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- ABSTRACT

Poly(ADP-ribose) polymerase from calf thYmué was
purified to near homogeneity. The use' of red-agérose
resulted in a rapid purification Qith "a high yield.
- Purified pbly(ADP—ribose) polymerase was 1nhibi£ed' by
1,10-phenanthroiine, a ..metal chelating agent, at pH<S...
This inhibition and tﬁe‘ inhibition by other chelating
agents suggested that this enzyme_‘was a ‘metalloprotein,
. Control experiments eliminated the possibility that the
inhibition was due to the vDNAfdegradiﬁg properties of -
1,10-phenanthroline. - Atomic absor%tion spectroscopj showéd
the presence qf one .atiy of zinc ;pef prdtein' molecule. -
Dialysis . of thé _enzyme égainst buffers containing
1,10—phen§;throline_resulted in thelloss of agtivity and
the coiﬁc}dental removal gf\zinc from the enzime. Initial
%ate ginetics showed Ehat 1,10-phenanthroline was non-com-
petitive with NAD* andAcompetitive with DNA, The bindiné
of DNA to the énzyme was unaffected by the inhibitor.
These results suggest a metal-cbntaining'site is involved
in the interaction of DNA/and poly(ADP-r}bosé) polymerase.

frevious repérts have\indicated that poly(ADP-éibosp)
(p01§merase, besidés modifying various chromatin proteins,
also modifies itself. The studies reporfed here indicate
that this auto-modification iAhibited"the enzyme. By
observing the binding of poly(ADP-;ibose) polyﬁerase to the
DNA i; was showh that the affinity of modified poly(ADP-
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ribose) polymerase for DNA'wés‘Qecreased.;’M§2+ and pistoﬁe
H appear ‘to activate the polymerase by ingreasing the
affinity of the auto-modified Polymerase fo§f6&A, prgbgbly
by. neutralizing the negafive charges on poiy(ADP-ribose).
The coupling of pély(ADP—ribose) glycohydrolase with the
pdlyﬁéra%e- reactivated the polymerase by degrading the

poly(ADP-ribose) and restoring the polymerase-DNA complex.

These results provided the basis for a shuttle mechanism by

which proteins could be moved on and off DNA by the actions

of -poly(ADP-ribose) polymerase and glycohydrolase.

Av
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INTRODUCTION

Poiy(ADP-ribosyl)ation is dﬁ unuspal fgrm of covalent
post-translat}onal, modification; In this reaction the
degradation of NADt is followed by a4 transfer of the
ADP-ribose 'moiety to a proteiﬁ acceptdr and release of
nicotinaﬁide. A polymer is formed by the ﬁgntinued add-
ition of ADP-ribose units to the initial residue.

The discovery of poly(ADP-ribose) and the elucidation
of its structure were made independently in thr;e‘habpr-
atories (Chambon et al, 1966; Fujimura et al, 1967;
Nishizuka et al, 1967). Shortly thereafter, the covalent

association of poly(ADP-ribose) with chroma;in proteins was

demonstrated (Nishizuka et al, 1968). Subsequently, the .

main focus of research involved the identification of poly-

(ADP-ribdsyl)ated proteins, the nature of the protein--

(ADP-ribosg) klinkage, the meEabolism and“enzymologyn of
poly(ADP-ribogp) and the relationship of poly(ADP-ribose)
synthesis with various cellular processes. These subjects
have been covered in a large numSér of .reviews (Sugimurﬁl
1973; Hilz & Stone, 1976; Hayaiphi'& Ueda?\1977; Purnell ét
al, 1980; Hilz, 1981; Mandel et al, 1982; Pekala & Moss,
1983) and in an excellent treatisé (Hayaishi & Ueda, 1982).

1.Poly(ADP-ribose) :Structure,Properties and Metabolism

'Poly(ADP-ribbse) formation hag Hbeen demonstrated in .

almost every eukaryotic system examined. The homopolymer

-

.\
it



is composed of ADP-tibose [adenosine-S'-dfphOSpho-S-e-D-
ribogse] joined Sy a(1"+2') glycosidic bonds (Miwa et af,
1977b; Ferro & Oppenheimer, 1978) and branches are formed
through a(1"+3') linkages (Miwa et al, 1979). The in vivo
presencé of‘poly(ADP-ribbsg) Has been verified by immuno-
" fluoredscence (lkai et al, 1980) and' radioimmuncassays
(Sakura et al, 1977).  The in vivo existence of branching
has also been demonstrated (Kanai et al, 1952; Juarez-
Salinaﬁ et al, 1982). Ngtural antib;dies to poly(ADP-
ribose) are produced in patients "with systeﬁic lupus.
erythematosus and preliminary data suggest that the antigen
is oligo(ADP-ribosyl)ated histone or free poly (ADP- rlbosey
(Kanai & Sug}mura, 1982). Various chemical ‘and’
immunologiéal analyse; indicate the presence of 5 to 500
nmoles of ADP-ribose per milligram of DNA (Niedergang &
Mandel, 1982) with the bulk of the residues being derived
from mono(ADP-ribos&l)ation (Hilz, 1981).

Pbly(ADP-ribose) has a number of unique properties,
(Hilz & Stone, 1976) including resistance to deoxyribo-
iﬁhcleases, rjbotiucleases, proteases and several phospho-
diesterases. “The pyrophosphate bond is cleaved by phospho-
diesterases from snake venom (Chambon et al, 1966; Fujg\ura
et al, 1967; Nishizuka et al, 1967), rat liver (Futai, &
Mizuno, 1967)° and tobacco (Miwa et al, 1975). Digestion by
snake venom phosphodiesterase yields three products which
are separable by thin 1gyer, paper or Dowex 1 chromato-

graphy (Shima et al, 1969). These products are 5'-AMP from
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5', 5"-bis(phosphate)] and phosphoribosyl—isoADPrigose
[2'-(1"-ribosy1-2"-(1"'-riposvl)sadenosine—S',5",5"'Ftris-
(phbsphate)] from the branch points. The minimum number of
ADP-ribose ' residues per poly(ADP-ribose) .molecule is
calculated as follows.(Sugimura & Miwa,’1982):

[AMP]+[i80ADPR]+[pr-isoADPR]
[AMP | -{ pr-isoADPR]

The denominator signifies the number of polv(ADP-ribose)
chaiﬁs. Chain length‘ has also been calculated by polv-
acrylamide gel- electrophoresis (Tanaka et al, 1978;
Adamietz et al, 197835 and by chromatography on ﬁ?droxv-“
apatite (Tanaka et al, 1977) and DFAE-cellulose (Kawaichi |
et al, 1981a). However, these methods do not correct fof
. branching. '

Two types of protein-(ADP-ribose) bonds have beeﬂ
identified (Adamietz & Hilz, 1976). ~-All iinkages are
alkali-labile and the majority of the bonds are cleaved by
neutral NH,0H. The Nﬁzoﬂ-sensitive bonds have been identi-
fied as ester links bétween the carboiyl group of the amino
aéid (usually glutamic acid) and the ~£ibose residue
(Riquelme et al, 1979; Burzio et al, 1979). Simce NH,OH-
resistant bonds are found on modified proteins which have
only ester bonds, it has been sugpegted that tHE*Té;istant
bonds are formed by isomerization of the ester bonds (Hilz,
1981). Formation of NHZOH:resistant 'bénds by another

enzyme has not been excluded and a linkage to arginine fis

also a possibility (Moss et al, 1983). N el



The metabolism of poly(ADP-ribose) 1involves three

enzymes (refer to Fig. i). Poly(ADP-ribose) polymerase
[NAD:profein(ADP-ribose) ADP-ribosyltransferase] 1ni;iates
polymer formatiom by attaching the initial ADP-ribose
residue to a ﬁrotein, elongates the polymer andv inserts
branéhes. These DNA-depehdent reacti&ns ‘'use the bond
energy of the g-N-glycosidic nicotinamideﬁribose linkage
(-8.2 kcal/mol) as the driving fo;ce for the svnthetic
;Sacéion. . Poly(ADP-ribose) glycohydrolase (Miwa &
Sugimura, 1982)rdegrades poly(ADP-ribose) exoglydbsidically
té;yield ADP-ribose. The branch structureé arg removed by
this1 enzyme but ‘the ADP-ribose residue adjacent to ‘thé
protein is not. ADP-ribosyl protein hydrolase (Oka et al,
1982) removes this.final residue to yié}d AMP attached to a
unique pentose sugqr} (Komura et al, 1983). The eséentiél
nature of thiS'gnzyme has recently been described.(Williams
et ;1,.1984). *These three enzymes have been extensively
‘purified (Ueda et al, 1982; Oka et al, 1982; Tavassoli et
).al'{‘ 1983; Oka et al, 1984).

’ Free rpoly(ADPlribose) is not produced in large
‘quantities by pﬁrified poly(ADP-ribose) polymerase under
standard in vitro assay conditiéns (Yoshihara et al, 1977,
Kawaichi et al, J981p), althéugh.it is forxmed by certain
extracts (Rickwood et al, 1977; Benjamin & Gill, 1980b).
Poly(ADP-ribose) inhibits a deoxyribonucleaseA (Yamada et

al, 1974), a chromatin-bound serine protease (Murachi,

1982) and a MgZt-dependent endonuclease (Tanigawa &

4.




Figure 1

Poly(ADP-ribose); Structure arnd Metabolism. One of the

proposed branch structures is represented.
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Shimoyama, 1983). It is not known whether pfotein—bound

.,’l'

poly(ADP-ribose) is effective as: an ihhibitor. S

A

5y

2. Poly(ADP-ribose) Polymerase
' Poly(ADP-ribose) polymerase has been found in every
eukaryotic species examined with the possible exceptions ef

Neurospora crassa and yeast, but it has never been found in

prokarfotidigrganisms. The enzyme has been localized in
the nucleus and is tightly associated with Eﬁromaugn (Ueda
et -al, 1968; Hilz & Kittler, 1968), Within.the chromatin,
;Lly(ADP-ribose) polymerase is associated with the inter-
nucleosomai DNA and appears to be ldcatedr petween the
solenoidal helices of the nucleosomeé althougﬁktﬁis latter

point is still controversial (Butt‘e; al, 1978). ‘
‘ E Poly(ADP-ribose) polymerase has been purified from a-
] varietj of sources and extensive studies have determined :
the'physical propefties of the enzyme (Ueda et al, 1982).
These' studies have indicated "slight species variation

A}

’ (Jongstra-Bilen et al, 1981; Holtlund et al, 1981). The

4/

enzyme is composed of a single ponpeﬁtide with a molecular

weight of 110,000-130,000. Enzymatic activity is dependent
- : on DNA (Yamada e; al, 1971p. Yoshihara, 1972)° éontaihiné ,

nicks or doubleéstrandeq,4éieaks (Ohgushi et. al, 1980;
Benjamin & Gill: 1950&1.. . |

'Poly(ADPfrgbosej pol§meragé catalyzes the elongation

'ofvpoiy(éDP—ribose) by'terminél addition. It is not known

if the reaction 1is processive or distributive: Since




/
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branching of poly(ADP-riboée) was found. in systems using

purified poly(ADP-ribose) polymerase, it has been concluded

L3 ' . «
that this enzyme " alsd catalyzes the branching reaction.

T

Free ADP-~ribose has been observed with a partially ﬁurified

et

enzyme which implies .it may act as an NADase under certain

condipions (Ueda et all 1975a).

