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Significant advances even in pragmatic aspects came from research that followed
the outlined rationale. The specific experimental approach commenced with the
study of the nuclear polymer (ADP-ribose),, which we predicted could lead to a
more basic understanding of gene regulations (ﬁroto-oncogene and differéntiation
regulation being'the defiﬁed field).

Our previous work identified (ADP-ribose)n as a unique nucleic acid-like
molecule and demonstrated several modes of regulation of proteinQDNA interactions
within cellular systems (see preceding Progress Report). The gggitransforma:ion
effect by smail molecules emerged as a side product of our molecular biélogically-
oriented research, however,-the importence of this by-product éannot be over-~
emphasized, |

Many important questions remain unanswered, some are as follows:

1. How does the in vitro existing (ADP-ribose), confent actually
rél;te to biological regulations? This question now can be studied by newly
developed methods.

2. What 1is tﬁe exact molecular mechanism of eﬁzymatic synthesis of
(ADP—ribose)n?

3. What is the moiecular role of the §olymetase-qssociated (éoeﬁzymic)
DNA? |

4. How do DNA-conformational changes (being the molecular basis of gene-
expression regulation) correlate with the DNA-binding of poly(ADP-ribose)

polymerase enzyme? 1Is the polymerase ptoteinla specific DNA-sequence-searching

protein or is it a part of a larger protein complex?
5. Finally, how dc "antitransforming" non-toxic molecules influence

cellular phenotype? Present hypothesis predicts that antitransforming molecules
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may bind to specific DNA domains, which coincides (or are identical) with the

DNA sequences required to serve as a "coenzymic" DNA for the polymerase. How
does this mechanism operate by tegulating‘"physiological" vs. transformation-
proned DNA-topoisomeric structures?

Research carried out in 1985 addr;sses these problems in an inter-
disciplinary manner, which is pfobably the only worﬂable approach to these
complex questions. It is of considerable significance that the laboratory at
UCSF (Surge 101 area) has been reofganized in several basic aspects to meet the

demands of technical requirements for experimentation related to questions 1 to 5

(above).

The following new facilities hrve been added:

1., Complete synthetic capability for the synthesis of any desired
DNA-sequence. '

2. Full capability to work with cells in culture, including full time
personnel necessary for culturing. This side-steps the cumbersome collaborative
arrangements of the past which previously slowed down rogress;

3. Expansion of enzyme, peaptides and DNA isclation methodologies (HI'LC

and immunochemical techniques).

4. Capacity to exacute DNA-sequencing and various DNA-technologies

(recombinant technology, cloning that is in a related but specific project aimed
at the isolation of the polymerase zene) which are general techniques in this
field (including large scale E. coli culturing).

The effectivity of these new techniques will become apparent within the

ensuing periods of research.
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Summary

A microanalytical method for the determination of cellular mono,

oligo and poly(ADP-ribose) hac been developed that does not involve
enzymatic degradation of oligomers to ribosylademosine. The method con-
sists of scpataiion of protein-bound wono, oligo and poly(ADP-ribose)
adducts from soluble nucleotides‘followed by hydrolysis and quantitativeb
isolation of AMP (derived from mono(ADP-ribose)-proteins),oligec and poly
(ADP-ribose) by boronate affinity chromatography and subsequent isolation
of these nucleotides by HPLC (18). (Cis-diols in AMP, oligo and poly(ADP-
ribose) are selectively oxidized by periodate, then reduced by [3H]—boro-
hydride. Conditions for the oxidation-reduction sﬁeps were optimized and
tritiated AMP, oiigo and poly(ADP-ribose) were quantitatively determined
by radiochemical analysis of these components that were isolated by
reversed-phase ﬁPLC (18). One pmol ADP-ribose unit under standard

3

conditions yields 2 to 2.2 x 10° cpm [3H) and this sensitivity can be

amplified by increasing the specific radicactivity of [3H]-b6rohydride.
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INTRCDUCTION

Poly(ADP-ribose), which is formed from NAD and is present predominantly
in cell nuciei, is a biological macromolecule of nucleic acid-like stvucture
(1,2). Its‘ce;lular function is currently under extensive investigation (3-7).
Determination of polymeric and monomer;c ADP-tibose in vivo canstitu:;s an
important analytical biochemical problem in this ares of research. Ptevi;usly
several analytical methods h;ve been reported:

(a) d1zotope dilution by endogeneous poly (ADP-ribose) of labelled
poly (ADP-ribose) or mono(ADP-ribose) (8,9).

(b) antigen-antibody reaction between poly(ADP-ribose) and anti-poly
(ADP-ribose) antiserum (10,11,12) or ccnvers;on of mono(ADP-ribose) to AMP
and estimation of AMP by a radioimmunoassay (13).

(¢) fluorometric determinatioﬁ of ribosyladencsine derived from
~ poly(ADP-ribose) (14;15,16).

(d) tritium labelling‘of ribosyladenosine aerived from poly(ADP-ribose)
(17). '

We have recently developed novel high performance liquid chromatography
(HPLC)'meghods for the simultaneous determination of in vitro-synthesized
poly (ADP-ribose) and mono(ADP-ribosé) on a reversed-phase column (18) and
chain length analyses on an ion-exchange columm (19). We now report a
highly sensitive and specific method for the simultaneous analysis of polymeric
and monomeric ADP-ribose in vivo, suitable for biochemical experimentation.
This method differs fror previous procedures (12,14,15,16,17) inasmuck as protein-
bound mono and poly(ADP-ribose) are determined after microisolation of these

compounds and, following hLydrolysis to AMP and poly(ADP-ribose), analyses are performed
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directly by borotritiation and HPLC (19) without chemical or enzymatic degrada-
tion of polymers into chemical subtmit;.
EXPERIMENTAL

MATERIALS

NAD, Tris-HCl, proteinase K, triethylamine, sodium periodate and

potassiun borohydride, were purchased from Sigma Chemical Co. (St. louis,
Mo., USA); lsﬂ]-NaBﬂ4 (lot No. 2558124, 1.68 Ci/mmol) from ICN Radiochemicals
(lrvine, Ca., USA); [“‘c]-m (283 aCi/mmol) from Amersham (Axxmg:on', 111.,
USA); Boronic acid gel (Affi-gel 601) ftO;“BiD—Rld (Rictmond, Ca., USA); .
Ammonium carbonate and glacial acetic acid (HPLC grade) from Daker
(Phillipsburg, N.J., USA); and potassium phorphate (HPLC grade) from Fisher
(Santa Clara, Ca., USA); methanol and acetonitrile (HPLC grade) obtained
from Alltech (Deerfield, I11., USA). All other chemicals used were reagent
grade. Scintillation fluid (Aquasol) was obtained from New England Nuclear
(Boston, Ma., USA), and cell culture su{:pliu from the Cell Culture I-‘acility‘ _
of UCSF, San Francisco, Ca., USA. The 14C rat fibroblasts ontaining MMTV ’
promoter, EJ-ras oncogen and a1 4.8 kb Sma-Bgl II DNA sequence construut,
isolated by Dr. William M. Lee (Dept. Microbiology and Immunology) were a

gift from Dr. Alex Tseng (Cancer Research Institute),

HPLC
HPLC was performed with the following instrumental components: Waters
Associates (Milford, Ma., USA) Model 5001 Solvent Delivery Pumps, Waters

Model 680 Gradient Controller, Waters Model 730 Data Module, and Hewlett-~

Packard (Santa Clara, Ca., USA) Model 1040A High Speed Spectrophometric

Detector. Chromatographic data were stoced in a Hewlett-Packard Model 9121D '
. BN

Disc Memory System and plotted by a Hewlett-Packard HP 747A Graphic Plotter. N
.a\

HPLC eluate fractions were collected with an Isco (Lincoln, Ne., USA) Model ::::
‘. ‘b~
wi

e e e mrime e M W e m e — e -
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(Retriever No. III) Fraction Collector and counted on a Beckman (Palo Alto,

Ca., USA) LS 3800 Scintillation Counter. The column employed wvas a Beclman-
Altex (Berkeley, Ca., USA) analytical rever<ed-phase column (Ultrasphere ODS,
5um, 25 cm x 4.6 mm ID), with a precolumn packed with the same sorbent as

the analytical'column. Chromatography was carfied out at amnbient temperature.
The buffer system employed was: Buffer A, 0.10 M potassium phosphate (pR 4.25);
Buffer B, same as A but containing 20X methanol; Buffer 7, 0.10 M potassium
phosphate (pB 7.0), l.O‘H urea and 502 acetonitrile. The flow rl:e’bas 1.5 ml/
min. throughout. Upon sample injection the gradient started from 1007 A to

100% B in 20 minuceﬁ, using concave gradient curve 9. Elution continued at

4
§

100Z B for an additionnl 2 minutes and then a linear gradient was commenced

S IR .
‘

. .g';t’ :0

)
..‘.f"

from 100% B to 1002 C during 6 minutes, and elution wal continued at 1002 C

for gg.,lo minutes.

Isolation of poly and mono(ADP-ribose) present in vivo from cells. Cultures

of 14C rat fibroblasts were maintained in Dulbecco's MEM + 10% FCS + penicillin/
Streptonycin at 33°C in 5% CO2 + air atmosphere. Doubling time of the cells
was 24 hours and at the time of confluency cells were removed by trypsin
treatment, gedimented at 1500 rpm (room temperature), washed twice by centri-
fugation in PBS and counted in a hemocyﬁometer. Figure 1 shows zhe overall
steps on the igsolation of poly(ADP-ribose) from 14C rat fibroblagts. For a
detailed experimental description, see Reference 19 . Briefly, the cell pellet
wvas exfrac:ed with 20% (w/v) trichloroacetic acid to remove soluﬁle nucleotides.
For each extraction, the pellet was dispersed by sonication (power setting 2,
four sets of 20 pulses on a Bronson Sonifier) with cooling in an fce-water

bath followed by centrifugation at 4°C (3000 x g for 20 minutis). Extr;ction
was repeated six times to assure complete removal of nucleotides which other-

wise may be trapped in the acid-insoluble material. The protein-bound polymers
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and moncmers were isolated by successive base hydrolysis, p;oteolysis by
proteinase K, followed by phendl extrac:ioa and phenyl boronate chromatography.
Elution of poly(ADP-ribose) and of AMP (which derives from mono(ADP-ribose))
from the boronate column £7 cm x 0.7 cm) was done with 1 M triethylammonium
acetate* (pH 6.3) instead of Tris-ﬂci. After freeze-drying the material was
dissolved in distilled'wa;er and subjecte& to periodate oxidatio~ and [3H]
sodium borohydride reduc‘tion (see below).

In vitro preparation of poly(ADP-ribose) standard. The method

employed is described previously (18) except that for elution of pcly
(ADP-tibose) from the boronate column i M triethylammonium acetate (pH 6.3)
was used instead of Tris-HCl.

Preparation of 2'-(5'-phosphorivosyl) ndenosine 5'-monophosphate

(PR-AMP) standard was done as described previcusly (18).

Tritium "labelling”" of poiv(ADP-ribose) and AMP.

(a) Oxidation of poly(ADP-ribose) and AMP with sodium periodate.

Samples containing up to 50 nmolwof ¢ig-diol groups in 0.100 ml of distilled
water were combined with 0.010 ml of 10 mM sodium periodate, vortexed and
allowed to react in the dark at room temperature for 30 minutes. This reaction
time assures complete oxidation of the 2',3'-gig~diols ;f the ribose

moieties of the polynucleotide to the corresponding dialdehydes without
breakage of the polymer backbone (18). The oxidized sample was immediately

reduced in situ (see below).

*In contrast to Tris-H. 1, triethylammonium acetate quantitatively elutes
poly and mono (ADP-ribose) from the boronate gel and, due to its volatility,
can be removed by freeze-drying, thus eliminating the need for desalting.
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(b) Reduction of oxidized poly(ADP-ribose) and AMP with [3H]—aod1um

borohydride. The periodate-oxidized sample of the pélynucleatide or AMP

- wag chilled, buffered by addition of 0.005 ml of 0.10 M potassium phosphatie
(pH 6.6) followed by 0.005 ml of a 0.10 M solution of sodium [33]-borohydride
in 0.10 M potassium hydroxide. The resultant aolution, which v;s nildly
basic (pH 8-9), .28 allowed to react in the dark at‘tﬁc- temperature for 30
minutes. Excess reducing agent was then decomposed by uddiiion of 0.025 ml
of aqueﬁus acetic acid (2.0 M) aﬁd tle sample dried in the fume hood by a
stream of nitrogen. In ordér to assure complete removal of exchangeable
tritium, the dried sample was redissol#ed in 0.100 ml of aqueous acetic acid
(0.50 M) and then redried, and this step was repeated once more. The driéd
sample was then dissolved in distilled water and an aliquot cotreﬁponding

to 2 to 10 x 106 cells wvas injected into the HPLC system.

