCI (pH 7.3), 8 nM PARP-1, and 2.5

+15% of the mean.

Table 2: Effect of ATP on Spermine- and Histone-Stimulated
Auto(poly-ADP-ribosylatior)

[ATP] ADPR
(mM) bound (pmol) inhibition (%)
spermine (3 mM) 0 1630 -
1 1630 -
2 1195 —28
4 381 =77
10 95 —94
histone H (2.5uM) 0 1660 -
1 1216 —27
2 1118 -33
4 789 —53
10 409 —76

2 The effect of varied concentrations of ATP (from a 100 mM stock
solution, lithium salt, Roche) on the rate of auto(poly-ADP-ribosylation)
activated by 20 nM end-protected AT 23mer and (A) 3 mM spermine
or (B) 2.5uM histone H, with 8 nM PARP-1 (in both cases), was
tested in the 5QuL soluble system (second method in @t The
deviation from the mean of three parallel assays wd%6.

(18), trans(ADP-ribosylation) is the most likely physiologic
enzymatic process catalyzed by PARRliv0 in normal
cells. The inhibitory effect of ATP on auto(poly-ADP-
ribosylation) of PARP-1 is shown in the soluble assay in
Table 2. GTP and the nonhydrolyzable ATP analogue, AMP-
PNP (Figure 8), also inhibit auto(poly-ADP-ribosylation) of
PARP-1, while ADP and AMP have no effect (not shown).
Since GTP is present at a far lower cellular concentration
than ATP, the physiologic significance of ATP as a PARP-1
inhibitor prevails. In addition, these results also illustrate that
ATP, not its dephosphorylated products, is the proper
PARP-1 inhibitor.

The kinetics of inhibition of PARP-1 by ATP are il-
lustrated in Figure 9 as Eadid¢lofstee plots. The inhibition
by ATP is noncompetitive versus NAD but competitive with
dsDNA. This complex interaction of ATP with PARP-1
involving both competitive and noncompetitive mechanisms
at the enzymatic level requires further experimental work at
a cellular level before a biochemical interpretation can be
proposed. The competitive inhibitory constant for ATP versus

uM histone H. The concentration of end-protected AT 23mer
varied from 2.5 to 20 nM. Filled circles show the kinetics in the
absence of ATP, while empty circles indicate the presence of 4
mM ATP. (B) As in panel A except that kinetics were measured at
varied NAD concentrations of 50, 150, and 444 (all concentra-
tions are final), in the absenc®) or presence®) of 4 mM ATP.

In both panels, the values represent averages from triplicate
determinations that were withitt10% of the mean.

dsDNA is 2 mM, and 4 mM for the noncompetitive inhibition
at the NAD site.

DISCUSSION

As seen from Table 1, the coenzymic function of dsDNAs
is not strictly sequence specific, and thus, we have to assume
that different molecular requirements exist for differentiation
regulatory function of dsDNAs containing the MCAT maotif.
This subject is examined in the following pap&0).

There is a significant correlation between the effects of
cations on the induced helical configuration of the poly(ADP-
ribose) homopolymer 10, 20) as measured by circular
dichroism (CD) analyses and the activation of auto(ADP-
ribosylation) (Figure 2). The coincidence of bivalent cation-
induced CD signals and the activation of PARP-1 may
indicate that the ADP-ribose oligomers in the helical con-
figuration are the appropriate participants in poly(ADP-
ribose) synthesis. Stocke21) built a B-DNA—poly(ADP-
ribose) model that demonstrates a steric fit between B-DNA
and poly(ADP-ribose) in which a helix of poly(ADP-ribose)
binds to the double helix of dsDNA in its minor groove.
This theoretical triple-helix model is supported by the results
of Minaga and Kun19, 20) which demonstrated the bivalent
cation-induced helicity of poly(ADP-ribose), which is the
prerequisite to Stockert's model. Formation of dsDNA
(ADPR), triplexes may explain the absence of self-inhibition
of poly(ADP-ribosylation) as shown in Figure 1.

It is presently unknown how the binding of a helical
(ADPR) oligomer to dsDNA forming a dsDNA(ADPR),
triplex contributes to the enzymatic mechanism of bivalent
cation-promoted auto(poly-ADP-ribosylation) of PARP-1.
However, it seems probable that this auto(poly-ADP-ribo-
sylation) is biochemically distinct from trans(ADP-ribo-
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sylation) to histones or to transcriptional factors since
inhibition by ATP of the “auto” reaction can be nearly
complete while the “trans” process is still sustained (Figure
7 and Table 2).

The activation of PARP-1 by G& connects to regulation
in neuronal cells, where €awas shown to activate PARP-1
without DNA damageZ?2). The mitochondrial regulation of
cellular Mgt (23) shows a mitochondrial metabolism-
dependent control of PARP-1 by regulation of the cellular
concentration of M§". The phenomenon of activation of
PARP-1 by M@" (24) and by spermine 25) has been
observed with enzyme preparations where dcDNA was the
coenzyme, and no regulatory significance of the cationic
action of PARP-1 had been proposed.

The biologic significance of the results shown in Figures

8 and 9 cannot be overemphasized because it is apparent 9.

that all published results regarding PARP-1 activity in

isolated nuclei or extracts are biased because the main cellular 10.

regulator, ATP, has been lost in the preparation of PARP-1

assay systems. The dormancy of PARP-1 in cells bioener- 11.

getically coupled by ATP explains the observation that a
highly specific inhibitor of PARP-1, 6-amino-5-iodo-1,2-
benzopyroneZ6), has no perceptible pharmacologic action
in normal cells, in contrast to bioenergetically malfunctioning
cancer cells. The significance of this problem is the subject
of ongoing work.

Induction of PARP-1 activity by relatively high concentra-
tions of the alkylating agent MNNG (18—10"* M) or 3—9
Gy of radiation is frequently used to produce DNA damage
in cellular systems to detect appreciable enzymatic activity
(2). These concentrations are in sharp contrast to the
concentration (0.#M) at which MNNG converts normal
human fibroblasts to the malignant phenotype. At OM,
MNNG has no effect on DNA but uncouples oxidative
phosphorylation and changes the cellular phenot2@e The
reversible decrease in the level of cellular ATP by the
reversible uncoupling oxidative phosphorylation appears to
be a feasible mechanism of cyclic activation of latent PARP-1
in contrast to invoking catastrophic cellular events by DNA
fragmentation. Extension of this bioenergetic model to the
regulation of PARP-1 is the subject of ongoing research.

The discovery of oligo(ADP-ribose) transferase activity
in liver mitochondria 28) was recently confirmed by Du et
al. (29), who also reported that mitochondrial PARP-1 plays
a pivotal role in peroxynitrite-induced malfunction in neu-
ronal cells. The direct involvement of ATP as a PARP-1
regulator, as shown here, provides the missing link in the
cellular control by PARP-1, which functions also at a
mitochondrial level.
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