Enzyme a;tibity -is affected by a number of com-
ponents, Hi?tohes are activators ;f polv(ADP-ribose) poly-
merase activity under conditions of low histone to DNA
ratios (Okavqpé et al, 19}7) and serve as acceptors for
noly(ADP-rib9§e% at high»f;atios (Kawaichi et al/S 1930).
ﬁg2+ modulatgs the effect of his;ones (Tanaka et al, 1979).
Diyélent cations, polyamines and tbipl cdmﬁquhd; are
stimulative. 1Inhibition by N4e£hylma1eimide and p-chloro-
megcuribenéoic acid suggeét a requirement ‘for sulfhydrvl
groups, Boﬁp‘ the temperature (25°C) and the pH (8.0 to
8.5) optima Pf the calf thymus enzyme differ from the
physiological norm, A large number of inhibitors,
including_ analogues of NAD* and nicotinamide, or purfhe and
. apyrimidine gﬁ?Tzativbs,.have been identified'(Uedé et al,

1982) and utilized in biological studies. ' oo
4

3. Acceptor Proteins

" An extqpsive list of acceptor proteins for poly(ADP-
ribose) has been compiled. These include histone Ht and

. various- core histones (Nishizuka et al, 1968), histone H6

(Wong et al, 1977), the high mobility group (HMG) proteins '

2
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(Reeves et al, 1981)' trout protamines (Woog et 51, 1927),
protein A24 (Oﬁhyama & Hayaishl 19785, SV40 T-antigen
(Goldman et al, 198%), a,Ca?*,Mg2+-dependent endonuclease
(Yoshiharé et'al; 1974); a;DNA:topoieomeraée (Ferro et al,
1983; {oogstra-Bilen et al, 1983) and poly(ADP-ribose)
polyme;gsef(YOShihére°et'ai, 1977).  Of theée, only the
. histore (Adamie't'z et"“el, 1978b\"; Ueda et al, 19755; Ord &
Stocken,” 1977), SV40 .T-antigen (Goldman et al, 1981) and
the‘HMG‘proteins YT%o;ma & Johnson, 1983) have been shown
- to be modified in wvivo. It has 63@&\\oggested that RNA
polvmerase I and DNA llgase II might be acceptors for polvy-
(ADP- ribose) (Muller &'Zahn 1976; Creissen & Shall, 1982),
but the lnitial observations have not been verified: There
are also a host af unidentified proteins which appear to be
modified by poiy(ADP-riodse} (Malik et al, 1983; Surowy &

-

Berger,. 1983a; Faraone-Mennella et al, 1982; Kawashima &
lzawa, 1§81¥. ‘ ' ’ A
Stud?es of'the iﬁ 2229 acceptors for poly(ADP-ribose)
have been seeerely‘haﬁoicapped due to the igpermeabilitv of
the plasma - membrane to NAD+ Because of these diffi-
culties, 1solated nuclei or permeabilized cells have been
used for ident@fying polv(ADP-ribosvl)ated proteins. A
major concernlwiehlthese studies is the possibility of DNA
damage, followed by actiyation of po}y(ADP-ribose) poly-
merase causing artifactual poly(ADP-rioosyl)ation
(Adamietz, ‘1952- Kreimqyer et al, 1984), The identifi-

cation of poly(ADP rIbosyl)ated proteins is further .




complicated by the lability of the protein-(ADP-ribose)

bond . to mild alkaline conditions and the increase” in the

PR ‘
.

apparent size and charge densitv of the modified protein..
The wuse of . various matrices to separate modified from’

unmodified proteins should help in the identification of’

the .acceptors (Okayama et al, 1978; Malik et al,. 1983).

The rélaﬁionship'of histone modification and chromatin

-

structure has been ;\§hbject of primary interest. Histones

@l.anﬁ H2b have been studied the most extd.;?velv and the
' %ﬁﬁifﬁkd amino acids have been identified (Rigquelme et al,
19%?;‘Burzio et al, 1979; Ogata et al, 1980a/£). In the
case of Ca2+,Mgi+-endonucleasé, poly(ADélﬁibose) polymerase
andb DNA topoisomerase, ﬁbdification' by poly(ADP-riBosé)
inhibité~emzymatic activity (Ybéhihara et:al, 1974; Ferro
et élﬁ 1983; Kawaichi-et al, 1981b; Joﬁgétra-Bilen et al,
1983). The activation of RNA polymerase Ii {(Slattery et
aib-1983) and DNA ligase 11 (Creissen & Sﬁéli, 1982) by
poly(ADP-ribosvl)ation may dccur via the m@difigatién of
inhibffing proteins (Slattery'et al, 1983; Ohashi et al,
w}9830. The modification of certgin proteins depends on the
stafe of qbe‘ cell- ané different patterns of poly(ADP-
ribosyl)ation have "been: noted- in quiescent, growing and

DNA damaged cells (Surowy & Berger, 1983a; Thi Man & Shall,
/

1982; Thraves & Smulson, 1982).

°
-

4, Biological Function

The function of poly(ADP-ribosyl)ation remains a

L . ¢
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mystery despite the wealth of4publicatigns on this topic.
Tbel difficulty of identifying poly(ADf-ribosyl)ated
proteins, as previéusly‘ indicaged, makes it wvirtually
impossibie to correlate their modification to a specific
cell function. Similarly, the results of inhibitor studies
are hard to interpret. This may be due to the questionablé
specificity of the inhibitors used in the various stddges
(Milam & Cleaver, 1984; Boorstein & Pardee, 1984). The
development of variant cell lineé has been attempted, but
.%onglusive)gtudies ;re lacking (Kidwell & Burdette, 1974;
Nduka & Shall, 1980). Despite these uncertainties, eﬁough

data has accumulated to suggest a role for poly(ADP-

ribosyl)ation in certain cellular processes.

4a, DNA Repair: The initial observations indigated that

nuclease treatment 5f DNA stimulated poly(ADP-ribose)
polymerase activity (Janakidevi- & Koh, 1974; Miller, 1975)
and that 6NA daﬁaging agents decreased NADY pools (Roitt,
1956). These observations suggested that poly(ADP-ribose)
was a component in DNA repair. A relationship of poly(ADP-
ribosyl)ation and DNA repair has been demonbtrateq by the
use of a series of inhibitors (Rankin et al, 1980).
Interestingly, the increase in poly(ADP-ribose) polymerase
activity and the concomitant decrease. in NAD* concentration
do not result in a net aé¢cumulation of poly(ADP-ribose),
indicating a rgpid turnover of the pélymer (Wielkins et al,

1982). .

LI
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Inhibitors of poly(ADP-ribose) polbmerase retard the
liga;ion of the’repair patch (Durkacz et él, 1980h; James &

IL.ehman; 1982) resulting in a net inhibition of excision

- L]

repair (Durkacz'et al} 19éﬂb). While contrasting results
have beeﬁ obtained with terminally differentiated cells
(Bohr & Klenow, 1981; Althaus et al, -1982b), most data
suggest a role for poly(ADP-riSose) polvmérase in "the
ligation step of exc¥sion repair. The observation that
poly(ADP-ribosvl)ation activates DNA ligase has strength-
ened this viewpoint although the mechanism by which this
activation dtcurs haé not been definedﬂ Poly(ADP-ribosvyl)-
ation of DNA ligase has been described as one way by ‘which
ligase is activated (Creissen & Shall, 1982). It haé also
been ,observed ' that histones inhibit} ligase activity and
that the presence of"polv(ADP-ribose) reverses this inhibj
ition (Ohéshi et al, 1983), - Polv(ADP-rib;gvl)ation may
also function in DNA repair at a step unrelated to ligation
(Waters et al, 1982; Durrant' et al, 1981), The often-
observed enhancément of DNA synthesis by polv(ADP;ribose)
polymerase inhibitors (Wiek&ins et al, 1982;‘Du%kacz et al,
1981; Cleaver et al, 1983; Sims et al, 1983) appears to be
linked to the higher NAD* and ATP pools resulting from
inhibition of poly(ADP-ribose) polymerase (éims et al,

1983). It aléo appears that only excision r@&pair of DNA

12

damaged by alkylating agents ‘}eqﬁires poly(ADP-ribose) - ¢

-~

synthesis (James & Lehman, 1982; Nolan & Kidwell, *1982; "

Charles & Cleaver, 1982; Cleaver et al, 1983). .

/




4h, Cell Growth: Numerous studies have implfed a link

-

between cell grbwth and vpolv(ADP-ribose) synthesis. An'

”

inverse relationship between DNA s?nthesis and poly(ADP-.
ribose) - formatioq, has been (described on the basis of
infibitor * studies (Burzio & Reide, %970) and cgmparétive
activities of DNA and polv(ANP-ribose) polvmerasgs‘iq the

cell (Miwa et al, 1973; Berger:et al, 1978b).

\

studies have questioned these relationships (Lehmann et. al, .
’ .

Other

1974; Savard et al, 1981; Hilz & Kittler, 1971; Berger et

‘inhibitor
'Y

inhibitors

al, 1978b). In particular, the studies were

faulted since the DNA polymerase « caused an
accumul‘at'ion of DNA strgnd breaks which ' cou¥d activate a
poly(ADP-ribose) polymerase (Fram & Kﬁfe, 1982). Despite

these uncertainties, an involvement of poly(ADP—ribose)nin‘
some aspect of DNA synthesis appears 1ike¥y. Poly (ADP-

ribose) formation was shown to be cell cvcle-specific (Miwa

et al, 1973; Colyer et al, 1973; Kidwell & Mage, 1976;

Berger et al, 1978a; Tanuma et al, 1978; Tanuma & Kanai,

1982). Polv(ADP-ribose) polymerase inhibitors caused a

-~

partial block in the G2 ohasé'of the cell cycle (Kidwell &
/

Burdette, 1974) as well as an extension of the S phase

(Schwartz et al, 1983). These inhibitors- also preverted

the initiation of DN" synthesis in mitogen-stimulated

lymphocytes (Perrella, 1982). Diadenosine tetraphosphate

(Ap,A), a ligand of DNA polymerase a and a ‘possible sigﬁai

for S phase, has ' been poly(ADP-ribodyl)ated in vitro
‘ p= e ———

. r .
(Yoshihara & Tanaka, 1981). Although a link between cell
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growth and poly(ADP-ribosyl)ation has been observed, a
4

definiti\.re role for poly(ADP-ribose) in cell growth has not

‘.. yet been established. ~
o

-

4c, .Transcription and Gene :Expression: The role of poly-

(ADP-ribosvl)ation in transcrintion and gene expression is
not clearly established, hut several proteins involved in

these processes are modified by poly(ADP-ribose).

Poly(ADP-ribosyl)ation of RNA polymerase I (Muller & Zahn,
1976), protein A24 (Okayama & Havaishi, 1978) and the HMG
proteins (Tanuma. & Johnson, 198'3) has been c}emonstrated.
Protgi,ﬁ A24 1is a repressor of ribosomal gene expression
*(Ballal & Busch, 1973) and the HMG proteins function 1in
transcription. SV40 T-antigen, which is involved in both
tranécription and "}"éplication, is also poly (ADP-
ribovsyl)at‘ed (Gbl‘dm'an et al, 1981). RNA polymerase II +as
been act:i-y;ted ir_x_ vitro by‘ polv(ADP-ribosvl)ation (Slatterv
et al, 1983). Relat;ed processes such as hnRNA p‘articlel
formation (Kostka & Schweiger, 1982) and ster’o‘id‘ hormone-
iinduced changes in gene activity (Shimoyama et al, 1982)
have .béen linked to poly(ADP-ribose). “Although this
evidence supports a r(.>1e _for poly(ADP-ribose) 1in tran- ,
script-ionﬁ and gene expression, the significance of poly-
(ADP-riboE;yl)ation in these processes has been questioned.

(Muller & Zahn, 1976; Althaus et al, 1982a; Walker &

Pearson, 1981; Taniguchi et al, 1982). |

L4
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4d. Differentiation: Recently there has been a flurry of

interest in the possibility that poly(ADP-ribose) poly-

merase funqt{oﬁs in cell- diffefentiation (Williams &
Johnstone, 1983): Various svstems have been used for these
studies -including embrvbnic mesenchymal cells (Caplan &
' Rosenberg, 1975), Friend ervthroleukemic cells (Tereda et
al, 1979), intestinal epithelial cells (Porteus et al,
1982), human 1lymphocvtes (Johnstone & Williams, 1982),

adipocytes (Lewis et al, 1982), Xenopus laevis (Farzaneh &

Pearson, 1978), cardiac muscle cells (Claycomb, 1976) and
slime mould (Rickwood & Osman, 1979). 1In general, higher
poly(ADP-ribose) levels were found\during differentiation
although contrasting results havifbeen published as well
(Williams et al, 1983). Furthermore, the differentiation
processes were disturbed by inhibitors of poly(ADP-ribose)
polymerase. These observations indicated a role for poly-
(ADP-ribose) in the 1initial stages of differentiation
rather than in the later stages. Polv(ADP-ribose) might be
involved in a joining reaction involving DNA which,
according' to a current -model of differentiation, would
occur during transposition of the genetid material

(Johnstope'&'Williams, 1983).