RESULTS AND DISCUSSION

The chemical reactions un wh;ch this method is based are: (a) the
oxidation by sodium periodate of the ZZBLgigfdiol groupi of the ribose
moieties in poly(ADP--riboae)f and related nucleotides, whercin the ribose
rings are opened by a splitfing of the carbon-carbon bond of the cis-diol
and two aldehyde groups are formed, and (b) the reduction by [3H]~borohydride
of these aldehydes to primary alcohol groups. In the reduction of each
aldahyde group, a C-H [3H] bond. is formed which, being ronexchangeable with
water hydrogens, constitutes a stable isotopic labelling.

The procedure for periodate oxidation - [3H]-b0tohydride reduction

which we employ represents a modification of a method previously reported

- - -

- .
In poly(ADP-ribose) each monomeric unit contains two ribose moieties, but
only one of these has a cis-diol available for owidation.
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for oxidation-reduction of monomeric ribonucleosides (21) and ribosyladenosine
(17,22). Because our approach, unlike that of previous workers, is to
oxidize poly(ADP-ribose) in its polymeric form without degradacion, it was
aenirablh to datermine conditions fét the reactivity of the - lymer with
lodium.periadate. In a previous study (18) we showed that poly(ADP-ribose)
indeed undergoes periodate oxidation - [3H]-borohyar1de reduction without
disruption of the polymeric backbone, but we did not determine teaporal
requirements for optimal conditions. As seen in Table I at a concentration
of 0.5 mM (ADP-ribose) units and 1.0 oM sodium periodate the initial half-
life of oxidation of the polymer (reasured by sodium periodate uptake) is
four times longer than that of adenosine and ten times that of AMP. However,
the rate of reaction is still sufficiently fast that, at room temperature
with 2-¢qﬁ1vilents of periodate present, oxidation is complete within 30
ainutes.

The time requirement for reducticn by borohydride of the oxidized
‘groups (dialdehydes) was determined by HPLC analyses of dialdehyde reduction.
The reve.sed-phase HPT.C system (18) readily separates poly(ADP-ribose) from
nucleotides (Figure 2). Figure 2 also shows the elution peak identifying
AMP which has been periodate oxidized and borohydride-reduced, denoted
AMP*? wﬁich ve employ as a primary standard. Figure 3 presents our kinetic
study of the reduction of periodate-oxidized AMP (AMP-dialdehyde) by
borohydride to AMP* . At an initial concentration of 0.48 mM AMP-dialdehyde
and 4.8 mM borohydride, at room temperature, pH 9, reduction to AMP* is rapid
and complete within 10 minutes. As seen in Figure 3 at zero re;ction time

AMP-dialdehyde displays itself as a broad elution peak ceutered at ca. 4 min.

Anucleotidea with * denotes [3ﬂl-labelling.
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At a reaction time of 0.25 min. this broad peak is lalgcly transformed to

two new peaks. The first at retention time 4.90 min., the uccond at 7.45 min.
The first of these new peaks is presumably the partially reduced species (1.¢.,
with one aldehyde group still unreacted) while the sc%ond is the fully

reduced product, AMP*. This becomes cvidént as the rLlction progresses and

at reaction time of 10 ain. essentially all of the msterial is comsolidated
into the AMP* peak. , : ,

It i{s further worth noti'e that (a) a minor pc#k is observed at
retention time 23.5 min. (Pigure 3). We have oblerve# that 1if the reaction
mixture is unbuffered, this peak, which possibly reprlents a dimeric aldehyde
species, increases in size although still rmining alninor component. There-
fore, in order to minimize this minor product we includc potlsliun phosphate
(pH 6.6) in an amount equivalent to the potassium hyd#oxidc in the carrier
solvent of the boropydride reagent. Thus, vhen boroh%dridu is added to the
periodate-oxidized nucleotide, the resultant -olution? has a pH of about 9,
which is sufficiently basic to prevent decomposition i’of borohydride by |
aqueous protons, but not so strongly basic to cntalyz%c aldehydic adducts.

(b) Excess sodium periodate, which carries over frOﬂ{the oxidation step, does
not interfere with the reduction reaction. Even wheé the amount of excess
periodate was intentionally tripled, no inhibition oﬁ the borohydride reduction
of the dialdehyde was observed. (c). If the borohydride reaction mixture is
allowed to stand at room temperature for periods up To an hour, no decomposition
}

Based on the rapidity of the borohydride reduction of AMP-dialdehyde,

of AMP* {s detected in the HPLC.

we estimate that a 30-minute reaction time would be ﬂuplt for complete




. of the poly (ADP-ribose)* was consistently the same as that of AMP*,
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réduction of periodate-oxidized poly(ADP-ribose) to poly(ADP-ribose)*,
This was confirmed by reacting oxidized poly(ADP-ribose) with [3B]-boro—
hydride (in quantities analogous to those detailed above for AMP) for
30 min., isolating the polymer by HPiC (see below), determining its
specific radioactivity, and then re-subjecting the material to a new
cycle of reduction with a large excess of [3H]-borohydridc (100 x).

No further incorporation of radioactivity (nc change in specific radio-
activity) wvas detected, proving that during the initial 30-minutes

couplete reduction was effectld, In addition, the specific radioactivity

Conéerning th; HPLC behavior of the tritisted derivatives of the '
structural constituents of poly(ADP-ribose) (i.e., AMP*, PR~AMP*, and |
Adenosine?*) on the ODS reversed-phase column, it is predictabl; that
these molacules have shorter rétention times than their unreacted parent
corrpounds. Table II gives the retention fimel for adenosine, AMP and
PR-AMP and their tritisted derivctives; The shortar fctentién times are
expeétea because oxidation-reduction of the secondary hydroxyl groups
of the ribose ring (2',3'-cis-diol) results in'brenﬂage of the ring into
open chain primary alcohols. However, as we have privioualy shown (18),
oxidation-reduction of poly(ADP-ribosa) does not alter significantly
its retention time in this elution system, contfary to the beh;vior of
monomers.

For quantitation of‘pbly(ADP-fibose) by conversion to poly(ADP-
ribosge)*, we simultnneo&;ly carry out generation of AMP* from AMP as
primarf external standard. Figure 4A shows the elution profile of 5 nmol

AMP* as followed by radiocactivity counts of the RPLC eluate fractions.




‘Repeated preparations of AMP* routinely gave us a total of about 2.1 x 106,

.cpm/nmol AMP*, At this specific radioactivity it is possible to detect
subpicomol amourts of tritisted product. If additional ncnaitivity is
required, lsa]-sodium borohydride of higher specific radiocactivity can Ec
employed.

When analyzing poly(ADP-ribose) content of biological samples,
wve routinely ran parallel samples of AMP, subjecting them to the same
reactions and monitoring the specific tidioactivity of AMP* as an indica-
tion of complete labelling efficiency.

Pigufe 4B shows the elution profile of radiocactivity of s double-
labelled samplc of poly(ADP-ribose)* (4 uno;) derived from llacl-poly
(ADP-ribose) (generated by in vitro incubation of IIAC]-NAD with rat liver
nuclei (18)). From this HPLC chromatogram, it is clear that [3B]-labelling
has occurred only where ilAC]-label is present, except fur the first
elution peak at about 2.5 min. (denoted as peak 1) which has virtually no
retention time in the column. Fven in blank samples containihg no nucleo-
tide such a tritium-containing peak is observed.

We have found that the elution profile and specific radiocactivity
of poly(ADP-ribose)?* is not affected when the a--unt of poly(ADP-ribose)
is decre:sed significantly relative to the excess sodium periodate and (331—
borohydride reagents. Thus, when we subjected 50 pmol of poly{ADP-ribose)
to the same exact conditions as 5 nmol, the poly(ADP-ribose)* gave the
same elution profile and specific radiocactivity. However, peak 1, which

does not derive from the polymer, is observed to be larger and constizutes

the most intense peak in the chromatogram (not showm).

.16

P
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Since in biological samples the amount of poly(ADP-ribose) is not known prior
to analysis, it is 1mp9rtnnt that the amounts of excess reagents do not '
intgrefere with complete conversion to pely (ADP-ribose)*,

In Figure 43, the double-labelled [140, 3H] peaks are identified as
follows: Peaks 2 and 4 are PR-AMP* and very shprt 6;igomefs respactively,
while peaks 3 and 5 are AMP* and poly (ADP-riobse)* respectively.

Figure 5 reﬁresents a typical chromatogram obtained from a biolﬁgical
sample containing poly(ADP-ribose) from 14C rat fibroblasts. Poly (ADP~
fibqse) from 1.08 x 168 cella was 1aol;ted and dissolved in 300 ul of wvater.
A iOO ul poriion was subjected to the periodate oxidation =~ {3H] borchydride
reductﬁon procedure (see Experimental section). An aliquot of the [3H]- i
labelled product corresponding to 4.5 x 106 cells vas chromatographed. The
[3H] counts under the poly(ADP-ribose)* peak totalled 1.8 x 10§ cpm,
corresponding to 175 pmol poly(ADP-ribose) per 106‘cc113. The AMP measur'ed
as AMP*, which repregsents thevmoﬁo(ADP—fiboae) content of the cells, was
14,3 pmol par 106 cells. This means that one pmol ADP-ribose unit is

3 cpm [3H]. Since the method is very sensitive and

equivalént with 2.2 x 10
repfoduqible, a much sualler number of cells than specified above is sufficient
to yield quantitated amounts of AMP* and poly (ADP~ribose)* radicactivity.

The intracellular poly(ADP-ribose) concentrations reported by others
(14,23-25) gnd obtained by different techniques in our laboratory (cf. 26)

ate in the same order of magnitude as results obtained by the present technique.

However, comparison with the reported method based on ethenoadenine fluorescence:
(16) is difficult for several reasons. Cellular concentrations of ribosv® enosine

are shown as celative fluorescence values and the range of detection (1~.u pmols)

vas calculated from the fluorescence of standards without analytiéal data from

biological material (16).




Furthermore, the intenal standard, as stated (cf. 16) was oligo-ADP-
ribose, ngyer ® 2.5, which has been eluted by HCl from the affinity column.
As Qe have shown (19) the chromatographic behavior of oligo and poly(ADP-
ribose) are significantly différent and we also find (unpublished results)
that polymeric ADP-ribose, with ng ., = 30 to 50 does not el#té from
boronate affinity colums by acidic eluants. Therefore, the possibility
canﬁot be excluded that by acid elution of oligo(ADP-ribose) that has been
isolated from biological material, some or all of long ~hain polym?rs remain
on the affinity column and may escape detection.
| | These discrepancies, besides being attributable to the technical
problem of failure to elute long polymers from affinity columns by
acidic eluants (16% could reflect also cell-specific variations (27).

This problem concerned with comparison of varving cell tvpes i{s the subject

of a separate report.
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FIGURE LEGENDS

Figure 2. Reversed-phase HPLC analysis of poly(ADP-ribose) and
monomeri. nucleotides. Fifty-ul aliquots were injected, containing standards.
Chromatography was performed at room temperature and monitored by UV at 260
nm; with a recorder scale of 0.15 a.u.f.s. Arrows indiqate the positions of
compounds not included in the standard mixture but their elution t;mes determined

separately.

Figure 3. Reversed-phase HPLC monitoring of the borohydride reduction
of periodate-oxidized AMP. Five hundred nmol of oxidized AMP was mixed with.
SOOO‘nmpl of borohydride in 4.5 mM potassium phosphate, pH‘9, in a final
volume of 1100 pl. Aliquots (110 yl) were removed at specific times,
immediately quenched by addition of 50 pl of 2.0 M acetic acid, dried, dis-

solved in 100 yl of water and a 30 pl portion (corresponding to 15 nmol of

oxidized AMP) injected into the HPLC. Chromatography performed at room

temperature with UV detector at 260 nm. The ordinate was 0.300 a.u.f.s. in

each chromatogram. The reaction times are indicated on each ploe,

Figure 4. Reversed-phase HPLC analysis of (A) AMP* and (B) poly
(ADP-ribose)* derived from in vitro-generated poly(ADP-ribose). In (A)
5 nmol of AMP* in 20 pl of water were injected and fractions of the eluate

were collected and counted every 0.5 min. Ian (B), a 20 ul sample containing
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Legends to Figures (Continued)

4 nwol of poly(ADP-ribose)*, were injected and 0.5 ml/min. fractions of the
. eluate were collected and counted. The left ordinate represents [3B]

and the right ordinate [lAC].