4e, Chromatin Structure: The basic 1level of chromatin

structure 1is the nﬁcleosome which 1s composed of an octamer
of four types of histones. The poly(ADP-ribosyl)ation of

histones has been suggﬁsted as a mechanism for modulating
//’

-
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chromatin structure. The observation that poly(ADP-
ribosyl)ated histones bound tighter to pof&nucleosomes
(Poirie; & Savard, 1978; Yoshihara et al, 1981) and Ythe
p&ssible existééce of a histone H1 dimer joined bv a
polv(ADP-ribose) chain has implied a role for. polv(ADP-
ribose) in chromatié condensation (Stone et al, 1977; Wong
et al, 1983; Smulson et al, 1982). This suggestion has
been ;upported by the .immunofluorescent localization of
both poly(ADP-ribose) ana polv(ADP-ribose) polymerase in
the heterochromatin region adiacent to the nuclear envelope (i
(1kai et al, " 1982). Iﬁ contrést, evidence for-a role of
'poly(ADP-ribosyi)ation in cHromatin rglaxatién has been
published (Poirier et al, 1983). In this context, it has
recently been shown that the histone H1 dimer does not
exist (Aubin et al, 1982). Furthermore, poly(ADP-ribosyl)-
ated bistones showed’ a decreased affinitv for DNA (Burzio
et al, 1980). Alterations in chromatin structure occur
when histone H1 is replaced by histone H1°., "Exchange of
these Sroteiné may nbe promoted by poly(ADP-ribosvl)ation
since histone, ‘H1 is an acceptor of poly(ADP-ribose) while

histone H1° is not (Poirier & Savard, 1978),

4f. Cell Tréﬁsformation and Carcinogenesis: Polv(ADP-
ribose) might be a component in cell %transformation and

carcinogenesié (Sugimura & Miwa, 1983).. For example,

tranfformed cells have higher levels of poly(AQP-ribose) J

(Ueda & Hayaishi, 1982; Miwa et al, 1977; Hilz & Kittler, \




1971) and a correlation of’ altered poly(ADP-ribose)
synthesis with aberrant cell differentiation has been
hypothesized (Ueda .& Hayaishi, 1982). Granulocytes which
normally have no poly(ADP-rihose), show polv(ADP-ribose)
synthetic ;ctiSity in most types of leukemia (Ueda &
"Hayaishi, f982). Polv(ADP-ribose): polymerase inhibi;ors
are not mutagenic (Schwartz et al, 1983), These
inhibitors have been shown to promote (Takahashi et al,
1982) and inhibit (Kun et al, 1983; Borek et al, 1984)
chemical oncogenesis and ma§ aid in the treatment of
various neoplastic conditions (Smulson: et al, 1977).
Certain antineoplastic agents function by killing tumour
cells and the cytotoxic effect of these égents is enhanced
by poly(ADP-ribose) polymerase inhibitors, possibly by

inhibiting DNA repair (Yamamoto & Okaﬁoto, 1982).

4g. Mechanisms: While the exact function of poly (ADP-

ribose) in the cell 1is not known, there are several
mechanismgs by which poly(ADP-ribosyl)ation 'might affect
cell function. For example, the direct modification of a
protein is known to alter enzymatic (Yoshihara et al, A97h;
Ferro et al, 1983; Kawaichi et al, 1981; Jongstra-Bilen et
al, 1983) and DNA-bindiﬁg propertides (Burzio et al, 19R0;
Poirier -& Savard, 1978; Yoshihara et&al, 1981). Enzymatic
activity can also be affected by the modification of a
nucleotide ligand (Le'John et al, 1975; Yoshihara & Tanaka,

1981; Tanaka et al, 1981) or another protein (Slattery et
- .

)
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al, 1983; Ohashi et al, 1983). A change in the chromatin
structure via hi;tone poly(ADP-ribosvl)ation may expose
certain proteins or sections of DNA to different environ-
ments (Roberts et al, 1974). Also, the changes in NAD* and
ATP pools .bv poly(ADP-ribosyl)ation (Rickwood & Osman,
1979; Sims et al, 1983) may affect various processes. A
link between cell division, NAD+ concentrations and poly-
. (ADP-ribose) has been proposed (Ghani & Hollenberg, 1978)
and NAD' 1eve¥s- may gontrol the differentiation process
(Caplan &~ Rosenberg, 1975). 1t is possible that polv(ADP-
ribosyl)ation miéh; function by all of these mechanisms.

-

5. Mono ADP-Ribosylation

Some ADP-ribose transferases from prokaryotic cells
function as toxins by inhibiting essential cellular react-
ions in eukaryotes (Hayaishi & Ueda, 1977; Hilz, 1981: wvan
Hevninger, 1980; Vaughan & Moss, 198t). Mono(ADP-ribose)
transferases from eukarvotic cells are often masked by the
high activity of poly(ADP-ribose) polvmerase. The method-
ology used to studv' poly(ADP-ribosvl)aqjon rarely takes
info account the presence of mono(ADP-ribosvl)ation. Mono-
(ADP-ribose) adducts are more numerous than poly(ADP-
ribose) chains (Hilz, 1981). Many studies have iéplicated
'mono(ADP-ribdsyl)ation in metabolite transport (Hofstetter
et al, 1981; Hammerman et al, 1982), hormonal cell regu-
lation (DeWolf et al, 1981; Vitti et al, 1982; Reilly et

al, 1981), cell growth and differentiation (Hilz, 1981),

18
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the cellular response to -stress (Carlsson & Lazarides,

t

1983) and the control of histone phosphorylation (Tanigawa

et al, 1983). The biological studies suggest that these
mbno(ADP-ribose) transferases may .have a regulatory role
(see above, ReBois et al, 1983) and enzymatic studies have
identified several ADP-ribose transferases which are
' present in the cytosol, the nﬁcleus and the plasma membrane
(Tanigawa et al, 1984; DeWolf et ;1, 1981; Yost & Moss,
1983; Moss et al, 1980). Due to the similarities of
poly(ADP-ribosyl)ation‘ and mono(ADP—;ibosyl)ation, ény
conclusions on the function of poly(ADP-ribosyl)ationbmust

{

eliminate the effects of mono(ADP-ribosyl)ation.

b
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MATERIALS AND METHODS
1. Materials

la. Radioactives: [adenine-2,8-"]-NAD* (3.4 Ci/mmol) and

. A[methy1—3H]—thymidiné (6.7 Ci/mmol))were purcbasea from New
England Nuclear and [carbonyl-!"C]-NAD* was bought from the
Radiochemical Centre, Amersham. |
1b. Chemicals: Chelex 100 and Bio-Gel HTP were from
Bio-Rad, highly polymerized calf‘thymu§ DNA was from Sigma
Chemical Co., Matrex gel red A was from Amicon Corp., blue
Sepharose CL6B, Sephadex G-25 and Sephadex G-150 were froh
Pharmacia, Ultrogel AcA44 was from LKB, DEAE-cellulose and
PEI-cellulose thin;layer éhromatography sheets were from
Brinkmann, while calf thymus 1§§ine-rich and lyophilized

&«  histones were from Worthingtoﬁ Biochemicals. Ultrapure
ammonium sulfaté and Tris base were obtained from
Swartz/Mann, while inorganic saits, glyceroi and EDTA (all
"AnalaR" grade) " were supplied by British Drug Houses.

Heavy metal-free dithiothreitol was from Calbiochem.

1c. Enzymes: Snake venom phosphodiesterase and DNase I
-were products of Worthington Biochemicals, catalase was
supplied by Boehringer-Mannheim and poly(ADP-ribose) glyco-

‘hydrolase, purified approximately 500-fold, was a'gift from

Dr. M. Tarnowka. The glycohydrolase was free of NADase
20
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activity indicating the absence of NAD glycohydrolase and

poly(AD?¥ribose) polymerase activities.

-
w

A2.'P01y(ADP-ribose) Polymerase Activity

A

- - . . ’
2a. Poly(ADPjribose) Polymerase ’‘Assay: . Activity was

measured as the trichloroacetic acid precipitable radio--

+

activity inco;ﬁorated from [adeniné-2,8-3H]-NAD+. Samples
were incubated for 5 min at 25°C in agsay_buffer’$9$lﬁmﬁ})
containing 100 mM Tris-HCl (pH 8.0), 107 oM M;;Clz, _ioz
glycerol, 1.5 mM dithiothreitol, 100 uM [3H]-NAD*, 10 ug
calf thymus DNA and 16 ug 1lyophilized histones.. The
reaction wa%l terminated with trichloroacetic acid (202
final concentrafioﬁ) and bovine serum albumin (1 mg) was
added. The precipitates were coliected on glass-fibre
‘filters, washed with'5% tfichloroacetic aciq,ana counted
for radioactivit&. This assay is referred to as the

standard assay in the text,

3
.

2b.  General Reaction Mixture: A variation of the standard

asséy was used in time course, kinetic and inhibition
experiments, The reaction mixture contained 100 mM Trfs-

HCl pH- 8.0, 1.5 mM dithiothreitol, 100 uM [3H]-NAD*, 70

uyg/ml calf thymus DNA and 4ndicated amounts of poly(ADP-

' ribose) polymerase, In the text, this assay will be

indicated as the reaction mix. It was used in the kinetic

-~

and ‘inhibitor studies performed which required cénd{tions
. ' ) .
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and volumes different from those: in the standard assay.
! ’ .

,Any changes in the above cenditions will be given in the

appropriate lggends.'

-

2c. Activity in Presencé of Degrading Enzymes: In order to

assay the polymerase in the presence of poly(ADP-ribose)
| glycohydrolase, a double—iabél assavaas devised in which
[carbonyl-1*C]-NADt kiz uCk/ml) was included in the above
;eaction mixture and the polymerase was assayed by its
nicotinamide"release activity, ‘ fhe Feactions were
| terminated with 50%fethanol‘for nicotin;mide analysis. The
sample was chromatographed on DEAE-cellulose sheets with'z
mM NH,HCQ; as a solvent. Nicotinamide spots.(Rf = 0.28)
Weré Qisualized by ultraviolet light, cut out and coun;ed

for radioactivity.

3. Poly(ADP-ribose) Polymerase Purification

T N 4
3a. Buffers: . The extraction buffer and buffers A to C
contained 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 10 mM
_ Bgmercaptoethanol. Additional components were added to the

following buffers: extraction buffer - 0.3 M NaCl, 50 nM

NaHSO3, 0.5 mM dithiothreifol(DTT); buffer A - 0.2 M NacCl, -

50 mM NaHSOa,' 1 mM DTT; buffer B - buffer A with 10%

glycerol; buffer C - 0.25 M KCl, 10% glycgrol, 5 mM DTT. -

Buffer D contained 2 M KC1l, 10% glycerol, 10 mM s-ﬁerchp-
toethanol, 5 mM DIT and 1 mM potassium phosphate (pH 7.2).

-
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3b. Enzyme Purification:,.Fresh calf thymus, maintained on-

ice until cleaned, was frozen at. -70°C. All'subséquent

procedures . were performed: at 0-4°C. The frozen .tissue
(500g) was - minced aﬂnd: homogenized (60s) in extraction

buffer (i500 ml) using a Waring blendor. The homé)genate

(9

was centrifuged (7500xg) £for 15 min. Solid (NH,),SO, was

added to the supernatant to 30% saturation, stirred for 30
[N .
min and centrifuged (1000ng) for 30 min. The supernatant

r
was brought to 70% saturation 'with (NH, ),SO,, sti-rrgd for

.90 min and centrifuged (10000xg) for 40 min.,' The precip-

itate was suspgnded in buffer'A zBdO ml) and desalted by
passage through "a Sephadex G-25 column (10x32 cm, 2500
ml). The preparation was applied to al DNA-cellulose
(Alberts & Herrick, 7971) column (5x8.5 cm, 170 ml), washed
with buffer B (500 ml) and eluted with a linear grad-ient of
0.2 M to 1.2 M ,N'aC1 (1200 ml) in buffer B. The active
fractions were co'mbined,"loaded onto a l"l.':t't:rext };el red A
column (3.2x6.3 cm, 50 mlj, washed with buffer C (120 ml)
) and eluted witjh a gr::dien,t of 0.25 M to 1.25 M KC1 (406 uml)
in buffer C. The active fractions were compined, "solid KC1
"~ added to_‘2.0 M (final concentmrétion)‘and stirred for 30
. min, The enzyme was app’lied’ to a hydroxyapatite column
(1.5%4.5 cm, 8.0 ml) which was washed with buffer D (20 ml)
"and eluted with a‘gradient of 1 mM™~o0 60 mM potassium
p'hosphatle (60 ml) .in buffer D, '[“he :active fractions were
pooléd and stored até -20°C. This enzyme preparation was

used for the bulk of the experiments described.
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’ .
Optionally, a fraction fof the. hydroxyapatite pool was
applied to an Ultrogel AcA44 column and eldted with buffer
B at a rate of 10ml/hr. The active fractions were combined
and the extent of purification determined.

An enzyge pgepérat{on obtained by a variation 6f this
protocol was used for certain experiments, The DNA-
cellulose pool was diluted 2.5-fold in buffer A (-NaCl)
and applied to a blue Sepharose column, The column was
washed with buffer A and elugéd with a g;adient of 0.2 M to
0.75 M NaCl ,K6 in buffer A. The hydroxyapatite pool was
applied to a Sephadex G-150 and eluted with buffer B

containing 1 M KCl., This protocol géve a lower vieid than

the method described above but an equivalent purification.

- ——

4. Metal Analysis ' : ’

4a, Contamination Control: Several precautions were taken

to reduce foreign metal contamination. Polyethylene
plasticware which had be;n treated with 2 N HN03 (Thigrs,
1957) was used for storing buffers and collacting enzyme
samples, Chelex 100 (NH.,+ form) was used to prepare H,0
and buffer E (Poiesz et al, 1974). Buffer E, adjusted to pH
8.0 with NH,OH, contained 0.2 M (NH,),S0,, 50 mM QOPS and 5

mM dithiothreifol.