= background peak
= PR-AMP*
- AMP*
- - »*
short chain (ADP ribose)n - 4-12

& W N P

v
[}

. *
poly(ADP-ribose)n - 20-50

Figure 5. Reversed-phase H?LC quantitation of poly(ADP-ribose)

present in 14C cells.
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TABLE 1

Initial half-lives of the Reactions of Sodium Periodate (1.0 mM)
with 0.50 oM adenosine, 5'-AMP and poly(ADP-ribose) in distilled water

at 25°c.”

Nucleotide th (min.
Adenosine ‘ : 1.0
S'-AMP 0.4
Poly(ADP-ribose) 4.0

a ~—
Progress of the reactions followed by decrease in UV absorbance at 310 nm

us described (20).

AN, |




TABLE 11

Comparison of Retention Times of Parents and Tritiated

Derivatives® of Structural Constituents of Poly (ADP-

ribose).

Ketention Time (min.)
Compound : Pacent Tritiated Derivative
PR-AMP 10.40 5.12
AMP 11.62 7.45
Adenosine | 22.84 14.8

8periodate oxidized - [3H]-borohydride reduced.

24




FIGURE 1

FLOW-SHEET FOR THE EXTRACTION AND DETERMINATION
OF MONO AND POLY (ADP-RIBOSE)

14C Rat Fibroblasts
202 TCA precipitation

v :
Protein-Mono (ADP-Ribose) + Protein-Poly(ADP-Ribose)

base hydrolysis

. v
AMP + Poly(ADP-Ribose) + Protein

phenol extraction

v

Phenyl boronate affinity column (prepared from 1 g dry
resin) was loaded with the aqueous phase of the phenol
extract and washed with 1 M ammonium carbonate (for
details see 19) and eluted with 40 ml 1 M triethyl-
ammonium acetate (pH 6.3).

AMP + Poly(ADP-Ribose)

NalO; oxidation

Oxidized AMP + Oxidized Poly(ADP-Ribose)

[3H] NaBHA reduction

Reduced AMP + Reduced Poly(ADP-Ribose)
(tritium labelled)

Reversed-Phase HPLC
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Mechanisas of poly(ADP-ribose) polymerase catalysis; mono-
ADP-ribosylation of poly(aDP-ribose) polymerase at aM con-
centration of NAD.

Noi.

Summary

Calf thymus and rat liver poly(ADP-ribose) polymerase enzymes, and
the polymerase present in axtracts of rat liver nuclei synthesize unstable
mono~-ADP-ribose protein adducts st 100 nM or lower NAD concentrations. The
isolated enzyme-mono-ADP-ribose adduct hydrolyses to ADP-ribose and snzyme
protein at pH values slightly above 7.0 indicating a continuwus release of
ADP-ribose from NAD through this anzyme-bound intermediate under physiological
conditions. NH,OH at pR 7.0 hydrolyses the mono~ADP-ribose ensyme adduct.
Desamino NAD and some other homologes at nM concentratioes act as "forward"
activators of the initiating mono-ADP-ribosylation reaction. Thesa BAD
analogs at uyM concentrations do not affect polymer formation that takss
place st yM NAD concentrations. Benzamides at nM concentrations also acti-
vate mono-ADP-ribosylation of the enzyme, but at higher coucentrations in-
hidit elongation at yM NAD as substrats. Iu nuclei, the enryme avlecule
sxtensively auto~ADP-ribosylatss itself, whereaas histones are trane-ADP-
ribosylated to & much lower exteant. The unstabdle mono-ADP-ridose snryme
adduct represents an initiator intermadiate in poly ADP-ribosylatiom.




It is generally assumed (cf. 1-4) that the chromatin-bound enzyme

poly(ADP-ribose) transferase or polymerase (E.C. 2.4.99) transfers ADP-
ribose residues of NAD to acceptor proteins, and notably in thcvinht.d
form the enryme protein itself can serve as an acceptor in the presence of
coenzymic DRA (15,26), resulting in auto-poly-ADP-ribosylation. Since
proteins other than the poly'uuﬁ protein nho. contain lgbcllod ADP-ribosa

(1,2) following incubation of nuclei with labelled NAD it must be assumed

‘that a transfer mechsnism is operative from NAD cn&r dixutlf ADY-ribosy~-

lating "acceptor” proteins (a.g., histonas), a reaction presumably catalyzed
by the polymerase, or altarnatively the iuto-ﬂ-riboqhgd enzyms could
itself irann-m-ribo-yhtc certain acceptor p?otn:l.u. This question appears
to be incompletaly resolved. It is known from extensive studies from
Hayaishi's laboratory (2,14) that once a polymer is formed on the enzyme

it cannot be transferred to histones. Therefore, 1f e transfer occurs at
all, it must happen at the monc-ADP-ribose level. 1t hn‘ aln'bm demon-

strated that histone-bound ADP-ribose can be alongated by purifisd poly

" (ADP-ribose) polymerase (5). It seemed almost {mmaterial what reaction led

to a histone-wono-ADP-ribose adduct, since even Schiff ).u adducts of
histones (6) served as elongation templates (cf. 5). It is now known that
several, sometimes non-nuclear located, ADP-ridose arginyl transferases,

distinct from poly(ADP-ribose) polymerase, can transfer ADP-ribose to

histones or casein and probedly to other proteins with apparently no rigorous

acceptor specificity (cf. 3) and the histone adducts thus formed can be
further alongated by poly (ADP-ribose) polymerase (7). Machandistic
interpretation of the enzymology of ply ADP-ribosylation and of important

supra-solecular svents in chromatin that appear to coincide with shifts in
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protein patterns of -ADP-:ibosyhtion (8,9) depend on a more detailed understand-
ing of the initial steps of ADP-ribosylition at the poly (ADP~ribosd) polymerase |
level (10). Pursuing this question, the existence of an sarly pgoduct (11) was
indicated. This problen was furthev ;tudicd by incubition of the purified
enzyme with 1 uM NAD for 20 seconds {(at 37°C) folllovcd by isolation of mono

and oligo ADP-ribose that was bound to the enzyme protein, thus leading to

the conclusion that the mfu contained multiple "initiator™ sites (12). How-

ever, a pnssibly unusual nature of the uithto: site has not been considered. H

We have employed aM concentrations of RAD as substrate for the poly(ADP~ribose)

polymerase of various nuclei{ and found that almost axclusively mono-ADP-
ribose adducts wers synthesized (13) indicating that bciov uM concentration

of NAD the polymerase appeared to catalyze mono-ADP-rixse transfnf. Following
this experimental approach we report here that purified poly(ADP-ribose)
polymerase from two sources catalyzes the auto-mono-ADP-ribosylation of the
enzyme protein resulting {n highly unstable moncmer adducts that especially
under alkaline conditions, reported earlisr to be optimal for the polymerase
enzyme (cf. 1,2), release ADP~-ribose from NAD apparently accounting for the
known NAD-glycohydrolase activity of this enzyme (14). The prasent paper

deals with kinetic anslyses snd interpretation of these phenomenas.

EXPERIMENTAL PROCEDURES ‘ :

Calf thymus poly(ADP-ribdose) polymerase wes purified to homogeneity
by a published method and coenzymic DNA vas isolated simultaneously (cf. 15).

Partially purified rat liver poly(ADP-ribose) polymerase was “solated to

stage IV as reported (10). ADP-ribose, MAD and poly{ADP-ribose) were identi-
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fied by high performance liquid chromstography (16s, b). Gel electrophorasis
and enzymatic assays and the isolation of rat liver nuclei were u;.:riod out as
published (17). Rapid isolatiocn of ADP-ribosylated proteins by Sephadex G-50
column centrifugation vas performed as described (18).

ﬁPLC identification of nucleotide products from neutral hydroxylamino-
lysis and base hydrolysis of mono-ADP-ribosylated nuclesr protcﬁc vas carried
out as follows. Sixty ug of nuclei were incubated with 100 aM [32P]-NAD
(S.A. ® 800 C4/mpol, NEN) for 10 minutes. The reaction was stopped by addition
of 1 ml of 202 TCA followed by cemtrifugation (2000xg). The pellet was washed
further with 3 additional portions of 20X TCA, until the supernatant did ﬁot
contain any appreciable radicactivity, and then twice with 1.5 ml portions of
diethyl ;thcr to remove TCA and lipids. The pellet was then digested either
vith neutral hydroxylamine (1 X at 37°C for 1 hour) or with aqueous potassium
hydroxide (1 M at 56°C for 1 bour). Samples were acidified to pH 5.0, enﬁ:ri—
fuged, and the clear supcmtant injected into the HPLC system. The HPLC con-
ditions were the same as descrided previously (16a) dccpt the flov rata vas
1.50 al/ain. |

Rat liver nuclei (protein content 10 mg/ml) were extractsd with an equal
volua; of 0.5 M XC1, 50 mM Hepes, 5 aM DIT pR 7.2 by incubation for 3G minutes
at 4°C, then centrifuged at 105000xg for 30 minutes at 4°C. The supernatant
(2.7 mg/ml protein contsnt) was used for further cxp;rin-nt.. To 200 ul nuclear
extract, 60 ul of 750 uM Tris HC1, pH 8.0, 50 aM MgCl,, 10 mM DTT and { 2P]-NAD were
added (tstnl volume 300 ul) and incubatad for 10 minutes at 23°C. The final
NAD concentration was 100 nM . Thersafter 250 ul cf the sample was injected
into a TSK W-2000 HPLC column and chromstographed with 235 aM lcpu, PR 7.4, 0.25

" M KC1l, 2.5 aM DTT elution buffer at a 0.5 ml/min. flow rate at 23°C., Balf-ml
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aliquots were collected and 50 ul of each fraction was tested for radicactivity.
Fractions 34~-35 containing the adduct were collectad and used for :xperinents
shown in Pigure 2B. Alternatively 5 x 10’8)( purified calf thymus poly(ADP-
. ribose) polymerase was incubated with 100 aM [SZP]—NAD fqt 20 minutes at 23°C
.under the conditions described in the Legend to Figure 1. 'n?e total volume

was 100 ul. At the end of incubation, the macromolecules were separated from

'
'y
P’

-?":': :'r_ b’?:

_ the unreacted [32P]-m by Sephadex G-50 columm ce:trifﬁgntion (18) using 10.0

aM Tris HC1 pH 7.4, 10 uM MgCl;, and 2.0 mM DTT as equilibration buffer. Ninety

'y
®
-

to 95X ADP-ribose was bound to proteins. This was determined by hydrolysis of
samples with 1 N NaOH for one hour at 23°C, followed by neutralization and EHPLC
analyses (1l6a) of ﬁtoductn. In addition, products were also identified by PEI-

cellulose TLC, developed with 0.9 M acetic acid, 0.3 M LiCl running buffer.

RESULTS

ERES IADALAIA (TR

r s
x & 'e

Automodification of purified poly(ADP-ribose) polymerase of calf .thymus

T,
"0

\n.n determined at nM concentrations of NAD. Initial velocities were plotted
against NAD concentraticns as shown in Pigure 1. At aM concentrations (lower
curve) a coacave curve was obtained, suggesting multiple binding sites for NAD. ':f-
On the other hand, vhca Vinie is plotted against uM concentrations of NAD - a K

practice generally followed - no anomalous relationship between vy, 4 and NAD

concentrations could be detected (Figure 1, upper curve).