-

4b, Column Fractionation: A Sephadex G-25 column (0,9x27

cm, 15 ml) ‘was treated initially with 5 ml of 1/mM 1,10-
' "2
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phenanthroline, washed with 100 ml H,0 and eqﬁflgg;;:;o
with buffer E. A sample (0.3 ‘mg) of purified poly(ADP-
ribose) polymerase was mixed with Chelex 100 and then

applied to the Sephadex column. Fractions (0.5 ml) were

- collected, renzymatic activity .was measured by the standard

assay and protein was determined colourimetrically. Metal
analyses were pefformed by atomic absorption spectroscopy

at Barriﬁgér Magenta Ltd., Toronto, Canada.

4c. Dialysis Conditions: Purified poly(ADP-ribose) poly-
merase was dialyzed for 5 hr ageinst buffer E containing
1,10-phenanthroline’ and 50 mM Tris-HC1l pH 8.0 or 50 mM
potassium phosphate pH 6.0. This was followed by a further
8 hr dialysis involving two changes of buffer E containiné
Chelex 100 (10 g£/250 ml buffer). Triton X-100 (0.5%) was
present in all buffers to prevent the loss of protein by
adsorption on the dialysiS'eubing. Dialyzed samples were

analyzed for enzyme activity, protein and zinc content.

4d. Measurement of ®5Zn Exchange: Exchange reactions were

performed at 4°C for 48 hr in 140 ul (total volume) of 50
mM Tris-HClL pH 8.0 or 50 m* potassium phosphate pH 6.0
(Chelex 100—treated)' containing 0.5 uCi/ml carrier-free

®57Zn and 22 pmol poly(ADP-ribose) polymerase. Exchange was

,measured as the retention of radloactivity after filtration

on Whatman GF/C filters and washing with 4.0 ml cold buffer

containing 50 mM Tris-HC1 pH 8.0, 0.5 mM EDTA.
-
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5. DNA Preparations

.
5a. Plasmid Preparation: ColE1l plasmid was purified from

Esch@fT@®TA coli JC411(ColEl) by the method of Birmboiff &
Doly‘77g79) modified for largef amounts of cells. Cells
were grown in M9 minimal media to an opti;al density (600
mm) of 0.7-0.8 at which éime cﬁloramphénicol (200 ug/ml)
was added.  Plasmid was -labelled with 3.75 ,Ci/ml
[3H]-thymidine‘in the presence of‘75 ug/ml deoxvadenosine
added 30 min aft;r'chlofampﬁenigol. 4 Cells were incubated
for a further 18 hr, harveggéd by centrifugation”, washed in

bhosphate-Buffered saline and suspended in a buffer

containing 25 mM Tris-HCl pH 8.0, 10 mM EDTA, 20% glucose

and 2 mg/ml lysozyme. After 30 min on ice, 2 volumes of
- denaturation buffer (0.2 N‘NaOH, 1% SDS) was addgd. Tubes
were maintained at 4°C with gontinuous agitation until the
solution became transparent. The pH was neutralized with 1
volume of 3 M sodium acetate pH 4.8 and léft on ice for 50
min. The precipitate was removed by ce?trifugation
(12000xg for 15 ﬁin) and the plasmid DNA preci;itaped from
the supernatant at -70°C with 4 volumes of 95% ethénol.
The DNA was collected by centrifugation, reiprecipitateq
with ethanol and suspended in a buffer céntaining 50 mM
Tris-HCl pH 8.0, 100 mM sodium acetate pH 8.0fy'1 mM EDTA.

Relative amounts of supercoiled (form .I) and relaxed (form

I1) circular DNA were determined by densitbmetry‘of the DNA .

e

after agarose gel electroﬁh&%esis. £
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5b. Enrichment for Supercoiled DNA: Since the  relative
r— - N 5

proportion of form 1 to form II DNA varied ‘with .each

preparation, a simple method for enhancing the amount ‘of :

-

. form 1 DNA was developed. The plasmid (0.6 ml) .was

re\;gréibly denatured through a 10 sec exposure to 5 ml of
buffer at pH 12.1 containing 0.9 M NaCl, 0.1 M K,HPO,, 25
mM EDTA (Braun, 1981). The ‘solution was neutralized with
HCl and extracted with an equal volume of {)heqol containing
0.5 M NaCl, 1 mg/ml 8-hydroxyquinoline (McMaster et al,
1980) . The phené‘l phase was re-extracted witly water, t;he
aqueous pha:s.es comb'il:xed and extensively di.alyzed against
water. The DNA was recovered by precipitation at -20°C
with 0.2 volumes of 3 M sodium acetate pH 4.8 and 4 volumes
of 95% ethanol.’ . )

L

Sc. Nuclease Treatment: Calf thymus or ColEt plasmid DNA

(0.6 ug/ml) was incubated in buffer (0.25 ml) containimg 30 . -

mM Tris-HCl pH 8.0, 0.5 mM EDTA, 10 mM MgCl,, 0.05 mg/ml

crystalliné bovine serum albumin and varying amounts of
) s L, .
pancreatic DNase I at 25°C (Benjamin & °Gill, 1980b).

Samples (20 ul) were removed at various times and placed y

-
<

into tubes containing 0.1 ml reaction mix including 15 mM
A . i

EDTA. Polymerase (30 pmol/ml) was added and activity “was

measured with these samples replacing added DNA. ' ,

5d. DNA Solubilization Assay: The degradation of [3H]-Col

E1 DNA by various compounds was measured in reaction mix -fg{

o
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(pH 6.0) minus NAD* and calf thymus DNA. After incubation
for 20 #in at 25°C, cold trichloroacetic acid (10% final
concentrafion) was added, undegraded DNA was re&oyed by
centrifugation ({Oogﬂxg) for 10 min and the supernatant was

counted for radioactivity.

6. Poly(ADP-ribose)

*

6a. Preparation and Purification: A large scale version of

' the reaction mixture (130 ml) containing 0.1t M Tris-HCl pH
8.0, 10 mM MgCl,, 1.5 mM dithiothreitol, 400 uM NAD*, 75
ug/ml~ DNA, 40 ug/ml histones, 20% ethylene glscol was
incubated with 10 ml calf thymus 0.3 M NaCl extract for 60
min at 25°C. The reaction was stopped by the additipn of
0.2 volumes of 3 M sodium acetate pH 4.8 and 2 volumes of

A 95% ethanol. After 18 hr at -20°C, the precipitate was

- Ahollqpted by cenfrifuéation, incubated in 0.1 N NaOH at
25°C’ for 60 min ard néutralized with HCl. The solhtion_was
adjusted to 0.25% SDS, 0.075 M NaCl and 0.025 M Tris-Hél pH

7‘ 80"th8 ‘:vaSA -incubated 4 hr at 25°C ‘with pronase (1
mg/ml) followed Byﬁextraction with 0.8 volumgs of water-
saturgted phenol. The phenol phase was extractéd twice
with a-buffer containing 0.175 M WaCl, 0.05 M‘Tris-HCl pH g
8.0. fhe agueous phases were pooled an& precipitated with
ethanol (as above). The  precipitate was suspended in a

. buffer (0.05 M Tris-HCl pH 8.0) containing 5 mM MgCl, and

DNase I (2 mg/ml), incubated 4 hr at 25°C and extracted
f 4

.
-




with phenol. The pooled aqueous‘phases were mixed with 4
volgmes of 50 mM sodium -phosphate pH 6.8 and applied
to a hydroxyapatite column (bed volume of 10 ﬁL). The
column was washed with 30 volumes of 0.1 M sodium phdsphate
pH 6.8 and eluted with a linear gradient of 0.1 to 0.5 M
phosphate (20 column 'volumes). Collected lffactions were
examined by optical density at 260 nm and peak fractioﬁs
were pooled, lyophilized and extensively dialyzed against
‘water, Typical preparations yielded 0,25 to 1.0 mg

poly(ADP-ribose).' ‘ s .

¢ ’
¥

fane

-

6b. Quantitation: Estimates of poly(ADP-ribose) concen-

trations were made by optical density at 260 mm. Ouanti-
tative measurements - were made by a fluorometric assay

(Niedergang et g},‘1978). ADP-ribdsg was the standard.

6c. Chain Length Analysis: Samples were digested with snake

venom phosphodiesterase according to the method of Kawaichi
et al (1980b;. Digesfs were chromatographed on’ PEI-
cellulose ssheets in a solvent of 2 M acetic acid/0.25 M
LicCl. Each strip was sliced into "1 cm sections and

examined for radioactivity. o

7. DNA-Profein Interactions

7a.. Sedimentation Analysis: The samples (0.2 ml) were

centrifuged in 5-70% neutral sucrose gradients c¢ontaining

. ¥ 1
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0.1 mM MgCl,, 5 mM dithiothreitof, and 10 mM g-mercapto-"

ethanol in an SW50.1 Beckman rotér at 45000 rev/min for 150
min at 10°C (Sakibara & Tomizawa, 1974). Fractions were
collected from the bottom of. the tube and analyzed as

indicated'in the text,

7b. Filter Binding Assay: - The bin!ing of [*H]-ColE1

plasmid DNA to pon(ADP risase) polymerase was measured as
described by Ohgushi et al (1980). Aliquots of enzyme (1.4

pg) were incubated in 0.13 ml buffer F, (50 mM potassium

gphosphate pH 6.0, 10 mM'MgC12, 10 mM B(;;rcaptoethanol) at

25°C with various inhibitors. [3H]-ColE1 DNA (10 ug) was
added, incubation continued for ‘min and 1.0 ml cold
buffer F was added. The solution was filtered on Whatman
GF/C filters pre-coated with 1 mg bovine serum albumin.
The filkers were washed twice with 2 ml bgffer F, dried and
cpunted .for radioactivity. Less tpan 1% of the DNA was

bound in the absence of protein,

8. Analytical Procedures

8a. Basic-SDS/Polyac:ylamide Gel Electrophoresis: Samples

were precipitated with 20% trichloroacetic acid, washed
with acetone, suspended in 40 yl sample buffer (0.0625 M
TrislHCI, 10% glycerol, 2% SDs, 5% B-mercaptoethanol,
0.001% bromphenol blue) and heated for 3 min at 100°C. Thg

samples were run with a current of 30 mA at 4°C in a slab

-
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gel of 7;5% polyacrylamide (29:1 acrylamide/bisacrylamide)
with a 5% stacking gel according to the method of Laemmli
(1970). The gels were stained with 0.125% Coomassie Blue
in 50% methanol/10% acetic acid and destained in 20%

methanol/10% acetic acid.

8b. Neutral-SDS/Polyacrylamide Gel Electrophoresis: Sample

precipitatesw were resuspended in 20 ul '50 mM potassium
phosﬁﬂate ,pH 7.2, mixed with 20wl of sample"buffer
'coﬂtéiping 0.15 M Tris7POJ pH 5.5, 20% glycerél, 2% SDS,
116% B—mercaptoethénol, 0.006% bromphenol blue'andvheated at
100°C for 3 min. Slab gel electrophoresis of the samples
was performed using the neutral discontinuous anionic
system of Williams and Reisfeld (1964) with slight modifi-
cations. The 'stacking ge!’contéined 3% acrylamide (29:1
acrylamide/bisacrylamide), 0.06 M Tris/P0O, pH 5.5, 1% SDS,
0.4% Temed and 0.06% ammonium persulfate. The ;eparating
- gel had 5% acrylamide, 0.07 M Tris/Po, pH 7.5, 1% SDS,

~ 0.15% Temed and 0.07% ammonium persulfate. The electro-

o I M.
phoresis buffer .(pH 7.0) contained 0.03 M barbital, 0.008 M

Tris and 1% SDS. Electrophorésis was conducted for 4 hr at
20 mA. Gels were staﬂ‘sd as- described above or fluoro-
graphed with Kodak X-Omat AR5 film after enhangement in

sodium salicylate (Chamberlain, 1979).
L/ -
e .

-

i
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8c. Agarose Gel Electrophoresis: Samples were mixed with

sample buffer (7 M urea, 50% sucrose, 50 mM EDTA, 2.5% SDS,



0.01% bromphenol blue) in a ratio of 2:1 (sample/buffer).
The DNA was separated over 18 hr at 35 mA in 0.8% agarose
at pH 8.2 in a buffer containing 0.04 M Tris, 0.02 Mvsodium
acetate, 1 mM EDTA. The gel® was stained for 60 min in 1
u:/ml ethidium bromide and the DNA visual{zed by direct
illumination with ultraviolet light, “Records were kept by
photographing the gel with Polaroid type 665 film for 25

secC,

8d. DNA Quantitation: DNA concentrations were estimated

spectrophotometrically at:- 260 nm (50 ug/ml DNA = 1.0
optical density unit). DNA was also measured by fluores-

cence assays using ethidium bromide (Morgan et al, 1979),.

8e. Proteini Determinations: Protein content was routinely

monitored by absorbance at 280 nm. Protein quantitation was
performed by a fluorescence assay (Gagérman, 1980) or
colourimetrically (Lowry et al, 1951) after precipitation
with trichloroacetic acid (Peterson, 1977). BRovine serum

albumin was used as the standard.

9. Data Presentation: All experiments described in the

text were repeated at least three times. Figures and
tables represent the results of a typical experiment,

Averaging and other mathematical manipulations of the data

will be indicated in the legends.
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RESULTS

1. Pof?(ADP-ribose) Polymerase Purification

Poly(ADP-ribose) polymerase has been purified to near
homogeneity“from a variety of sources (Okavama et al, 1977;
Mandel etﬁal, 1977; Tsopanakis ét al, 1978; Kristensen &
Holtlt@d‘f‘ 1978; Yoshihara et al, 1978; Ito et al, 1979;
Jump & Smulson, 1980; Petzold et al, 1981; Carter & Berger,
1982) and studied intensively in vitro. We have purified
oolv(ADP-ri?8$e) %olvmerase from calf thvmus using a method
gimilar to one_described by Yoshihara et al (1978). The
procedure used here differed in that a Matrex gel red A
column was used after chromatography on DNA-cellulpse and a
gel filtratio; step was omitted after hydroxvapatite
chromatography. After the hydroxvapatite step, the enzyme
was freed from endogenous DNA and purified 1560-f01d witﬁﬁa
14% yield (Table I). The vield haé varied from 10% to 25%.
Poly(ADP-ribose) nolymerase is eluted from red A agarose at
a higher salt concentration (1 M NaCl) than from blue
Sepharose (0.3 M NaCl), resulting in improved purification
aqd higher *yield. SDS/polyacrylamide gel electrophoresis
(Fig. 2) s8showed a major polypeptide with an apparent
molecular weight of 114,000 (97%) and minor bands of 66,000
(2%), 75,000 (<1%) and 43,000 (<1%). The Mr 75,000 band

may be a degradation product of the major polypeptide

(Surowy & Berger, 1983b; Holtlund et al, 1983), With in-

creased storage times;  the amount of Mr 75,000 polypeptide

4
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Table 1
Purification of Poly(ADP-ribose) Polymerase. Aétivity.
.was measured by the standard assay and protein
determined colourimetrically. ' DNA dependence was

calculated as activity (-DNA)/ activity (+DNA),
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TOTAL TOTAL SPECIFIC DNA
FRACTION _ PROTEIN  ACTIVITY  ACTIVITY YIELD  PURIFICATION DEPFNDENCE
) S
mg nmol/min :EOH\\BH,:.\Sm y 4 -fold y 4
extract 24000 60000 2.5 100 1.0 13"
(NH,) , S0, 14300 56000 5.3 93 2.1 20
DNA-cellulose 174 21170 112 35 . 49 - 20
red-agarose 15.5  16160¢ 1040 27 417 5
,&&noﬁmumﬁnm 2.3 8590 3730 14 1490_ 0.1
‘




Figure 2

Electrophoretic Analysis of Stages of Poly(ADP-ribose)
Polymerase Purificatioﬁ. Samples were precipitated
with 20% trichloroacetic acid, rinsed with acetone and
suspended in sample buffer. They were subjected to
basic-SDS/polygcrylamide gel electréphoresis (7.5%
polvacrvlamide) and protein.~bands visualized by
staining in Coomassie blue. Pooled samples include:
extract (A), DNA-cellulose (B), red-agagbse? (c),
hydroxvapatite](D) and Ultrogel AcA44 (E). Molecular
weights standards included mvosin (Mr 200000), RNA
polymerase (Mr 165000, 155000, 39000), g-galactosidase
(Mr 116000), phosphorylase b (Mr 94000) %ovine serum
albumin (Mr 68000)° and ovalbumin (Mr 43000). RPB is

bromophenol'blue.

¥
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increased, especially at low protein concentrations. Gel

filtration on Ultfogel AcA44 removed these contaminants

(Fig.2) giving a slightly improved purification (up to
' 4

1.1-fold) but with a loss of 2/3 of the activityx{data not

shown) . The 1latter consideration led us to wuse the

~ .=~ hydroxyapatite fraction since this preparation was
. @ .

compérable in purity to other enzyme preparations (Okayama
et al, 1977; Kristensen & Holtlund, 1978; Yoshihara et al,
1978; Petgold et al, 1981; Carter/g*Berger, 1982).

Enzyme activity required the addition of DNA while
histones further stimulated the activity. Optimal activity
occurred in the presence of MgCl, and dithiothreitol
(although they were not absolutely required). Prolonged
incubation (>5 min) 1in the absence of dithiothreitol
resulted in a rapid decrease in activity. MgZt EH) mM
optimum) could be replaced by other cations including Mn2+
(0.1 mM), Ca?t (1 mM), ﬁa2+ (10 mM), Sr?t (10 mM) (data not
shown) . The purified enzyme was maintained for several
months in buffer D at -20°C without loss of activity.

-h

2, Poly(ADP-ribose) Polymerase, a Zinc Metalloenzyme

¢ .
It has been clearly dehgnstrated that the activation

of polymerase }requires DNA containing nicKs or double-
stranded breaks (Ohgushi et al, 1980; Byeny,gqin & Gill,
1980b) . Although the DNA structyres which activate the

enzyme have been identified (Béﬁbahin & Gill, 1980b;

Yoshihara & Kamiya, 1982), the basié lor the DNA require-

oy
1

,
,
“V‘/
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ment i% not understood.

-

wkgﬁlnc has a functional role in a variéty of DNA-depen-
dent reactions &Ahld, 19?;; Vadlee & Falchuk; 1981;
Coleman, 1983). Prokaryotic and eukaryotic RNAApolymerasés
(Scrutton %t al, 1971; Coleman, 1974; Auld et al, 1976
Lattks\& Weser, 1976), terminal deoxynucleotide transferase
'(Chahg—& Bollum, 1970), regstriction enzymes (Barton et ?1,
1982) and possibly DNA polymeréses (Slater et al, 1971;
Walton' et al, 19&2; Ferrin et al,’ T983)A are zi{c
metalloenzymes in which "the metal is required for the
interhctioﬁ of the enzymes with DNA (Colemgn, 1983; Chang &
Bollum, 1970; Mildv%n &-Loeb, 1979). The results described
below show that poﬁy(ADP-ribose) polymerase is also a zinc

metalloenzyme and #hat zinc appears to be involved in the

interaction of thefenzyme and DNA.

{

|

2a. " InhibitioW by Metal Chelators: The metal chelator,

L

1,10—phenanthrolihe, inhihﬁts poly (ADP-ribose) polymerase

at pH<8 (Table [11). Because of this pH dependence, all

. ]
analyses involving chelators were performed in potassium

phosphate buffe (pH 6.0). Inhibition was both time- and
concentration-dependent (Fig! 3). Chelation of Mg2+ by
1,10-phenanthroline does not explain the inhibition since
Mg?*t was not/ absolutely required for activity and was
present in excess over inhibitor. Histones had no effect
on the inhibition, while decreasing the incubation
temperature | slowed the rate of inhibition (data not

>
L]
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Table 11
pH Dependence of Poly(ADP-ribose) Polymerase

Inhibition by 1,10-Phenanthroline. The enzyme (10

was incubated with 1 mM 1,10-phenanthroline

3

pmol/mil
(oP) for 20‘min at 25°C ingreaction mix (-NADY,
-DNA). Activity was determined by a 5 min incubation
after the addition of [3H]-NAD* (0.1 mM) and DNA (10
ue). Bufferiqg agents used‘»to maintain the pH were

potassium phosphate (pH 5-6) and Tris-HCl (pH 7-10).

L4 /

.

-~
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L >
‘ . 7
“ \- b
pH ACTIVITY (nmol/min/mg)
-oP +oP +oP/-0P
5 12.1 0.6 v 5%
6 44 .6 4.3 ™M
7 37.7. 7 10.3 27%
8 45.6 64,2 1419
9. 28,8  38.7.4  112%
10 , 37.8  43.4 - 114%
? gu—
- 3
|
/ -
L - L
] N
v .
q )
:.l
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" Figure+3

Inhibition of Poly(ADP-ribose). Polymerase by
1,10-Phenanthroline. Enzymé (10 pmol/ml)  was
* P o ‘\
incubated for 0 min (e) or 20 min (o) at 25°C with
various amounts of 1,10-phenanthroline in reaction mix
(pH 6.0, -NAD*, DNA). The reaction was initiated with
Epe addition of [3H]-NAD+ (0.1 mM) and DNA (10 ug).
The formation of poly(ADP-ribose) was measured under

standard conditions.

-
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shown) . Most of _the other chelating agents wére

non-inhibiting exgept vf - 2,2'-bipyridine and dithizone
(Table 111). Treatment of the enzyme with Chelex 100, CN-,
cfsteine and imidazole occgﬁionaily gave a slight increase
in activity above thencontrol values. This may have been a
consequence of the‘ rgmoval of inhibiting metal 1ions
(Redetzki & Nowinski, 1957). 1,7-Phenanthroline, the
non-chelating 1isomer of 1,10;Qhenanthrgline, and 1,10-
phenanthroline complexed with Co?* showed little inhibition
(Tgble 111) indicating a chelation requirement.

Since poly(ADP-ribose) polymerase requifes DNA for
activity, the HZOé-dépendent degradation of DNA by 1,10-
phenan}hroline (Sigman et al, 1979) could explain ghe
observéd inhibition. We observed this degradation of-bNA
under our experimental conditions in the absence of poly-
(ADP-ribose) polymerasg _(Table V). Catalase ?revented
this degfadation (Table IV;'Marshall et al, 1981) but did
not prevent the inhibition of poly(ADP-ribose) polymerase
(Table 1V), suggesting that the,iqhibition by 1,10-phen-
anthroline was not the result of DNA degradation,

“w,

2b, Metal Identification: The purified poly(ADP-ribose)

polymerase preparation was treated with Che]i 100,
fractionated on a Sephadex G-25 column to remove metal,
contaminants and, subsequently sent for metal analysis

(Barringer-Magenta Ltd., Toronto). These data indicated

\ .
the presence of approximately ohe g-atom of zinc per mole
-
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Table III
Effect of Metal ’Binding Agents on Poly(ADP-ribose)
Polymerase Activity. Enzyme (10 omol/ml) was
incubated foEfZO min at 25°C with various compounds.in
the reaction mix (pH 6.0, -NAD*, -DNA). Activity was
measured by a 5 min incubation after addition‘ of

[3H]-NAD* (0.1 mM) and DNA (10ug). DIPA is diethylene-

triamine pentaacetic acid.




«
COMPOUND CONCENTRATION INHIBITION
{ pM %
L,10j:;;nanthroline_ 0.1 33
1 S 0.5 % 97
1,7-phenanthroline 0.5 6

EDTA 0.5 16
quinoline-8-sulfate 0.5 12
DTPA 0.5 8
CN- ‘ . 2.0 0
2,2'—bipyri&ine 0.2 36
1.0 85
neocuprone 0.2 7
1.0 29
cystéine 1.0 0.
dithizone" 0.1 37
- 0.25 55
1.0 62
imidazole ! 1.0 0
Chelex 100 (0.14g/ml) 0
CoCl, 0.28 15
1;10-phenanthroline * 1.0 97
CoCl, + 1,10-phenanthroline  0.28+1.0 24
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Table IV

Effect of DNA Degradation bv 1,10-Phenanthroline on
the Activity of Poly(ADP-ribose) Ponmerasé. DNA
degradation was measured as the trichloroacetic acid
solubilization of * 10 ug [3‘H]-Colﬁ1 DNA after
incubation for 20 min at 25° in reaction mix (pH 6.0,
-NAD*, -polymerase) containing 0.5 mM 1,10-phenan-
throline, Polv(ADP-ribose) polvmerase. activity was
determined in identically treated samples
(+polvmerase, -DNA) by 1incubating for 5 min after
addition of [3H]-NADt (0.1 mM) and DNA (10 yg).
Catalase (10 yg/ml) was added with the bNA.

v
[}

r.




DNA

CONDITIONS SOLUBILIZED INHIRITION
>

% %
no additions 0 0
1,10-phenanthroline a5 96
catalase 3 5
1,10-phenanthroline

+ catalase 5 98
v
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of protein (Fig. 4, Table V). Similar resultsy were
obtained with another independently prepared sample- which
had not been treated with Che§fex 100 (Table V). The zinc
in the enzyme was available to ‘the solvehts at pH<8 since
the exchange with ©°2Zn only occurred at pH 6.0. This
exchange,was specific for zine since neither Mg?t nor cd?*

greatly affected the reaction (Table VI),

2c. Role of Metal: Dialysis of poly(ADP-ribose) polymerase
under a variety of conditions indicated that a decrease in
enzymé éctivity was associated with a corresponding
decrease in the zinc content of the enzyme (Table VII).
These observations are csnsistent with the previous
inhibition studies (Table II) and indicate a role of zinc
in. enzyme activity. While  the exposure of the enzyme to
1,10-phenanthroline at pH' 8.0 did not lead to loss of
activifythable 11), prol@nged diaIYst against a buffer

(pH 8.0) containing the .chelating agent and Triton X-100

' did lead to a partial loss of activity and a correspoﬁding

reduction in zinc content,
Initial rate kinetics showed ];10-phenanthfbline was
non-compétitive'with NADY (Fig. 5A) ‘and competitive with

DNA (Fig. ISB) suggesting the .metél was involved in- the

interaction of DNA with poly(ADP-ribose) polymerase.