The nature of the ADP-ribose enzyme adduct wvas studied with an extract
of rat liver nuclei and also with purified enzymes, keseping RAD concentrations
at or below 100 nM. 1t 18 of interest that regardless of tha purification stage
of poly(ADP-ribose) polymerase or the time of incubation with 100 nM or lower
concentration of NAD mo-@?-ribosc protein adducts represented 85-90% of

protein products. With crude nuclear extracts, depending on the time of incuba-
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tion, mono-ADP-ribosylated histones vere also fomed,' apparently as the result
* of transesterification from enzyme-ADP-ribose (Bauer, P.I. and Kum,:E., un~- |
published). Rat liver nuclei were extracted with 0.5 M KCl and this extract
incubated with 100 nM NAD, and the ADP-ribosylated enzyme was isclated on a
TSK W-2000 HPLC column as shown in Figure 2A. An identical peak was obtained
vhen the homogenous calf thymus enzyme was ADP-ribosylated. The same ADP-
ribose-enzyme adduct was also isolated by Seaphadex centiifugation at 4°C

(cf. 18) in order to maintain maximal enzymatic activity suitable for the

identification of the pH stability of the ADP-ribose enzyme dond (riéurc VZB).‘

It is evident that this bond was very sensitive to OB and significant hydroiysis

v
n

occurred above pH 7.0. The natura of the hydrolysis product was deterained by

HPLC (cf. 16 a.,b.). BHydrolysis by hydroxylamine (cf. 20) at pH 7.0 or ':::
¥ o
hydrolysis at pH 8.0, yielded only ADP-ribose and at pH 14 ADP-ribose vas cleaved -::‘_
[

to AMP + ribose-phosphate as shown ty results from Hilz's laboratory (cf. 1).

«
a
4 *

The kinetics of synthesis and hydrolysis of ADP-ribose-enzyme adducts
are iliustrlted in f‘igurn 3A and B. Parrially purified rat liv.r. ﬁoly(ADP- .
ribose) polymerase (Figure 3A) catalyzed the mno-m-tibol_yhtitl:n of the
enzyme protein at pH 8.0 following a time course shown in curve 1, upcrinent;l
points representing acid precipitable ADP-ribose protein ndducti. After about
50 minutes the rate declined, indicating an increased hydrolysis of enzyme |
ADP-ribose adducts. When the forvard reaction was inhibitsd by nicotinamide
(or benzamide) at 20 minutes, & rapid decay of adducts was evident (curve 2).
Following acid ptocipitatiﬁn, products were vmupended in 1 M NH,08 (pH 7.0)I
and incubated at 37°C for 1 hour. Controls, coﬁta!:.ing no NH,0H, only buffer,
vere treated identically. About 80-902 of acid precipitable mttriais vas

hydrolyzed by NH,0H at pH 7.0 in 1 hour and curve 3 vas obtained. Bydroxyl-
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aminolysis performed in the inhibited system (curve 2) resultad in curve 4. It

]

.'r,: {:’."
3

b

was apparent that the NH70H seusitive/resistant bond ratio was nearly the same

-;‘-

Ny %
0

in both control (curve 1) and inhibited (curve 2) systems. In a separate series

~of experiments, the ADP-ribose enzyme adducts were isolated (Figure 3B) by

TN
2 N

Scph.adcx centrifugation (18), as indicated by a downward arrow. Without addi-

L

tion of NAD, the enzyme-ADP-ribose adducts hydrolyzed at pH 2.0 and this rate N
was not appreciably altered by nicotinamide (or benzamide). Added RAD maintained -t_:
N
the steady state level of ADP-ribose enzyme adducts. These txperinﬁt. which | \;:3
are shown in Figure 3B (inset) were done with the homogenous calf thymus poly- :,:\'
merase. The sum of rnul;'.n (Figure 3A and 3B) demonstvate that the first product :“:
formed at 100 nH‘NAD concen:ratiqn il' an Qn:tablc monomeric adduct of An?-rib'ooe | gg
and the enzyme protein and this adduct spontaneously dceoupocd at pH 8.0 in th§ ;‘.‘3
absence of NAD that supports the fomr& reaction. The same enzyme-mono-ADP- | ﬁ
ribose adduct is formed in crude and purified enzyme preparations. It is note- . \‘E
worthy that even prolonged incutation with below 100 oM NAD only yields monomers ::é
wvith only traces of short oligomars, clearly discriminating this initiation step E
from elongation, that requires higher than 100 nM RAD as mhstrit.. This was '\fs
verified by previously developed rechniques (16a,d) tested within 10 :§ 100 5‘3

minuies following enzymatic ADP-ribosylations (Pigure 3). The bond between

s e
.
LAy N8

¥ 3t

*

ADP-ribose and protein was identified as an NH,OH sensitive astaxr (first order

P

rate constant of hydrolysis by NH,0H at pH 7.0,23°C 1is KI = 1.04 h'l). Analyses

‘l

&

~ VAR
AR o
D
- [P

of products formed at pH 8.0 or at pH 7.0 In the presence of NH;0H from anzyme-

8
-

..’,.,‘
"»‘y}

‘bound ADP-ribose yielded only ADP~-ribose and no NAD was gsnerated from added

v

nicotinamide. 1 . .
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With the aid of NAD analogs and inhibitors, it was pounible;to discrim-
inate kinetically between the initiation and elongation catalysis pcrformﬁd by
the homogencus calf thymus enzyws. Initiation vas determined at nM concentra-
tion and elongation at 9 uM NAD, (Table , Experiment 1). Formation of polymers
at 9 uM NAD was ascertained by HPLC (16a,b). None of the NAD analogs had an
appracinbic effect on elongation, but at nM concentrations the initiation reaction
was notably activated, an effect that ﬁnl especially pronounced at 12 nM with
acetyl-pyridine~-NAD (Experiment 3, 310Z), and 12 nM nicotinic lcié NAD (Experi-
ment 5, 475%). Different effects on initiation and on elongaticn unrelobtained
with nM concentrations of benzamide and its amino analogs, which are knovn
inhibitors of the enzyme (19). As shown in Experiments 7 to 10, initiation
determined at 25 oM NAD concentration is activated by 263X by 30 nM benzamide
and by 225% by 12 nM 3-aminobenzamide. On the other hand elongation, that
was determined at NAD concentrations varied between 0.01 - 1.0 mM and benzamide
concentrations varied between 5 to 200 uM, exhibited competitive inhibition
with benzamides with varying Ky values. Our Ky values differ from those
originally reported with crude nuclear extracts as a source of polymerase (cf.
19). This discrepancy is probably due to the experimental conditions since wve
applied homogenous calf thymus enzyme and saturating concentrations of coenzymié
DNA (15). Due to the complication introduced by qualitat 'vely different
responses ou initiation and elongation to different codcgntrations of an inhibitor
(e.g., 3~aminobenzamide), the effects of these substances on the polymerase can
be highly variab.e «nd activation or inhibition may be obtained iu a functi&n of
NAD coﬁcentrntiqn.

Mono-ADP-ribosylation of protsins with 100 nM RAD as substrate can be

readily demonstrated also with isolated rat liver nuclei (cf. 13)., The quantity
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of protains isolatd by gel alectrophoresis (17) was determined by densitometry
using the purified enzyme protein and histones as standard. Specific zadicactivity
was determined for each histone species (cf. 17). There wvas 2 marked diffevence

in the specific activities {{.e., w0l of ADP-ribose/mol protein) of the enzyme

{calculated from Figure 1) and histones: (0.05 - 0.1 mol ADP-ribose per mol enzyme

and 0.002 - 0.wé4 mol ADP-ribose per mol histone Hj), clearly indicating the pre-

dominance of suto-mono-ADP-ribosylation of the enzyme protein even in nucledi.
DISCUSSION

Our u:perinnntnl results are consistent with a uchnnin that includes
the formation of an unstable mono-ADP-ribose enzyme protein initiator sdduct
that is likely to be the first catalytic product of poly ADP-ribosvlation.
Recognition of this initiator adduct (11,12) has Scm made difficult in the past
by the use of uM NAD concentrations, which support both initiation and elongation.
Identification of the initistor mono-ADP-ribose adduct depends on aM concentra-
tione of NAD as substrate. | ' -

By ac‘cepted criteria of hydroxylaminolysis, developed in Hilz's: labora-
tory (cf. 1) the ADP-ribose protein bonds are identified as unstable ester boads,
in agreement with the bonds described for poly(ADP-ribose} protein adducts
(cf. 1-4) except we determined hydroxylaminolysis at pH 7.0 vhersas others (20)
at pH 7.5. We find that the mono-ADP-ribose enzyme adducts are in a dynamic
state with respect to NAD even at physiological pH values and there iz a constant
flow of OH catalyzed release of ADf-ribose from NAD at the ADP-ribose enzyme
initiator tn;phtn. This "apparent NAD glycohydro"hu" activity at the mono-
ADP-ribose binding site can provide ADP-ribose for Schiff base formation (6,21)

with the enzyme protein or with proteins that are located nusv the initiation
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site. VWe have shown that the hydroxylamine insensitive ADP-ribose-protein
adducts, comprising 15-30Z of total adducts, correspond to Schiff Bases as
identified by selective borotritiation (6) (Bauer, P.I. and Kun, E., results
presented elsevhere).

Rates ;f mono-ADP-ribosylation of th; enzyme protsin are ixnatly increased
by KAD homologs which have no effect on polymerization (see Table). Details of
the abnormal kinetics at nM RAD concentrations mdthc;olc of mdif:c::::e_u_#ﬁ
subject to fﬁ:thcr studies. The large effect of desamino NAD as & "forward"
activator of 1n1tiation is probably physiologically significant, since this
substance is a known metabolic precursor of NAD. This novel, probably allosteric
, affector phﬁnonenon on poly ADP-ribosylation initistion, which is prcdictaBly
regulated by a prolably localiced decrease of NAD concentration at chromatin sites
" to nM levels, may explain the 180 fold prevalance of monomer adducts over polymer-
protein compounds, as found experimentally in AH7974 cells (20). Mnother feature
of the unstable mono-ADP-ribose chzyne initiation adducts is their propensity to
serve as ester-donors for ADP-ribose transesterification rsactions to certain
glutamate and lysine carboxyl endgroups of histones as has been demonstrated (22,23)
In agreement with Kreimeyer, et al. (20) on a molar basis ADP-ribosylation of
histones appears to be minimal as compared to the enzyms protein. The large
quantities of nuclear histones containing low nola_r specific activity of ADP-
kribo-o (i.e., mol ADP-ribose/mol histone) will necessarily exhibit large spots of
auto-radiograms. Similar transesterification mechanisas may account for ADP-
ribosylation of topoisomerase (24). It has been reportad (25) that enzymatic
cleavage of histone-ADP-ribose adducts can be catalyzed by a cytosolic enzyme,
resulting in a rearranged product of ADP-ribose: ADP-3"-deoxypentose-2"-ulose,

that can be chromatographically distinguished from ADP~-ribose. Bowever, hydroxyl-




aminolysis at pH 7.0 of the same adduct yields only ADP-ribose (25). Since no

| s

1
other substance except ADP-ribose was identified as a product of hydroxylaminolysis
of the ADP-ribose enzyme initiazor adduct, there seems to be no complicating

intarference by the reported ADP-ribosyl-protein lyase inm our system. Actually

this enzymatic reaction has been rigorously demonstrated to act on ADP-ribose
adducts of histone H; and HpB (cf. 25). i . s

Demonstration of an \;:zstable ADP-ribgou-cnzyu initiation adduct,
detectable at nM NAD concentrations and po-iuuing special regulatory properties

‘ |
(e.g., forward activation by desamino NAD) provides a catalytically feasible model

for initiation and limited trans-ADP-ribosylation and also explains the hitherto

enigmatic "cxtr-"-NAD-glycohydrohu.activity of poly(ADP~ribose) polymerase.
i
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FPigure 1 .
Upper Curve: 5.2 x 10
concentration range) in the presence of 6 ug/ml coenzymic DNA for one minute at

91! enzyms was incubated with [“cl-w (0-200 uM

23°C snd products assayed as reported {(17). The volume of the incubation mixture

vas 100 yl. The specific activity of nicotinamide (U-uc]-adninc dinuclectide
"(Amersham) was 300 aCi/mmol. ’ ‘

lower Curve: 2 x 10.9)4 enzyma wes incubated with [32P]-IIAD (0-100 nM
concentration range) for one minute at 23°C in the presence of 6 ug/ml coenzymic

DRA, in & total volume of 30 ul.

Figure 2
A. Isolation of enzyme-bound ADP-ribose by NPLC.

B. The dependence of hydrolysis of ADP-ribose enzyme adduct om pH..

ldentical results were obtained with crude and purified enzymes.