Binding of DNA to the enzyme is necessary for activity but

1,10-phenanthroline had no effect on DNA binding at

inhibitory concentrations (Fig. 6). | -
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Figufe 4

Zinc- Contént  of Poly(ADP-ribose) Polymerase.
Poly(ADP-ribose) polymerase (300 ug) was applied to a
Sephadex G-25 column after treatment with Chelex 100
and the fractions analyzed for activity (of, protein

.

(o) and zinc (m). Allw data points are averéges‘ of

duplicate assays.

.
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Téble v
Metal Content of Poly(ADP-ribose) Poivmerase. The
enzyme was fractionated on Sephadex .G-25 and fractions
were analyzed(for various metals. Zinc éeterminations
were baséd on the averages of the four peak
fractions. In I, 250 ug of enzyme was analyzed
without Chelex 100 treatment; in II,_/300 ug of a

~

different enzyme preparation was treated with Chelex

100. B
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Table VI
Exchange of ©°Zn with POly(ADP-ribose) Polymerase
Bound Zinc. Exchange was measured as‘ the percentageé of
the total radipactivi%y in the reaction vessel
retained on glass-fibre filters after a 48 hr
incubation (4°C) of polymerase (22 pmol) with ®%Zn
(0.5 uCi/ml).

r
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CONDITIONS % EXCHANGE
v ) '
T~
pH8 1
pHb6 30
pH6 + ZnCl, (0.09mM) . 7
pH6 + MgCl, (0.09mM) . 23
pH6 + €dCl, (0.09mM) T 26
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| . ) Table VII ]
Correlation of Poly(ADP-ribose) ‘Polymerase Activity
and Zinc‘bdhtent.'Enzyme (130 ug) was dialyzed for 5
hr agaiﬁsglthe_conditiong indicated followed by an 8
- hr dialysis at pH 8.0 with two changés of buffer.
Activigy, ptotein and zinc content .of the samples were
thén determined. " The * control activity (pH 8.0)
represéntsb 80%. of the gctivitv of thg undialyzed

enzyme. Zihec content varied up to_ﬂ.?xiﬂ‘lo’g-atoms in

duplicate analyses. - o o

-,




CONDITIONS ACTIVITY PROTEIN ZINC ZINC/PROTFIN

e

% - g-atoms- g-atoms/mole
4
pH8 100 114 9,5x10-10 0.95
. pH8 + oP 45 125 4.,9x10-10 0.45
-  pHé ; 76 * 114 7.4x10-19 0,74 R

pH6 + oP 2 120 n.2x10-1° 0.02
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Figure 5
Effect of 1;10-Phénanthroliné .on the Initial Rate
Kinetics of Poly(ADP-ribose) Polymerase., Activity was
measured in the absence (@) or preséﬂé% (o)} of
1,10-phenanthroline (1.4 mM) in reaction mix (pH 6.0)
Qithogt pre-incubation. (A) Kinetics with NADY, (B)
kinetics with DNA. Data points are averages‘ of
duplicate aséays J;d the 3lopes were determined by

least squares regression. ‘

&
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Figure 6

Effect of 1,10-Phenanthroline on the Binding of DﬁA to
Poly(ADP-ribose) Polymerase, - _ Poly(ADP-ribose)
polymerase (10 pmol/mli was incubated.in reaction mix
(pH 6.0, -NAD*, -DNA) for 26 min at .25°C with
1,10-phenaﬁthroline. ;_ [3H]-ColE1 DNA (TG:jﬁg) was
added, incubation was continued for 1 min 'and bound
DNA (o) was measured" by filter binaing~xa;say.
Identically treated samples were measured fo£ actly{ty

() after the addition of [3H]-NAD* (0.1 mM) and DNA

(10 ug) in place of [*H]-ColE1l DNA.
K]
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3. Interaction of Poly(ADP-ribose) Polvmerase and DNA

Poly(ADP-ribose) polymerase has been shown to have an
almosf absolute requiremenF for DNA (Yoshihara,‘ 1972;
Niedergang et "al, 1979), but the underlving Basis for the
DNA-enzyme relatidnsﬁip is not understood. Since poly(ADP~-
ribosé) polymerase itself is a ﬁajor acceptor of poly(ADP-
ribose) (Yoshihara et al, 1977; Caplan et al, 1979; Ikai &
Uéda, 1980; Kawaichi et él,~1981b) we have used a model
system of DNA and purified polymerase to study the effect

of polv(ADP-ribosvl)ation on DNﬁ binding. In‘ this section
j 3

" we report some of the parameters involved in the repgulation’

‘ L]
of poly(ADP-ribose) polymerase activity which involves a
tripartite relationship of polvmerase;, DNA and polv(ADP-
ribose) glvcohydrolase.

4

3a. Automodification of Polv(ADP-ribose) Polvmerase:\lt had

been noted previously that the inhibition of pol&lerase
after a prolonged incubation was not due to the exhaustion
of the substrate or to enzyme inactivation (Tanaka et al,

1979). = Here we gote the decline in enzyme activity with

time after an \incubation in the time course buffer with

~ .
unlabelled NAD* at 25° (Table VIII). No 1inhibition
occurred if DNA was also omitted during the pre-incubation
(data not éhown), suggesting‘the need for enzyme activity.

Concurrent studies .indicated that both chain length and

. -chain number increased while the overall enzyme activity
- P

. i
was decreasing (Table IX).

»,
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! o
* ' . Table VIII
[
The Effect of-Pre-Incubation with NAD* on Poly(ADP-
- . « '
ribose) Polymerase Activity. Poly(ADP-ribose)
' L

polymerase (30 pmol/ml) was incubated in reaction mix
containing 35 uM NAD+.vA1iquots of 0.1 ml were removed

at various timeg and assaved for enzyme ,activity by

incubating with [¥H]-NAD* for 2.5 min.

ot



PRE-INCUBAT ION[T‘[ME ,

, ACTIVITY

min pmol/min/ug pfopein. ok
* g N .
0 76.2 " 100
1 '66.5 \ 87
) L Sh by R
5 24,1 ‘ 32
10 20,6 ¢ 27
A '(1 .
20 1.5 - £ 15
@ 30 10.3 — 13
" 45 5.9 8
. ,’ .
60 6.5 % g
90 2.9 o g
AA"
¢
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-Table IX
Analxsis qf Poly(ADP-ribose) Formation with /Timef
Poly(ADP-r?bdééf-‘ polymerase >(5.4 pmol/ml) was
incubated in reaction mixture for wvarious timesn

precipitated with 20% trichloroacetic ' acid and

analyzed for poly(ADP-ribose) formation and chain

length.
4

—a—y

T it
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TIME -ADP-RIBOSE CHAIN LENGTH CHAIN NUMBER
INCORPORAT ION
min mol/mol enzyme polymers/enzyme
0.5 16 6.9 2.4
2 56 15.9 3.5, -
10 121 21.6 5.6
60 - 221 11.5

19.3




A double-label assay' monitoring nicotinamide release
and polvy(ADP-ribose) formatignywas,used to studv the role

. of poly(ADP-ribose) glycohydrolase in regulating polv(ADP-.
ribose) polymerase activigy. Fig. 7 illustrates the
increasing inhibition of polymétase activity on prolonged

incubation and indicates the equivalence of the nicotin-

amide release and poly(ADP-ribose) ‘incorporation assays.
: -

~ [
e

The' subsequent éadit;on' of glvcohvdrolase degraded the
poly(ADP-ribose, Tévérsed the inhibition and resulted in
'polymerase activity With linear kinetics as detgrmined by
nicotinamide 'release.“ The addition of heat-inactivated
glycohydrolase (heéted at 60°C for 5 min) failed to
reaétivate the polvmerase, indicating the requirement of a
p cafalvtic fu&ction (data not shown). However, since the
,‘glycohvdrélase preparatioq was not combletely purified,

ﬂsomé‘ Othef{ éatalytic‘ funétion is not ruled out. - Other

experiments, not presented here, have shown that ‘after“
glyéoh}drolase -treatment the averager.chain ‘length of

- poly(ADP-ribose5 was reduced 'frém‘ 18.0 to 1.4 residues.-

These experiments indicate that the polymeraée was turned

off by self-modification and gurned on by coupling with:

glycohydrolase. : ‘ ; .

- /
) /

o 3b. Role of DNA Binding: Does auto-modification inhibit

polymerase activity because of saturation of the poly(ADP-

ribose) acceptor sites or because of an altered'affinity

for DNA? 'The former possibility seemed unlikblvibecause

: | -

LY
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Figure 7

Coupling of Polv(ADP-ribose) Polvmerase with

: \ 2
'Polv(ADP-}iboge) Glycohvdrolase. The .double-label
assav was .used to monitor polymerase activity by

, :
following ADP-ribose incorporated (o) and nicotinamide

released (0). The reaction vessel contained 11 pmol

“ polymerase/ml, lecohydrolase,(o;w mg/ml) was added

as iﬁdiéated.(l).l
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the level of inhibition seemed to depend, for example, on

the 'particul'ar,DNAh'that ‘was used (see below). To test the

-4 . . . e ——
latter possibility we studied _polymerase-DNA in‘l.’eractions
N ' o A : s,

- by Bucrose gradignt centrifugati sing ColEt plasmid

DNA, With ColF1 DNA, the total incorp'aﬁion was reduced
"by 80% compared with similar experiments with calf thymus
DNA (Fig. 7), but oth'erwise there was a similar inhibition

of polymerase. Sucrose gradient centrifugation analysis

indicated that after a 60 min incubation in the absence of'

}

NAD*, polymerase and DNA co- sedimeqted (Fig. BC) a -

>

. posirion further down the g”radient than DNA or polvnierase
lalone (Fig. 8A,B). ? Parenthe:;ically, we note that the
polymerase appears to bind preferentially to form 1 DNA
rather than form 11 under these conditions. v After
\incubation of the enzyme with NAD+ for 60 min, not only!;was
“\‘ -~ the enzyme inhibited ib was also dissociated from' liNA

.  (Fig. 8D). ﬁoth e/acti(rity and 1abelled poly(ADP-

fj:bose) sedimented in ~the upper part of the gradient. A 15 )

min incubation following the addition of glycohydrolase to

the inhibited polymerase . restored the DNA-polymerase

a

complex (Fig. EE) The use of snake venouf phophodiesterfse
in place of 31ycohydrolape .to cleave, poly(ADP ribose) also
z;?sulted in a similar r{saociation of polymerase rand DNA
(Pig 8F) " Thig .supports Zmr contention that glycohydro-

"~ '

].ase functions in. reactiwating thegmlymeraae by reoving

cxpérilent, J:-he mnnl acoeptor aitec fcr poly(ADP-ribooe)
v e L w 7 /7 . . .
PO - L T ' se =¥

-~ . . N - v N . o

poly(ADP-riboce) recidueo. C In,”the; phos%)\odiesteraee,

70
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Figure 8

'y -

M \ 7
Influence of Poly(ADP-riBosyl)ation en the Binding of |

DNA to Polv{(ADP-rihose) Polvmerase. ; Interaction ofC

~ polymerase (48 'pmol) and ColE1 DNA (48 pgﬁi, 50%

%ofr;lI/SO% form II) was observed bv suctosé gradienf:

v

sedimentation., ‘Samples were prepared in reaction mij

containing (A) CoiE1 ‘DNA, (B) pol&me%ase, (Cj‘ Colﬁ1

DNA and polymerase, (D) ColE1 DNA, polymérése, [3H]-
- NAD* incubated for 60 min, (E,F)'66 min igcubafﬁon-of
ColE1 DNA, polymer'ése,v[3H]-NAD+ followgd by a ii min
incubation with 0.4 mg glycohydrolase (E) og 1.0 unit

snake venom phospbodiesterase (F). DNA. (o). was

meagured by fluorescence assay, polymerase (e) by the

standard assay (NAD* gt‘-lO uM)‘ and .[3H]-poly(ADP-
ribose) (o) by precipitation in 20% trichloroacetic
acld. Sedimentation is from fight to left. DNA is also

indicated by the brackets.

-

& .

- . [
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on the polymerase were destroved by Dhosphodiestetase

'treatment;'however, the presence of the enzyme was still

detectable, We noted that both the histone in the assav

mixture as well as some of the enzyme were being' modified
Y . .

(results not shown). These experimenbs show “that- all of

the pol?TADP-ribose) co—sediments ‘with the enzyme (Fig.

i §

8n).

In order to distinghish*between free‘polv(ADP-ribose)
absorbed to the enzyme and pols(ADP;ribose)‘ covalgptlv
bound tb“the'enzvme, “the products of the reaction mixture

" were analyzed by SDq/polyacrvlamlde gel electrophoresis.

As shown “in Fig. 9, the hulk of the. radioactivity migrated

. in the upper portion of the gel, suggesting a molecular

weight considerably greater than that of the free enzvme.

The treatment of‘the reaction mixture with proteinase K or

0.1 M ¥anH resulted/in the release of polv(ADP rxbose) and

the migration of the labelled product at the gel front“

(Fig. 9E, ¥). These results indicated that the bulk (92-
96% by densitometry analysis) of the poly(ADP-ribose) was
covalently bound to the enzyme. Furthermore, theéaddition
.of free poly(ADP ribose) in concentrations up to 5 uM, did

‘not inhibit the enzyme ,(data not shown). °Similar results

-

have been repo;tedwfor the ratﬂliver,énzyme (Kawaichi ety ’

al,” 1981b). In summary, ,the experiments indicate that auto- .

poly(ADP-r@bosyl)ation thibited the polymerase actisity by
altering the DNA-enzyme complex. -
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Figure 9 ‘
Electrophofetfé Analysig) of Pol?(ADﬁ«ribose)
Polymerase Automodificaéibn. Samples were incubated
.in reaction mix ([3{1]-NAD+ at 58 uM) for OL5 min (A),
.2 min (B), 10 min (C), 60‘min4(5) and precipitated 
with 20% trichloroacetic égid. Separate samples yere
treated after thée 60 min incubation with pr;teinase K
(E) or 0.1 M NaOH (F). pfion to termination of the

reaction, . The pellets ‘were rinsed twice with cold

s

acetone, suspended in neutral gel sample pdffer and

suﬁjﬁcted to néutral-SDS/polyacrylamide ,éel

electrophoresis (7.5% polyacrylamide)., The gel was

gnalyzed "by aﬁtoradiogfaphy. Protein standards,

4

visualized by Coomassie blue staining, were run

*

concurrently and included mvosin, RNA opolvymerase,

te

p-galactosidase: phosphoi;iféb b, bovine gerum albumin -
and ovalbumin, Unmodifié polymerase migrates at Mr

114000, BPB = bromphenol blue.

& Y /
. 14 M1
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3c. Influence of Mg?* *&nd Histones: Mg+, polyamines and

W »
“histones are known to increase the activity of poly(ADP-

ribose) polymerase (Okayama. et al, .l977; Tanaka et al, -

1979; Yamada & Sugimura,:1973; Bryne gt al, 1978; Tanigawa
ét al, 1t980). | Fig.. 10 shows that increasing - Mg+
concentrations resulted in an elevated enzyme }abtiQity.
Similar activafion "has been noted with Mn2+ and Ca2+
(Niedergaﬁg et al, 1979). Sucrosé gradient centrifugation
analysié indicated that ;fter in;ubation of polymerasé
withou£~NAD+ in 0.1 mM or 2 mM MgClz at 0°C tf}ical ColEl
'DNA-énzyme complexes were observed (Fig. 114,B). Howevér,
if these react&on mixtures were incﬁbated at 2§”C for 60
min.with NAD*, -then the enzyme was digsociafed from DNA in
the 0.1 mM MgCl, reaction mixture (Fig. 11C) while in the 2
mM Mgbiz sample, a comsiderable quantify of enzyme remained
associated Qith DNA (Fig. 1%D). Control experimentsh nét
.shown here, indicated that the Mg2*t concentrationékused in
the gradients did not influence the results. These results
ninhicatea that the stimulation of ‘enzymé activity. by Mg+
was correlated with an increased éffinity of 'enég;;:fand'
- DNA. | - .

| It_has’pfevloualy been -suggested thét‘Mg2+ stimulates
polymer:se aét;;ity by activating contaminafigg nucleases
'(Benjamin'& Gill, 1980b). /Ue.haYS/;hecked fhis pogsibllity
:fcr oyr expen}méntal conditions by ihcubatiﬁg both calf
thymus andnGolEi DNA with varying aﬁoung:'s of pancfesalti‘c‘

‘Dﬁasé 1. '‘We noted a afimulatidn of polymerase éctivity by

Ed
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'Figﬁré 10 |
.The Effect of MgCl, Concentration on PSIy(ADP—ribose)
Pblymerase Acti;ity. Polymerase (5 pmol/ml) whs‘
incubated in reaction mixture containing. either 0 mM
M%Clz (o) « 6.1f mM- MgCl, (o) or 2 mM Mg€l, (o).

Aliquots of 0.1-ml were removed, precipitated with 20%

- trichloroacetic acid and analyied‘for’poly(ADP-ribose)

-

formation.

/o | :
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Figure 11 v

Effegtaof Mgcié on the Intgraction of Polv(ADP-ribose)
Polymefase and DNA. = Samples of polymerase (48
b&ol/ml) ,a;d ColEtl ;DNA (48 pmol/ml; 50% form 1/50%,
férpl'll) were prepared bv a 60 miq incubation in

reaction mix coﬁtaining 0.1 mM MgCl, (A) 2 mM MgCl,

‘ “-(B), 0.1 mM Mg012 and [*HT-NAD* (C) and 2 mM MgCl, and

[*H]- NAD+ (D). The DNA-polymerase 1interaction was

observed by sucrose gradient gsedimentation. Gradients

. conta1ned MgClz equivalent to the appli;d samples.

DNA,' measured fluorometrically, is . indicated " by
- ..

brackets, polymerase (of\was assayed in the standard

assay (NAD*t at 58 -uM) and [3H]- -poly(ADP- ribose) (o)

’ -determined by precipitation with 20% trichloroacetic

acid Sedimentation is from right to left,
/

P i
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the action of DNase on ColEl DNA
s;;nlficant increase in activity with the already highly
nicked calf‘:hymus DNA (Fig. 12). Similar results were
obtalned with calf thymus DNA incubated with 0.08 and 0.6
ug/pl DNase (results not shown). These’ results suggest
(but do not prove) that the stimulation‘bv Mgt observed

) -
for calf thymus DNA (Fig. 10) was not due to stimulation of

a nuclease, N

Histones not only serve as acceptors of poly(ADP-
ribose) (Bryne-e&,a*‘ 1978; Kawaichi et al, 1981) but also
stimulate the polymerase reaction .(Okayama et al, 1977;
Tanaka et alh 1979). 1In the absence Yof histones the poly
(ADP-ribosyl)ated enzyme was inhibited and sedimented in a
sucrose gradient at the position of tﬁe uncomplexed ®nzyme
after incubatiqn with NADY (Fig. l3B). Fig. 13A indicates
the position of the enzyme prior to incupation with NAD*'.
The addition of histone H] to a mQdified and. inhibited

polymerase led to an immediate increase in enzyme activity

(inset, Fig. ‘13) and sucrose gradient centrifugation

aszlxsii;lndicated that most of ﬁag enzyme "and some of the

labelled poly(ADPbribose) gsedimented with the DNA (Fig.
13C). However the rest of the enzyme. appeared, somewhat
heterogeneous and was lsrgely sesarated from the laéelled
'poly(ADP-riBose)l A possible explanation for the separ-

ation of the eniyme from poly(ADP-ribose) 1is that oﬁly a

fraction of the enzyme hmolecules were modified and that thé -

pply(ADP-riﬁdse) kept the agtive enzjme in a complex or
. - <

.

-~ N s

, but there was no

81




Figure 12 | Tt e
, Activity of Poly(ADP-ribose) Polvmeraée with DNase I
Treated DNA. Acéi%itv of the eﬁz&me Was‘mgasured with
both calf thymus DNA (o) and ColEl (e) rs1a'smid\ DNA
{(96% form 1/4% 'formj I1) aéter treatment’ with 0.38

ug/ml DNase I for various lengthé of time.
. . € '
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. Figure 13 ‘\
The Effect of Histoné H1 on- ?olv(ADP-?ibose)
Polymerase Activity and Igzeraction with DNA, The
inset . shows the time course of poly(ADP-rjbose)
férmation in reaction mix in the absence of histones
and following the aadition of 0.1 mg/ml histone Hl at
60 miﬁ (§). As well, the times a; which samples were
removed for sucrose gradient analysis are indicated
(A,B,C). Samples containing ColEl DNA were identically
prepared to those indicated in the inset (A,B,C) and
' DNA-protein %nteractions analyzed by sucrose gradient
sedimentation. (A) Sedimentation of . enzvme (80
- pmol/ml) and ColEl DNA (1.8 mg; SOi'form‘I/SOZ form
11) at zero time; (B) sedimentation after incubation
with NAD* for 60 min; (C) analysis made immediately
after addition of0-1 ma/ml histone HW Panels
indicat; polymerase activity T‘)\ m;asured bv the
standard assay (NA:D+ at 58 uM) ‘and[3H]-polv(ADP-
ribose) (g) dé miﬁeé"bv 20% trichloroacetic acid
precipitation. bN , measured by fluorescence assay, is
indicated by brackets, Sedimentation is from right to
left.
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. aggregated form with the modified enzyme. The addition of

¢ . histones diSperQed~this complex and éhe unwodified enzyme
formed a different t?pe of aggregéte...The sedimentation

bebavior of the enzyme -under these-conditi?ns indicated an

aggregated form, co'nf\irming a previous réport «of a‘high

" molecular- weight form of the- enzéﬁe‘(KriSt;nsen & Holtlund,

1978). Similar:results were obtained when fotal histone

preparations replaced histone Hl1' (results not shown)

.
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DISCUSSION

1. Polv(ADP- ribose) Polymerase Puriflcation

. The purification prdcedure for calf thymus polv(ADP-
ribose) polymerase described here ia'basically gimilar to
several other publisﬁedgnfbchures (Yoshihara et al, 1978;

Ito et al, 1979).- We have modified the prodedure by using4

&
Matrex gel red A as a hlgh affinltv chromatographlc medlum

and eliminated the gel filtration step. These modlfi-

~

cations resulted in a more rapid puriflcatlon and an enzvme

preparation of comparable purity with an 1mproved yield

"

(Fig.2, Table 1).

2. Poly(ADP-ribose) Polymerase; a Zinc Metalloenzyme

~

2a. ldentification of Zinc Content: Previous studies

indicated that 1,10-phénanthroline did not inhibit at pi .
8.0>(Cayter & Befger, 1985), however at pH 6.0, 1,10-phen-
énthroliﬁe clearly inhibits (Table 1I1). This pH;dependent
‘inhibition may be related to the acid;base'propert?es of
the ligands coordinating the metal (Vallee & wdcker, 1970)
and to ’the availabilify of the metal te the solvent a;
demonstrated bf,the'FSZn exchange (Tdble vVl). ‘In Ear i-
cular; the pH range for inhib;tion suggésfs the involvement
of histidine, which is;ué £avorgd ligand for zinc, or a

zinc-coordinated water molecule such as that observed in

carbonic anhydrase (Cheblowskt & Coleman, 19763

*
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) - Ll .
and in the catalytic site of alcohol' dehydrogenase

(Sytkowskivﬁ Vallee, 1976). The inhibitién by 1,10-phenan-
\ c

throline was time-dependent and not reversible by dilution

or the addition of‘Co2+ or IZn’+ (data not shown). suggesting
that this chglatof functions by removal of the metal from
thegentyﬁé (Valiee.& Wacker, 1970 . . Th% poor inhibition by
neocuprone (2,9ﬂiimethyl-1,10—ph%nanthroline) as compared
to 1,10-pﬁehanthroline or 2,2‘-bipy£idine suggests that the
~metal may be sterically gvailable to a narrow range of

o

compounds.

; s

The inhibition by chelators as well as the atomic
absorption spectroscopy studies reported here indicate that
poly(ADP-ribose) polymerase is a zinc metalloenzyme,- This

| conclusion is further strengthened' by results of the_sSZn
exéhange. Metal anal&ses lindicated approximately one

-

g-atom of zinc per mole of enzyme (Table V). Furthermore'
the iqhibiéion “of the enzyme by 1,10-pﬁeﬂanthroline
sugge;ts chelation bf'zinc in the enzyme. ~ However, the
inhibition pf poly(ADP-ribose) po;ymerase by 1,10-phen-
anthrotine might result from .the degradation éf DNA, an
essen:ial component in the reaction. rA 1,10-phenanthro-
1ine-cupr6qs complex together with hydrogén peroxide and a
thiol has been shown to cause cleavage of DﬁA {Sigmgn et
al, 1979). This latter possibility seemed unlikely to
account for the inhibition for the foliowing:reasons: (1)
the inhibition of poly(ADP-ribose) polymerase by 1,10-phen-

anthroline also occurred in the presence ofAcataLasé which

¢ I

|




effect vély prevented DNA degradation (Table IV; Marshall
et al, 1981). (ii) poly(ADP-ribose) polymerﬁgg\was inhibited
by 2,2'-bipyridine, an analogue of 1,10-phenanthroline
‘which does not cleave DNA (Coleman, 1983) (iii) the inhibi-

tion of poly(ADP-ribose) polymerase by 1,10-phenanthroline

was pH-dependent while the - degradation of DNA wés

pH independent (data not shown).