Figure 3
A. Effect of nicotinamide and hydroxylamine on products synthesized by

partially purified rat liver poly(ADP-ribose) polymerase (step 4 of ref. 10).
Twenty ug enzyme protein was incnb-t’od with 100 oM [32_‘]—10\1) and 23°C, and
aliquots vcrc“rnovcd at specified times. ADP-ribose enzyme adducts wers
determined by 10X TCA precipitatiom.

Curve 1 = without additions.

Curve 2 = addition of 160 M nicotinamide or 10 aM benzamide.

Curve 3 = hydroxylaminolysis of experiment described in Curve 1.

Curve 4 =« hydroxylaminolysis following addition of nicotinamide
or benzsmide.




a2

B. (Inset) 4.5 x 10-8)! purified calf thysus enzyme was incubated with ‘

30 oM of [32?]-m in a total volume of 150 ul under the conditions described
in Figure 3. Pive ul aliquots were withdrawn and the 10Z TCA precipitable
radiocactivity determined. Bog:l.n.i:ing at 20 minutes aliquots of ADP-ribosylated
enzyme were vithdrawam and Nazca sensitivity of ADP-r:l.bo.u protein bonds were

assayed at pﬂ 7.0 (A= 0, ~0— 0~ , see Results).

Legend To Table 1

Enxymatic activities wers datermined under conditions described in

| ‘hgcnd to Figure 1, HAD-nnnlo‘gs and their concentrations are givean in coi.m 1,
NAD concentrations in column 2, Vinit of -ouo—ADP-tibos"yhtinn in columm 3,
"vinit of elongation in column 5.‘ In Experiment No. 1, elongation rates and
initiation rates are given (at 9 um and 25 nM NAD concentrations respectively)
in tfu absence of NAD analogs, and column nos. 4 and 6 expresses I activities

of systems containing NAD analogs.
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. TABLE 1. Effects o

f RAD analogs on the initiation and elongation rates of the
sutomodificacion of purified calf thymus poly(ADP-ribose) polymerase.

12 oM

Elongation
Initiation Rate Rate pmol ACP
fmol ADP-ridose/ ribose/pwol
. Substrate |pmol enzyme a1l | X of enzyse in 1 2 of
Mo, Malog NAD _ min. Ko. 1 | min. Ko. 1
1 - 9 .M - - ‘3.0 100
- 25 oM 10.5 100 - -
2 Ounino-m
12 aX 25 oM 13.0 125 - -
30 oM 25 aM 16.0 160 - -
1 = 9 uM - - 5.6 93
3 Acetyl nrﬁ—
dine~NAD |
12 aM 25 oM 32.3 310 - -
30 nM 25 oM 19.3 190 - -
1 =M 9 uM - - 7.0 116
4 Aldehyda
Pyridine-NAD
. 12 oM 25 o 17.8 n - -
30 oM 25 aM 15.6 149 - -
1w 9 uM - - 6.5 110
] licottni.‘c
Acid-
12 oM 25 oM 49.4 474 -
30 oM 25 oM 28.3 270 - -
1w 9 uM - - 7.2 120
' |
6 Amino
Pyridine-RAD
12 aM 25 aM 30.7 293 - -
0 aM 25 aM 28.2 269 | - -
1 =M 9 uM - - 6.85 110
7 Benzanide
12 aM 25 aM 1.5 110
30 aM 25 oM 25.4 263 —
$-200 uM 0.01-1 =M - - |xy =39 ux
8 2-Aminobenzamide
12 aM 25 oM 8.6 82 —
30 oM 25 nM 10.6 100
$-200 uM 0.01-1 mM - - Ry =71 um
9 3-Mainobenzamide
12 aX 25 oM 23.% 225 -—
30 oM 25 oM 15.8 150
5-200 uM 0.01-1 =M - - |ERg=12uM
10 4-Aminobenzamide
25 N 13.2 120 -
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MECHANISM OF INACTIVATION OF POLY(ADP-RIBOSE) POLYMERASE OF
RAT LIVER NUCLEI BY 4-DIAZO-BENZAMIDE. COVALENT BINDING OF
THE DIAZONIUM COMPOUND TO DEOXYGUANINE. OF COENZYMIC DKA.
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* Abstract
- The 4~diazonium derivative of 4-amino-benzamide was prepared and

condlitinns for the inactivation of nuclear poly(ADP-ribﬁse) ipolymerase,
by this molecule established. Labelling with [3H] in the 3 and 5
position was done by 1—9[31!] exchange in 3, 5-dijodo-4-amino-benzamide
which was then diazotized, yieliirg neat isotope incorporation into 4-
diazo-benzamide. The nuclear enzyme was inactivated by treatment (at

4°C) with 4-diazo-benzamide, whereas 4-diazo-benzoic acid was ineffective.

Benzamide, which is a reversible inhibitor of poly(ADf-riboqe) polyﬁmrnse', :
prevented enzyme inactivation by 4-diazo-benzamide. With the aid of :.j
3.'5[3H]~4-dn§o-benzuide una 3,5[331-4-diazo-benzoic ‘acid it was shown i
that the diazonium compounds up to 5 mM selectively bind to dGMP of DNA g
but not to proteins. The catalytic function of coenzymic DNA was abolished :
by 4-dimzo-benzamide parallel to its covalent vlddition to dGMP. 4-diazo- bi
benzoic acid, although binding covalently to coenzymic DNA did not inter- _-:’
fere with its catalytic activity. It is concluded that the covaien: adduct “
of the benzamide residue of 4-diszo-benzamide to dGMP of coenzymic DNA is i

kept at the inhibitory site of the enzyme by the tigat binding of DNA to

its binding domain on the enzyme protein. Thevefore, the inhibition

kinetics of DNA bound benzamide residue appears to be inactivation. The
molecular vicinity of catalytic and DNA binding sites on *he enzyme protein

appears probable.
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A unique feature of nuclear poly{(ADP-ribose) polymerase (E.C. 2.4.99)
is its dependence for catalytic activity on DNA (cf. 1,2). This DNA can be
gimultaneously isolated with the enzyme protein as a species (or sequencé)
that remains tightly associated with the enzyme protein during purification
and'may be separated bty hydroxylapatite‘chromntogxaphy (3). The precise
identity and catalytic function of this "coenzymic" (cf. 3) DNA i# the
mechanism of poly-ADP-ribosylation constitute as yet unresolved problems.
It was shown that enzymati; cleavage or nicking of double-stranded circular
DNA produces coenzymatically active DNA for poly(ADP-ribose) polymerase
(4,5,6,7) and synthetic oligodeoxynucleotides can kinetically replace
coenzymic DNA in vitro, (8,9). However, it is as yet unclear cto what
extent these model studies relate to in vivo conditions where it may be
assumed that a ;pecific binding of a specific DNA species or seqﬁence to

the enzyme protein represents thi regulatory DNA coenzyme of the polymerase

(10 a., b.)

1f a DNa species or sequence is to participate in the molecular
mechanism of poly-ADP-ribosylation, it would be expected that a correlation
should exist between DNA binding sites and the catalytic sites of the
enzyme protein. A dependence of Ky values for NAD on the concentration of
coenzymic DNA (11) appears to support this postulate, We have provided
evidence that identifies lysine residues as hydrophobic binding sites for
coenzymic DNA (12,13). Kinetically identifiable catalytic sites of the
enzyme are the nicotinamide, or NAD binding sites, which are readily
recognizable by enzyme inhibition with benzamides (14), kmowm compe:itori
of NAD., We assumed that the acid amide moiety of benzamide could serve

ag an active site directing group and appropriate substituents attached to
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the benzene ring may form covalent bonds with aminn acid residues in the
vicinity of the polymerase enzyme site. The diazonium derivative of 4-
amino-benzamide could predictably react with tyrosine, histidine or lysine
residues (15) and by isolation of these adducts the theoretical possibility
exists to identify neighboring peptide structures to a presumed active site
of the enzyme. Following this strategy, we found with the aid of highly
tritiated 4~diazo-benzamide, that contrary to predictions, this molecule
between 1 to 5 mM did not bind covalently to the enzyme protein but

geacted preferentially with deoxyguanine of the purified coenzymic DNA, or
with dGMP of DNA present in liver nuclei. Since the cﬁvglen: binding of 4-
diazo-benzamide to DNA resulted in apparent enzyme inactivation, an effect
not shared by the covalent binding to DNA of 4~diazo-benzoir acid, it was
concluded that the inhibitory acid amide group was kept in place at the
nicotinamide binding site of the enzyme by the tight association of the benza-
mide residue-containing coenzymic DNA with the enzyme protein. The pt‘esent |
paper is concerned with‘ the mechanigm of inactivation of poly(ADP-ribose)
polymerase of liver nuc'2i by 4-diazo-benzamide. The site of binding of
4-~diazo-benzamide was determined both in a reconstructed sys'tcn, composed

of purified polymerase protein and coenzymic DflA, and in iiver nucledi.

EXPERIMENTAL PROCEDURES

1. Synthesis of i3H]-/4-amino-benzamide. This synthesis was carried

out in two steps: (a) preparation of 3,5-dilodo~4-amino-benzamide; (b)
replacement of I by [31-1]. (a) 3,5-diiodo-4-amino-benzoic =2:id was dissolived
in absolute dioxane at a concentration of 50 mM. N-hydroxysuccinimide

(100 mM) and dicyclohexylcarbodiimide (80 mM) were added. The volume of

the incubation mixture was 50 ml. After incubation for two hours at room
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temperature, 50 ml of 2.9% ammonium hydroxide was added and incubation con-
tinued overnight. The reaction mixture was rotoevaporated twice from H,0

and twice from methaQol. Fin#ily it was suspended in 25 ml of water and

filtered on a G3 sintered glass filter. The s&lid natérial was washed .

with H70, ether, then extracted with 3 x 15 ml of dioiane followed by roto-
evaporation and thelproduct wvas extracted with 507 MetOH. Final purifica-

tion was achieved by HPLC oqA;;:raspﬁere 0DS (Beckman~Altex) reversed¥phase column
with isocratic elution (50% HeOH—HZO). The product eluted with a retention

time of 12 minutes and its purity was further teated'on TLC/silica gel with
CHCl3, EtOB or EtAc as developing solvents. Final yield was 12.4X%. The

high resolution mass spectrum displayed the expected molecular ionm, n/e

calculated for C;HgI,NyO: 387.8569; found 387.8538 (deviation = 8.0 ppm).

{db) labelling of 3,5~diiodo-4-amino-benzamide (with [3H]) by the

e [3H] exchange reaction. One to two milligrams of the iodo compound
were dissolved in 100 to 300 pl of methanol and the solution was applied to
10 to 15 pellet; (1/8'") of silica-alumina catalyst support (#980-25,
Davison Chemical Division, W.R. Grace & Co., Baltimore, Md.) or to Ni
catalyst (5%) prepared according to Cao and Peng (16). The impregnated

pellets were dried overnight in vacuo. The dry pellets were then §laced

on the cold finger in a tritiation apparatus described earlier (17). The

apparatus was evacuated to less than 0.13 Pa and tritium gas admitted to
400-667 Pa (or 3-5 torr) before adding liquid nitrogen to the cold finger
and initiating the microwave discharge with Tesla coil. The microwave
pover input was 80 or 20 watts for 400 to <67 P# of tritium gas pressure

respectively. After 5 minutes irradiation excess tritium gas was removed
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and the apparatus flushed twice with helium before opening to retrieve the
pellets. Under these conditioné. activated tritium species from the plasma
can replace the I atom in the C-I bond of the iodinated nolccules‘uith T to
produce carrier-free specifically tritium—libelled amino-benzamides or
acids (18). The triti‘ted sample was evaporated from methanol to remove
the labile tritium. The product was extracted from the solid suppdrt with
2 x 1 ml of methanol and applied onto prepar;tive silica gel TLC, developed
with ethylacetate. The position of 4-amino-benzamide was identified with
non-radioactive UV markers. The 3,5—[3H]—4-anino-b¢nzanide was eluted from
the silica gel powder with methanol. Finally it was purified by r;versed-
phase HPLC, us#éﬁXGItrasphere ODS (5u, 25 mm x 4.6 mm ID) column. The
sample was dissolved in water and injected into the water-equilibrated columm.
After washing the column with H70 for 10 minutes (flow rate 1 ﬁl/pin.) the
3,S-di[3H]-4-amino-benzamide was eluted with 251 MetOH as isocratic eluant
(RT 19.5 min.). The specific activity of the compound was 14.4 Ci per mmol

and 25.2% of injected radicactivity was recovered as the purified product.

2. Preparation of 4-diazo-benzamide (20 mM final concentration).
Fifty-five mg of 4-amino-benzamide was dissolved ia 20 ml of 0.15. M HC1
and incubated for 20 minutes at 4°C wifh 50 mg of ¥aNO, added as solid and
stirred. After incubation, the pH was set to 5.0 - 5.5 with 3 M NaOH.
Under thege conditions, the total amount (98-100%) of 4-amino~benzamide
was converted to the diazo form. This was determined by reversed-phase
HPLC as described above (RT = 9.5 min.). Absorptiqn spectra are shown
in Figure l; illustrating alos the s:nbility of 4~-diazo-benzamide (see

also No. 1 in Figure 5).
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3. Preparation of |3B|—4-dinzo-bmzmide. Solutions of one to ten

uCi of 3,5—[3B]-b-anino-bcnzan1de and various amounts of non-radiocactive 4-

anino-benzamide, to achieve desired specific activity, were dried under N; stream

- into Eppendorf centrifuge tubes and the dried material dissolved in 20 ul of

0.15 M HC1. Two ul of a solution of 2.5 mg/ml NaNO; were added and incubated
for five minutes. The pE wvas adjusted between 5.5 -~ 6.0 upon addition of an
equal volume of 250 mM Hepes buffer pH 7.4. [381-4-dinzo-bcnzoic acid was

prepared in the sane wvay.

4. Calf thvmus poly(ADP-ribose) polymerase was purified to homogeneity

by a published method (3) and coenzymic DNA séparnted-by hydroxylapatite
chromatography (cf. 3). Isolation of rat liver nuclei, assays for poly(ADP-
ribose) polymerase, isoclation of ﬁnctomoiecular products by gel electrophoresis
and isolation of nucleotides and the dGMP adduct were done by methods reported

earlier (19,20,21,22).

RESULTS

Since é-diaz§-benzamide would be expected to be unsfnble, it was
essential fo establish predictable in vitro conditions, suitable for enzyme
inhibition assays. When the absorbance of freshly prepared 4-diazo-benza-
mide (see Experimental Procedures) was compared with 4-amino-benzamide,
distinct spectra wefe obtained (Figure 1lA) and at pH 7.4 at room‘tgnperature
a plot of absorbance changes vs. time (Figure 1B) illustrates the decay rate
of the diazo compound. From the rate of chanée in absorbance (at 270 nm)
the pH depend?nce of decay was also determined as {llustrated in the inset

of Figure 1B. At ice bath temperature the rate of decay 6£ 4-diazo-

_ benzamide was followed up to 60 min. at pH 7.4 (see Figure 5, No. 1). Studies
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concerned with enzyme inactivation by 4-diazo-benzamide and adduct for-a;
tion were done under these conditions. Particle-bound poly(ADP-ribose)
polymerase, present in liver nuclei are best suited for the determination
of the mode of action of 4-d1azo-benzamide because nuclei can be readily
reisolated after treatment with 4-diszo-benzamide and degradation products
removed by centrifugal washings. At varying concentrations of A-diné-l
benzamide, liver nuclei were incubated in an ice bath for varying lengths
of time. The effect of 4-diazo-benzamide on the nuclear system was |
tested by assaying poly(ADP-ribose) polymerase actiyify (19). The reaction
of 4~diazo-benzamide was tsrminated by addition of an lxécil of chloroacegyl
tyrosine, sufficient to bind the unreacted diazonium compound. .An shown in
Figure 2, poly(ADP-ribose) polymerase was inactivated cot:;sponding to a first
order rate, determined between 0 and 2.5 aM concentration of 4-diazo-benza~
mide (Figure 2A) and a plot of KI -gninstvthc concentration of 4-diazo-
benzamide gave a linear correlation on a semilogarithmic scale (Figure 2B).
The nature of the inactivation of poly(ADP-ribose) polymerase of -
nuclei by 4-diszo-benzamide was tested by the prevention of inactivation
by benzamide which is a known reversible inhibitor of the eﬁzyme. The
effect of 4-diazo-benzoic acid, that was prepared exactly as 4-diazo-
benzamide, was also determined. These results are summarized in Table ;.
In Experiment No. 2, nuclei were exposed to the diszotizing reagent,
enzymatic activity being practically identicnllvith canfrols (No. 1).
Benzamide at 7.7 mM completely inhibited poly(ADP-ribose) polymerase (not

shown) but this inhibition was completely reversed by removal of benzamide

by centrifugal washing of nuclei (Experiment 3). Pre-incubation of nuclei
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" with 1.6 aM 4-diazo-benzamide as described in Figure 2, resulted in signi-

ficant enzyme inactivation which could not be reversed by c-attifupl
washing of nuclei (kpuin‘ni 4). Simultaneous exposure of nuclei to 2.3
and 7.7 sM benzamide and 1.6 aM é-diazo-benzamide resulted in a benzamide
concentration-dependent ,revention of inactivation of the polymerase by
4-diazo~-benzanide, indicating a competition of benzamide with the macro-
molecularly-bound benzamide residue of 4-diazo-benzamide. It is apparent
that the reversible inhibitor benzamide by binding to the scid amide
recognizing site of the enzyne displaces the covalently-bound benzamide
rasidue of 4-diazo-denzanide, and after clntrifugll:, washing that removes
benzamide catalytic activity is restored. These results also suggest:

that the covalently-bound benzamide residue previously displaced by the

' free benzamide does not find its way back to the catalytic site on the

enzyme after removal of free benzamide. When 1.6 aM 4-diazo-benzoic acid .
was exposed to nuclei ‘mctly as had bdeen done Qith 4~diazo-benzamide, no
appreciable inactivation of poly(ADP-ribose) poiyurgu could be observed
(Experiment 7). In fact, the activity of tim enzyme vas thg same as in the
benzamide-protected tyvlta (compare 6 and 7). These results show that the
apparent inactivation of the poly(ADP-ribose) polymerase system is
attributable to the acid-amide moiety of the covalently-bound residue of
4-3iazo-benzamide and the predictable covalent binding of the diazonium
compound of benzoic acid to a component of the system per se has no mhisitory
effect.

1t was testad in separate experiments by the isoletion with HPLC of
non-radioactive benzamide following incubation with [3al-ﬁ-dhzo-b¢nzmide

{not shown), that 4-diazo-benzamide did not react with benzamide undir given




conditions. Therefore this potential artefact, which could mimick & pro-

" tective effect of benzamide, was ruled out.

- In subsequent experiments we determined the mscromolecular bindingy
site of 4-diazo-denzamide by isolating both protein and DNA components of
the poly(ADP-ribose) polymerase systea with the aid of vlpaci,fic labdelling
probes: [JH]-4-diazo-benzamide and [ 2P]-ADP-ribose derived from HAD. Two
systens wers studied. First the purified system composed of the polymerase
enzyme, coenzymic DFA and histones; second the particle-bound nuclear
systam. It should be noted that in tnese studies we were only concerned
with the binding of either [3B]-£—diazo-bcnz.-id. or<[32P]-NAD derived ADP-
ribose to macromolecular components, therefore each ligand was incubated
with the systems separately under specific conditions. ‘Simlt'ln-oun expo~
sure to both 4-diazc-benzamide and NAD results in the inhibition of ADP-
ribosylation as described above. In a test consisting of the purified enzyme
protein, coenzymic DNA and added histones results shown in Figure 3 were
obtained. Protein and DNA components were isolated by gel electrophoresis as
reported earlier (19,20). Labelling with [ H]-4-diazo-benzamide of the puri-
fied enzyme protein together with coenzymic DNA at ice bath temperature was
followed by gel separation of DNA and proteins. In a parallel run the enzyme
+ coenzymic DNA were 1ncuba:ed‘v1th [32P]—labe11ed HAD at ZS'C,lnd'AD?-ribose
protein adducts were also isolated by gel electrophoresis (19). In this gel
system, DNA did not enter the gel and was recovered in the first slices on top
of the gel. As demonstrated in Figure 3 [°H] labelled adduct of 4-diazo-

” benzamide appeared exclusively in the coenzymic DNA component of the poly
(ADP-ribose) polymerase system that was recon@ttucted from purified enzyme

protein, coenzymic DNA and histones. On the other hand, ADP-ribosylation

T T T P R 2
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occurred predominantly on the ensyme protein (120 kDa) and to a lesser extent
ou histones. The calculated specific activity of DRA, represeanting Ils of
p-4-diazo-benzamide residue was 200 pmol/uwol base, 1.s., 1 out of j:y-oo bases
was labelled. In thea system composed of the purified enzyme and co ie

DHA the presence of unknown protein components is minimized. Therefore
elactrophoretic separation of components as shown in Figure 3 indicating
lsn]thmmﬁc to be associated with DNA ptoyidu Teasouable evidence of
the selectivity of the diazonium salt touuﬁn DNA. BHowever, raising the
concentration of 4-~diazo-denzamide above 5 aM (10, 20 mM) results in|progres-
sive non-specific ladelling of protein components also, thus selectivity is
lost. Yor these reasons, the reproducibility of our results acpmds on the

lov concentration (up to 5 mM) of é-diazo-benzamide indicating an ap fcntv
higher affinity of 4-diagzo-benzamide towards DNA than towards prote pa.
. As shown in Figure 4A following incubation of nuclei with [325P]—RAD,
a number of ADP-ribose acceptors could be isolated by gel cl.ctrophof'ruis,
including the enzyme protein, its pro’babln degradation products and iLiotcmu,

|
exhibiting labelling with ADP-ribose. The abundance of histones i{h nuclei

" explains their relatively high labelling (20). Following pn—incuba‘cion of

nu;:lei with [%]-A—diuo-—bcnmidc under identical conditi-ns ducri;bgd for
experiments shown in Table I, gel ilcctrophoruis reavealed no [311] {fabel in
proteins, only in DNA (Figure 4B). Digestion with nucleases signif;!lcantly
reduced [31!] label in DNA, the residual label prabal.ﬂy iepresenting[tight

DNA-protein complexes not accessible to nucleases (Figure 4C).

The nature of the reaction products between 4-diazo-benzamide and DNA

! b
was determined by isolation of a specific deoxynucleotide dh:o-bcn‘rumide

adduct (Figure 5). The separation of spontaneous degradation products of 4-

diazo-benzamide by HPLC is shown in Figure 5, Experiment 1, benzamide being

|
b
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the main product. This degradation took placs during prolonged handling of
samples and HPLC analyses of 4-diazc-benzamide-DNA adducfl, whereas freshly
prepared diazonium u«dducts at 4°C revraled a smaller degree (about 501 of
that shown in Experiment 1) of dcco-poait‘ion ‘(co-pnrc with Figure 1). Some
degradation occurred in all systems where IJB]-dhzo-benmidc way incubated

either with nuclei (Experiment 2) or coenzymic DNA (Experiment 5) or deoxy-

_guanine monophosphats (Experiments 4 and 5} and in the HPLC histograms, these

products are not illustrated. In Experiment 2, four deoxynucleotide mono-
phosphate markers wezes located by their absorption spectra mdi;uted by
downward arrovs. In the same experiment (No.  2), deoxynucleotides isoclated:
after the digestion of DRA which has been extracted from nuclei that have
been Eruicd with IBK]-dhzo-bcnznidc. vere separated by HPLC. No [311] vas
found in the region of markers but a new compound distinct from the mrke;:
dioxynueleo:idu .ppuied that vas labelled with [°H]-diazo-benzamide. The
same labelled nucleotide was iaoht'ad from coenzymic DNA (Experiment 3) and
its identity with the adduct with dGMP is illustrated in Experiments 4 and 5.
In No; 4, authentic dGMP was reacted with (3H]-diazo-b¢nm1do. The dCMP
ptoduct‘wus subsequently double-labelled (with [IAC]-dGHP and [3H]-diazo-
benzamide) as shown in Experiment 5. A mol/mol adduct was identified from
the double-labelled product (Experiment 5). It is also apparent that the
diazonium derivative of dGMP clearly separates from unreacted [lacl—lab'elled
dGMP. The exact molecular structure of this adduct is under investigation.
It is seen from results shown in Table I that 4-diszo-denzoic acid
does not inactivate nuclear poly(ADP-ribose) polymerase, although it was

predictable that this diazonium compound can also react with DNA similar to
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the inhibitory 4-diazo-bdenzamide. This was verified experimentally with
lan]-b-diazo-bcnzoic acid (results not shown). When coenzymic DNA was
treated with both diazonium compounds, and coenzymic activity tasted with

purified poly(ADP-ribose) polymerase comparing equal concentrations of

untzeated and treated coenzymic DNA, results shown in Figure 6 wers obtained.