' Although these studies indicate the presence of zinc
in poly(ADP-ribose). polymerase they do not éecessarily
demonstraFe that zinc 1is required for enzyme activity. In
this conteﬁé it should be ﬁoted thét-similar observations
suggested an involvement o% zinc in DNA opolvmerase 1
activity but‘subéequént exﬁeriientswindicatea that a zine-
déficient enzyme gas engymafically active (Walton et al,
1982; Ferrin et)éi, 1983). In order to show a more direct
relat%énship of zinc content ‘and boly(ADP¥ribose) poly-
merase activity,‘the enzyme was dialyzed against buffers
containing 1,10-phenanthroline wunder inhibiting (pH 6.0)
and non;inhibiting (pH S.Q) conditioqs. These studies
indicated a parallel™relationship ;f zinc content and
enzyme activity (Table VIii), th 8- supporting the contention
that zinc is involved in the enzyme activity.

Some of the possible errors involved in the analysis
of the zinc cqontent of the enzyme .should be noted. The
variations in the zine analyéis are indicated in Table
VIi. The p?otein analysis‘in Table V might be subject to

some error since the quantity of protein meaaured‘was‘et
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the lower limits* (<5 ug) of the assay. ., This 1is not the

case for Table VII where larger amounts (M-2Q+ ug) of

protein were analyzed. Another possible source of error

might "~involve the 1035 of zine, during "~ the dialvsis

procedure. ' Although it could be argued that zinc was

non-gspecificallyv adsorbed to the enzyme, the failure of
cd?+ to compete with 657n in the exchange assav would argue

fqr a specific binding of zine 1in the enzyme.:

2b, .Zinc Requirement in the Enzyme Mechanism: Zinc hés been
identifie& as a constituent Bf most classes of nucleotidyl
transferases (Vallee & Falchuk, 1981; Coleman, 1983), The
DNA-deﬁendent metalléenzymes which have been studied in

greatest detail, such as the DNA-dependent RNA polymerases,

may require zinc for  the ‘interaction of DNA with the '

protein (Coleman, 1983; Mildvan & Loeb, 1979). ©Our kinetic -

studies suggest that zinc may have a similar role in poly-
(ADP-ribose) bolymeraéé and may indicdate a. catalytic

. “ °
function, The DNA-binding results 1indicate poly(ADP-

ribose) polymerase has a general DNA binding domain as well

as a more specific site involving a zinc-DNA -interaction.

A genetal DNA-binding. domain for the enzyme is expected
because of the basic properties (pI=9.8) of the enzyme (Ito
et al; 1979). . ~

What are the'implications of these ftﬁdings? While

zinc is a well-known gompoﬁeng of many epzymes, the obser-

vation that . zinc-depleted Fuglena gracilis cells were

- "
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blocked in tﬁe G, phase of the cell cycle suggests a more
specific and critical zinc requirement (Falchuk et aly
191;) Studies of poly(ADP-ribose) polyﬁerase HeLa cell
mutants have shown a requirement for polv(ADP-ribose) polv-
merase activity in_ the G2 phase of the-cell cycle (to be
pubiished) seggesting a possible connection between zinc
deficiency, .poly(ADP-ribose) polymerased and ?2 phase
°

reactions. The effect of zinc- defic1encv on the chromatin

arrangement of Euglena cells (Stgpkiewxcz. et al, 1983)

might also correlate with the role of poly(ADP-ribosyl)-"

ation in the maintenance of chromatin structure (Wong et
al, 1982; Poirier et al, 1982). From a mechanistic point
of view, the finding that Zinc is involved in a catalytic

role '‘and/or in the interaction of DNA and enzyme introduces

" a new and poésibly significant clue for understanding the-

puzzling requirement of DNA for polv(ADP-ribose) polymerase

activity. / .The known requirement of nicks or double-

stranded breaks'in DNM for enzvme activity (Ohgushi et al,

19@0- Benlamin ‘& Gill; 1980b) suggests the possibility that
zine might be involved in the interactiéﬁ with the~exposed

nucleotides I1f such interactions occurred with poly(ADP-

L4

fibose). polymerase, thev could explain in part the.

A . / »
requirement of nicks or bneaks in DNA for enzyme activity,

. 1,3, Interaction of Poly(ADP-ribose) Polymerase and DNA
] £ . ‘
. . S N

"
-,

3a. =Automodffiéatioﬁ éndl DNA Binding: It has previously

-

. . * . .
.

r-
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been observed that poly(ADPJ;ibose) polymerase required DNA

’

for activity (Yoshihara, 1972; Niedergang et al, 1979) and
recently Yoshihara ‘et al (1981) ‘have reported that the
poly(ADP-ribosyl)ated polymerase has a decréased affinity
for dNA. Our studies have beén 'concérngd with the
méchanism by which polymerase is regulated. We conclude
that the self-modification of the polymerase (Fig. 9) is
part ofxén auto-regulatory mechanism for turning off the
énzyme (Table VIII, Ftg. 7) ;nd that this modulation
results from a decreased affinity.of the modified enzyﬁe
for DNA (Fig. 8). This modified and iphibited enzyme was

7)

-

reactivated by poly(ADP-ribosge) glyc;ﬁzﬁrolase (Fig.

~ which removed- poly(ADP-ribose) residu&s, and restored the
v ~JI

DNA-poly(ADP-ribose) polymerase complex (Fig. 8). The
restoration of énzyme activity after glycphvdrolése
treatmenf indicated that ﬁgly(ADP—ribose), as compéfe& t§
single—ADP-;ibosg ;esidues, has a critical role in enzymp.
_regulation sinpe glycohydrolase dges not remove the
ADPeribbsé groups “;djacent to the protein (Ueda ‘et al,
1972). N ' |

We lhave~¢not;d that Mg?Z+ and histones, which haveé
" previously beeﬁ .sden to stim;late polymerase activity
(Tana?a-et al, 19795, alsoﬂappéér to aéf;vate tge enzyme by
influencing'the DNA-enzyme interactions. The additioq of
Mg?+. 1ncreas;d enzyme activity (Fig. 10) as well ag the

*

amounﬁ@ of enzyme remain}ng bound- to DNA “(Fig. 11).

-

Similarly, the addition of histone HI to a poly(ADP-

e

o~




. . .
ribosyl)ated polymerase resulted in the react}vation of the
o 50 enzyme (inset, Fig.‘13) and the'reappeafance of the DNA-
enzyme comﬁlex (Fig. 13). | Although ]Ehe transfer bf'
’poly(ADP-ribose) regsidues from 'thé mo%if{ed enzyme to,
histone is a possible mechanism of reactivaﬁion,~this is
probably not occurring since gt has been shown that

covalently bound poly(ADP-ribose) is not transferred Ao

h histone (Kawaichi et al, 1981b; Yoshihara et al, 1984).

Furthprhore; we noted that Fhe“addi;ion of the polymerééé
inhibitor nicotinamide (5 mM) just prior to the addition of
histone H1 did not prevént the formation'of the enzvﬁe-DNA
complex, indicating that theﬂtransféf'of poly(ADP-ribose)

to histO#e was not involqu (data not shown). .This experi-
‘ment also indicated that the poly(ADP~riBBse) found at the
bottom of the gfaqient was not newly's§nthesized. . Possibly

V‘ Mg2* and 'histone increased the enzyme activity by neutral-,
izing the negative chargee on poly(ADP-ribose) or ' DNA
(Kawamura et al, 1981) to promote increased stability of

the DNA-enzyme complexes.

3b. A Shuttle Mechanism fof Modulating DNA-Protein

Interactions: Our experiments have indicated that by

coupling poly(ADP-ribose) polymegase and‘glycohfdrolase, we
have a shuttle mechanism for moving proteins on and off
DNA. In Fig. 14 we summarize our proposal for the shuttle .

and. the. mechanism .involve§ in the -control of poly(ADP- [

ribosyl)ation. As shown by several investigators, poly-
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Propesed Mechanism for the Poly(ADP-ribpse) Shuttle

and the Control of Poly(ADP-ribosyl)ation. .
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(ADP-ribose)xpolymerase requires nicgéd DNA or DNA eﬁds fop
activity (Ben]amin & Gill, 1980b— Ohgushi et al, 1980) and S
DNA damage appears to activate the enzyme (Benjamin & Gill
1978; Durkacz et al, #980a) . We .presume tha’t' the .DNA -
functions” as an effector. The .activated polyﬁé£ase pbly-

(ADP-ribosyl)ates> itself and, in time;, the polymerase
® .

dissociates from the DNA. Although we have no experimental
evidence, we would fik_e to suggest -that ot:her acceptor
prote,i'ns might also function " in thls shuttle reaction..
Gl&cohydrolasg_ completes the shuttle by- restoridé the
polymerasé—DNA complex.  Clearly, complete controi of poly-
(ADP-ribosly)ation would 'require. the modulaéién of the
glycohydrolase as well 31nce an active, accessible glycohy-
drolase would’ abort any‘ poly(ADP- ribosyléatlon. oar =
- éropoéai for . the :control‘ of poly(ADP-riboge) polymefase

" covers the situation in which otherqaccebtop}pnoféins a

absent. ;T {inother acceptgo‘r protein (histone ﬁl) :ﬂe‘re,}

' pregent (inset; Fig. 13), the~'acc’e'btor protein ép;)ears, to
X _ﬁrovide an override mechanisﬁ to alloé the‘enzﬁme to func- -
~ -tion. It is not possible tq‘extrapolate from §hése select-
ive in vitro conditions tb“thg affairs of the cell, or for,
that matter; to interﬁgq{pnb invoivi;g bthér poly(ADP-

Aribosyl)ated profeins. Nevertheless, a need for é'sﬁuttie

mechanism of some sort for modulating DNA-prbtéin inter-

actions seems to be almost self'evidegt.




SUMMARY - A -

The inveetigatione described in this thesis have been
perfofmed in order to answer the fundamental question: what
is the relationsﬁio between poly(ADP-ribose) formation and
DNA? ihis quest;on’w;s approached from two viewpoints, one
concerned with &he” ﬁechaniem .by which DNA activates
_ poly(ADP-ribose) polymerase— add the second examining the
effect of. poly(ADP-ribosyl)atlon on the ‘activity ‘and

DNA-bind{gg properties of modified proteins.

. N . rd
In order to undertake the Dbiochemical studies

involwving the .interaction of _pgly(ADP-riboge) polymerase
and DNA, 1t was necessary to purify' sufficient amounts of
highly purified, DNA-dependgnt enzyme. The protocol which
‘was finally used resembled several published procedures but
the modifications made both shortened the preparation time

and improved the final yield.

A number 'of conclusions were made ¢ eerning” the
;elationéhip between DNA and poly(ADP-ribose) polymerase:

1. Poly(ADP;éibose) polymeraee is a zinc metallo-
protein contafining one g-atom zinc -per mole progein. '”;/\ V}A} )

2. Z2inc 1is 1involved 1in the specific interaction N
between DNA. and poly(ADP-ribose) polymerase iwhich 13'”

required for activation of the polymerase.

3. Auto-modification of poly(ADP-ribose) polymerase

»

97



reduces the affinity of the ‘enzyme fér'DNA which in turn
causes inactivation of the enzyme.

4. Removal of poly(ADP-ribose) by poly(ADP-ribose)
glycohydrolase both reactivated the enzyme and restored the
DNA-polymerase complex’

5. Histones and divalent cations modulated the

b

interaction of DNA and poly(ADP-ribose) polymerase by

neutralizing the charges on -poly(ADP-ribose) and thereby

- L.

increased the enzyme activity.

!
The identification of poly(ADP-ribose) polymerase as a

zinc metalloenzyme may helﬁ in understanding the\relation-

ship between the active site and the DNA as well as the
catalytic process,

The ‘relatﬁonship between auto-modific tion, activity
and DNA binding Ted to :i;\gxoposal of a shuttle meqpanism
for the regulation of poly(ADP-riboge) polymerase and

DNA-protein interactiops. Recently, electron microscopic

studies have confirmed the main points of our model.

(DeMurcia et al, 1983). Other recent stugigg suggest that
the inhibition of DNA topoisomerase I .and ca?+,Mg2+- endo-
nuclease by poly(ADP-ribosyl)ation occur by dissociation éf
the enzymes from DNA (Jongstra-Bilen et al, 1983; Yoshihara
et -al, 19é3).~ These findings suggest that the shuttle
" model may function fdr' other enzymes and be a general
mechanism by which poly(ADP-ribosyl)étion functions in tﬁe
cell, -
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