Clearly, ouly the 4~diazo-benzsmide-treated DNA proved inactive as a coenzyme,

indicating that the benzamide residue covalently bound to DNA at dGMP sites

61

acts as a highly efficient inhibitor of the enzyre. Non-specific denaturation

of DNA by the diazonium compounds was ruled out since 4-diazo-benzoic acid-

treated DNA ig an equally effective coenzyme as ummodified coenzymic DNA
exposad to the same experimental conditions (Figure 6, top curve).

As seen from Figure 6, the binding of [JB]-A—diazo-benzanidc to

coenzymic DNA and the rate of inhibition of the enzyme exhibited an inverse

relationship, vhereas the binding of 4-diazo-benzoic acid to DNA had no
inhibitory consequences, illustrating that the DNA-bound benzamide residue

represents the inhibitory species.
DISCUSSION

At low concentrations of 4~diazo-benzamide apparent inactivation of

poly (ADP-ribose) polymerase cnincides with a covalent binding of the benzamide

residue to dGMP of coenzymic DNA without binding to the protein. Two observa-

tions: fit:t, the prevention of inactivation by benzamide and second, the

inactivation of coenzymic DNA by 4-diazo-benzamide but not by 4~diazo-benzoic

acid are consistent with an "adaptor” role of coenzymic DNA in the mechanism

of enzyme inhibition, that kinetically resembles inactivation (Figure 2).

The
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tight binding of DNA to the enzyme protein thus px_'cvidel the mechanisam to
keep the benzamide residue at the enzyme inhibitory site, ptesumbl} the
NAD-binding site. Whereas 4-smino-benzamide is a relatively weak, reversible
competitive inhibitor with a Ky of 75 uM, when the benzamide residue is
covalently bound‘ to coenzymic DNA the mh;bition is not reversed by centri-
fugal wvashings, that is an entirely sufficient method to reverse the inhibi-
tory effect of benzamide itself. This unusual mechanism also implies that
the catalytically active enzyme site, the aromatic acid-amide or NAD binding
site, is in molecular vicinity to the DNA binding domain of the enzyme,
certainly not beyond a distance that is occupied by a benzene ring. Sup-
porting the inference based on kinetics of the vicinity between DNA and NAD.
sites (cf. 11) our results ptoviﬂe more direct molecular evidence regarding
the close posit‘ioning' of the two binding sites on the enzyme protein.
Besides possible further implications in the study of interactions between
the two sites - a problem yet to be resolved - our results also pr;dict the
feasibility of comstructing highly potent antineoplastic drugs that combine
DNA-alkylating and poly(ADP-ribose) polymerase inhibitory properties in

one mleculg. This may be accomplished by replacing the di;azo substitution
with an a.lkyluing group in benzamide, a synthetic possibility which we

ara purruing. The rationale behind this plan is b;led on observations
which demonstrate a significant reinforcement of the anticancer effectivity
of DNA-targeted drugs by simultaneous adminigtration of an inhibitor of
poly(ADP-ribose) polymerase (23,74,25). It seems pfedictable that this

synergism should be much more pronovnced irf the same drug molecule can

accomplish both DNA-alkylation and inhibition of poly(ADP-ribose) polymerase.
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Inactivation of nuclear poly(ADP-ribose) polymerase by 4-diazo-

benzamide and its prevention by benzamide. Suspensions of rat liver nuclei

(6 mg protein, 1.5 mg DNA per 250 pl) was incubated with the diazotizing
rengent‘(zxperimedt 2) or with 1.6 mM 4-diazo-benzamide (Experjment 4) or
4-diazo-benzoic acid (Experiment 4) at 0 to 4°C for 10 minu:es,'then nucledi
vere reisolated and the enzyme was agsayed as described in the Legend to
Figure 2. In Experiment 3, nuclei ware preincubated with 7.7 mM benzamide
at 0 to 4°C for 10 ﬁinu:es then reisolated and benzamide removed by
centrifugal washing, and in Experiment 5 and 6, benzamide and 4-diazo-
benzamide were present simultaneously during preincubation. Following
reisolation of nuclei, poly(ADP-ribose) polymerase was assayed as described
(19). These results are a means of 3 experiments with a standard deviation

shown in the Table.

LEGEND TO FIGURE 1

A. Absorption spectra of 4-diazo-benzamide and 4~amino~benzamide,

0.1 mM, pH 7.4, at room temperature.

B. Decay of 4-diaxo-benzamide at pH 7.4, at room temperature;

Inset = dependence of decay rate on pH at room temperature, Coordinate:

Z of initial absorbance on a log scale; abscissa: time in minutes.
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LEGEND TO FIGURE 2

) Inactivation of nuclear poly(ADP-ribose) polymerase by 4-diazo-

benzamide. Rat liver nuclei (cf. 19) equal to 5 mg protein, were incu-

2 B RO B Y 2D N

<

bated in a volume of 200 ul with dil.fferenﬁ amounts of 4-~diazo-benzamide

o n

at 4°C. The reaction was stopped hy diluting the reaction mixture with
]

-
T

o

|
4 ml of 10 mM Tris-HC1 pB 7.4, 3 m.ul MgClz, 250 mM sucrose, 1 mg/ml bovine
serum albumin, buffer containing chloroacetyl tyrosine (1 mg/ml) then

|
centrifuged at 500 x g for 10 min. to reisolate nuclei. The washing

i :
process wvas repeated twice in succession and finally nuclei were resus-

ARC IR R

pended 1into 150 ul of the same buffjer. The nuclear suspension (equivalent

|
to 25-75 ug DNA) were tested for poly(ADP-ribose) polymerase enzyme
activity using 9 uM KIAC]-NAD (aden;ine labelled, S.A. = 290 mCi/mmol) as
|
substrate, in 150 mM Tris-HC1 pB 8.i0, buffer containing 10 mM MgCl,, and

1 mM DIT in - final volume 50 ul, as reported (19).

i
i

LEGEND TO FIGURE 3
]

Binding of 4-diazo-benzamide to coenzymic DNA assayed in the

purified reconstructed system. ,

Nt B e e U T VIR A A s S B L e A

A, Purified poly(ADP-tibosé) polymerase (5 ug), coenzymic DNA

(0.2 ug) and total calf thumus hist‘ones (10 ug/ml) vere incutated in
‘ 32

50 ul incubation buffer (cf. 20) with 100 nM [ P]-labelled NAD (1.1

Ci/umol) for 1 minute at 25°C. Protein-bound mono-ADP-ribose ndduqts

were isolated by gel electrophoresis (cf. 19).
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. Legend to Figure 3 (Continued)

B. Labelling of DRA with [BH]-diazo-benzamide wvas carried oﬁt by
incubating the same system (enzyme + DNA + histones but no NAD) with
0.6 mM [3E];dilzo-benzamide (5.6 uCi) in an ice~water bath for 30 minutes
in a volume of 50 ul. |

The reaction was terminated with the gel s;mple buffer (50 ul)
containing 1 mg/ml chloracetyl tyrosine as a diazonium quenching.agent

and gel electrophoresis performed as above (cf. 19).

LEGEND TO FIGURE &

Labelling of protein and DNA components of the poly(ADP-ribose)

pélymetase system present in liver nuclei.

‘

A. Ten ul suspensiop of liver nuclei (2 mg/ml protein) were allowed
to react with [3H]-diazo-benzanide {5.1 uCi, 0.1 =M) at &4°C for 30 minutes
and the reaction was quenched as described in Legend of Figure 3, followed

by gel electrophoresis (19).

LEGEND {0 FICURE 35

Identification of dGMP as target of 4-diazo-benzamide. Ordinate:

pmol [3H]-diazo-benzam1de covalently bound per experiment. Abscissa:

fraction number.




Experiments 1 and 2. HPLC-separation of spontaneous degradation

products of 4-diazo-benzamide (lsal-hbelléd), determined under conditions
of Experiments 2 to 5, [3H]~lo-diazo-bmmide (5 uCi, 0.9 mM) was incubated
alone (Experiment 1) or with 10 mM of dAMP, dGMP, dTMP, dUMP (Experiment 2)

in 10 mM Tris-HC1 pH 7.4,10 mM MgCl,, 0.25 M sucrose medium for 60 min. at

,4°C in a total volume of 25 ul. After incubation, 10 ul was injected onto

reverse phase EPLt system (Ultrasphere ODS, 5u, 25 cm x 4.6 mm ID) and
developed with a solvent system consisting of buffer A: 0.1 M K phosphate

pH 4.25; buffer B: 0.1 M K phosphate pH 4.25 and 50X acetonitrile. Upon
sample injection, gradient was started from 1002 B in 20 min. using the |
concave gradient, curve 9. Elution was continued with 1002 B for

additional 10 min. Flow rate was 1.5 ml/min., fractions were collected

every 20 min.  The deoxyribonucleotides were located and identified (J' )

by their retention time and by their nbiorption spectra (nof; shown) recorded
by the high-speed spectrophotometric d?tector (Hewlett Packard 1040-A) for
each peak (Experiment ‘2). The covalent binding of [BEl-éodhzo-benzamide

(1 mM, 50 uCij to DNA present in two ml suspensions of rat liver nuclei (20
mg protein 5.5 mg DNA) was determined following incubation for 60 min. at 4°C
in a volume of 2.5 ml of 10 mM Tris~HCl, pH 7.4, 10 mM MgClz, 1 mM DIT buffer.
At the end of incub&tion, the mixture was diluted two-fold with the buffer,
containing the quenching agent chloroacetyl tyrosine (1 mg/ml) and proteins
were extracted with 5 ml buffer-saturated phenol. The phenol extraction was
repeated and the combined phenol phase re-extracted with water, and the
combined water phase extracted twice with 10 ml of diethylether to remove the

traces of phenol. Nucleic acids were precipitated with two volumes of ethanol
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Legend to Figure 5 (Continued)

in the presence of 0.2 M NaCl overnight at 10°C. The precipitate was
collected by centrifugation, dried in vacuum, and traces of RNA hydrolyzed
in3 M NHAOB at 37°C for six hours. After rotoevaporation, the sample was

dissolved into 2 ml of 50 mM Tris-HC1 pH 7.4, 20 mM NaCl and the DNA re-

precipitated with ethanol as described. Finally the DNA wvas dissolved in

200 ul Tris-HC1 (pH 8.0, 100 mM) containing 100 mM HgClz and ClClz. then
completely digested with DNA-se I (1 mg/ml) flﬁs Bal-31 nuclzase (25 units
per test) for 6 hours at 37°C. The products of digestion were dir?ctly
injected 1ngo the H?LC system and analyzed as described. In Exp;riment 2
a cingle'deoxynucleotidé coqtained tSH]-diazo-bcnzamide residue.
| In Experiment No. 3, 13 ug coenzymic DNA, dissolved in a final

volume of 50 ul buffer (see above)‘vic incuﬁnted at 4°C for 60 nin.‘vith
0.4 oM [331-4-diazo-benztnide (5 ucl), treatgd as in Experiment 2, (diges-
tion of DNA) and labelled products analyzed by HPLC as described for No. 2;

‘In Experiment No. 4, 10 mM authentic dGMP (10 mM in 50 ul buffer,
pH 7.4) was incubated with 0.9 mhl[331-4-diazo-benzam1de (5 uc1) for 60
min. and the product isolated by HPLC as in No. 4.

In Experiment No. 5, 160 uM labeiled dGMP (llac], 500 uCi/ﬁmol) and
0.9 mM [3H]-4—diazo-benzamide (5 uCi) were incubated exactly as in No. 4,

and double~labelled product was 1solated by HPLC.

LEGEND TO FIGURE 6

The effects of pre-treatment of coenzymic DNA with 4-diazo-benzamide

and 4-diazo-benzoic acid on its catalytic function in a reconstructed system

composed of purified poly(ADP-ribose) polymerase protéin and coenzymic DNA.
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legend to Figure 6 (Continued)

Conditions of enzyme assays were the same as described in the Legend to
Figure 3, except after exposure to t!}e diazo compounds, coenzymic DNA was
extensively dialyzed (6 x 4 1 820) and reprecipitated by EtOH‘ (4°C) to
remove traces of decomposition products prior to enzyme assays. The bind-
ing of the [3H]-4-dhzo-benzanide wvas determined by acid precipitation and
scintillation spectrometry. Figure ‘6 (left ordinate) shows rltes. of ADP-
ribosylation in the presence of coenzymic DNA that had been either not
treated (top curve), treated with 4-diazo-benzoic acid (1 mM, second curve),
or with the same concentration of 4~diazo-benzamide (3rd concave curve).
Abscigssa = time of pre-treatment of coenzymic DNA. The fourth convex
curve shows the covalent binding of édﬁzo-bmmide to coenzymic DNA as
indicated by the right ordin.lte. The specific activity of [3H]-A-diizo-
benzamide was 12.5 Ci/mmol. The molarity of the polymerase was 2 nM and

of [32P]-labelled NAD 100 aM. (See Legend to Figure 3).

. =0 ——0—  enzymatic activity with coenzymic DNA.

—4 —d— enzymatic activity with coenzymic DNA that was treated with
4-diazo-benzoic acid.

— 8 e enzymatic activity with coenzymic DNA that was treated with 4-

diazo-benzamide.

~— A A binding of 4-diazo-benzamide to coenzymic DNA.
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PROTEOLYTIC DEGRADATION OF POLY(ADP-RIBOSE)

POLYMERASE TO IMMUNOREACTIVE BUT ENZYHAIICALE¥

INACTIVE POLYPEPTIDES
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EXPERIMENTAL PROCEDURES

Isolati&n of poly(ADP~ribose) polymerase: The enzyme was isolated from
frozen calf thymus (Pel-Freeze) by the method of Yoshihara, et al. (1978). In
short, this protocol involves homogenization of the tissue in 50 mM Tris HC1,
pPH 7.4, 10 mM EDTA, 1 mM NaNj, 1 mM glutathione,‘O.S oM dithiéthreitol, 50 mM
NaHSO3, 0.2 M NaCl, and 0.2 mM PMSF and two sequential ammonium sulfate fraction-
ations of 402 and 802. After re-suspension of the material from the 80%
ammonium sulfate precipitation, the ammonium sulfate was removedlby passage
of the solution through a Sephadex G-25 column. Further purification steps
used elution from DNA cellulose andjﬁydroxylapatite colums. The final step
was separation on a Sephadex G~200 column. The "fraction 2" referred to in
Figures 3 and 4 was the material obtained‘from the éephadex G-25 column.

Antibody productiﬁn: Antiserum against the purified enzyme was prepared
by Antipodies, Inc. (Davis, Califérnia) according to tﬁe procedure of Silver and
Elgin (1976). Purified poly(ADP-ribose) polymerase was obtained ffcm prepara-
tive SDS polyacrylamide gels (Laemmli, 1970). The gel band containing thé pro-
tein was eicised, dried and ground to a fine powder. The powder was re-suspended
in one volume of phosphate buffered saline (0.01 M sodium phosphate, pH 7.6, 0.15
M NaCl) and. emulsified with one volume of adjuvant (Freund's complete adjuvant
for the first injection and Freund's incomplete adjnvan:c for the remaining
injections). Rabbits were injected subcutaneously with approximately 100 ug of
protein per injection. 1Injections were made every four weeks for a total of
four injections. For all experiments, total serum was used.

Immunoblots: Immunoblots were performed essengially according to Towbin,

et al. (1979). Proteins were separated on SDS polyacrylamide gels (Laemmli,

a e, Iy LWL LW OUIG R, N RO P IR I RING Uig weeny




80

1970) and transferred electrophoretically (20 v 16 hrs) to nitrocellulose
(Bio-Rad). All remaining protein binding sites were blocked by incubation of
the filter in 0.35 M NaCl, 10 mM Tris-HC1l, pH 7.4, 1 aM EDTA, 0.2 mM PMSF
(NET buffer) with 10 mg/ml bovine serum albumin for three hours at room
temperature. Thé filter was incubated for six hours at room temperature with
the anti-poly(ADP-ribose) polymerase serum diluted 1:25 with NET buffer with
10 mg/ml BSA. Following six washes with NET buffer, the filter was incubated
for gsix hours at room temperature with affinity purified goat anti-rabbit IgG,
‘1251] by

the use of Iodo-Gen (Pierce). After further washes with KET buffer, the anti-

light and heavy chain specific antibody which had been labelled with [

gen band was visualized by autoradiogfaphy.

In vitro poly(ADP-ribosyl)ation of the enzyme and {ts proteolytic degra-
dation products: the stundard reaction mixture con:aiﬁed 150 mM Tris-HCI,
pH 8.0, 10 mM Mgélz, 2 mM DTT, 0.2 mM PMSF, 10 ug DNA, 0.1 ug-0.5 ug of protein,
and 1.5 mM [32F]-NAD {(SA = 600 Ci/mmol) in a total reaction volume of 100-200 ul.
The reaction time was 10 seconds. The reaction was stopped by centrifygacion of
the mixtﬁre through a column of Sephaa 'x G-25. The DNA used in the reaction was
the DNA which was separated from the enzyme during the purificaticn procedure
at the hydroxyiapatite columm atép. This DNA is referzed to as céenzymic DNA
and is about 30 times more-effective as a cofactor than crude thymus DNA.
Modified proteins were examined through the use of polyacrylamide gels at pH 5.0

(Jackowski and Kun, 1983) and autoradiograrhy.

RESULTS
Poly (ADP-ribose) polymerase has been isolated from calf thymus by the

method of Yoshihara, et al. (1978). Table I presents the results of assays for
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the enzymatic activity and protein content of each step in the purification

scheme. The protein peak eluted from the hydroxylapatite column which contained
the enzymatic activity (Fraction 4). In addition to the 120 kDa band
characteristic of the pure enzyme, a small number of other protein bands were
apparent. These small impufities can be remove& by the'passage of Fraction 4
through a Sephadex G~200 columm. Analysis Sy sbs polyacrylamide gel electro-
phoresis shows a singl protein band of approximately 120 kDa, the pure enzfme
(Fraction 5, not shown in Table:I). Fraction 4 represents apprﬁximately a |
300-fold purification of the enzyme from the crude extract. It should be noted
thatlFraction 2, which will be important to later experiments, is the 40-80%
ammonium sulfate precipitate ahd in a similar electrophoretic analysis this
fraction was found to contain many (60-70) protein bands.

Using the 120 kDa protein band as purified on pfaparative electrophoretic
gels, an antiserum was prepared in rabbits against the enzyme (Silver and Elgin,
1976). The specificity of the antiserum for paly(ADP—riboée) polymerase was
determined by two methods. In immunoblot experiments, the antiserum bound
selectively to the 120 kDa band (Figure 1). 1In in vitro labelling experiments
with the pure poly(ADP-ribose) polymerase, incubation of the enzyme with the
aatiserum for 5 minutes before addition of [32P]—1abelled NAD eliminated any‘
incorpor#tion of the labelled material. The antiserum'at a dilution of 1:10
was sufficient to totallyveliminate any enzymatic activity while a dilution of
1:100 was. only partially effective (Table II).

| The use of the antiserum to identify the enzyme con Western blots yie._ded

unexpected findings. 1Incubaiion of Fraction 4 of the‘enzyme preparation for ever

relatively short periods of time (minutes) caused a sharp loss of enzymatic activ




(Table I1I1). Examination of the products of such an incubation by SDS gel

electrophoresis and Coomassie Slue staining revealedvthe loss of the 120‘kDa
band in those preparations which had been subjected to incubation. When these
protein bands were transferred electrophoretically to nitroeellulose and
incubated sequeﬁtially with the antiserum against the enzyme and the# with

125I]-labelled affinity purified goat anti-rabbit IgG, the 120 kDa band was

(
absent and a new band appeared at approximaiely 59 kDa (Figure 2b). The new
band must represent a relatively stable fragmeﬂtlof the original enzyme band.
It is probable that one »f the contaminating bands which is co-purified with

the enzyme through Fraction 4 (the hydroxylapatite column) is a protease which

can degrade the enzyme. To test this hypothesis, the incubation at 37°C was

. repeated with and without the addition of the protease inhibitor PMSF. SDS

gel electrophoretic analysis of the products of this reaction (Figure 2) show
that the 120 kDa band seen in Commassie blue staining is retained in the sample
with PMST but lost in the sample without the protease inhibitor (cqmpare Figure;
2a and 2b). Enzymatfc analyses of these two preparations confirm that the
active enz&me is present only in the samples with PMSF.

Because the enzyme has the unique property of being able to modify
itself by auto-poly—ADP-ribosy;ation, ir was of interest to determine if the
59 kDa fragment contained modification sites. To accomplish this, the enzyme
was auto-modified and then allowed to degrade as before. Analysis of the product:
of this reaction on SDS gels and autoradiography revealed that the 59 kDa band
was ribosylated (Figure 3). Furthermore, this same experiment revealed the
stability and rate of formation of the 59 kDa fragment. Withiﬁ a period of 15
minutes, the 59 kDa fragment appeared and was not further degraded during further

incubation for four hours.
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Fraction 2 (Table 1) was used as a source of the protease. When aliquots

‘'of Fraction 2 were added to Fraction 4 or Fraction 5 enzyme, a series of break-

down products including the 59 kDa band were seen. Comparison éf the in vitro
ribosylated breakdown products with fhe peptides tba;_give a cross-reaction with
the antiserum made against the pure enzyme show good correspondence at the:
highef molecular weights (Figure 4a)‘ADP-ribbaylated ptpteiﬁs, (Figure 4b)

Western immunoblot. .

SUMMARY ’

We have isolated poly(ADP-ribose) polymerase from célf thymus and examined
some of the‘molecular‘and immunological properties of the enzyme.  An antiserum
prepared against the electrophoretically purified enzyme ;as prepared in rabbits
and shown to be specific for the enzyme by the use of Western immuﬁoblots'aﬁd by
inhibition of the enzyme in lg‘xiggg reactions. The antiserum was then used to
identify the enzyme and its broteolytiC'breakdown‘products in various experiments.
It was found th;t the incubation of the relatively pure kFraction 4) enzyme result:
in a rapid ioss of enzymatic activity aloﬂg with a loss of the 120 kDa band
characteristic of the pure enzyame. By the use of the antiserum and Western blots
we were able to show the appearance ﬁf a proteolytic product as a band at 59 kbDa.
The specificity of the antiserum for the enzyﬁe identifies the 59 kDa protein
band as a breakdown product of the enzyme. Further‘experiménts showed the 59 kDa
fragment to contain sites which are poly ADP-ribosylated and to be remarkably
stable to furthér degradation. Tbat the degradation and loss of enzymatic
activity were preventable by the use of PMSF indicates that there is a protease
that co-purifies with the enzyme through the hyaroxylapatite column steps. The
nature of the columns in the purification pfotocol is such that primarily DNA

binding proteins are retained (DNA cellulose, hydroxylapatite). It appears that



the protease in this case must be able to bind to these types of columms. The
addition of Fraction 2 to Fraction 4 enzyme preparations revealed a series of
breakdown products including the 59 kDa fragment. It is likely that the same
protease is piesent in the‘Fract;on 2 mixture but in a more impure stage and
therefore the presence of a number of other breakdown products indicates an
incomplete reaction. ' The relative stability of the 59 kDa fragment may indicate

that it contains ADP-~ribose acceptor and epitope domains of the enzyme.




Figure 1

LEGENDS

Idertification of the enzyme and its primary breLkdown product by the

irmunoblot technique. Samples of the pure enzyme (FracLion 5) and its break-

down products were separated on a 7.5X polyacrylamide SDS gel and transferred

electrophoretically to nitrocellulose. The nitrocellulose filter replica was

incubated sequentially with rabbit anti-poly(ADP-ribose) polymerase serum and

125
{
a.
b.
c.
d.
Figure 2

I1]-labelled goat anti-rabbit IgG.

Pure enzyme (Fraction 5) as visualized by Coomassie blue.

The breakdown products resulting frog'incubamion of Fraction 4
enzyme without protease inhibitor.
Imzunoblot of pure enzyme.
Immnunoblot of the post-iﬁcubltion sample showing the single

cross~reacting band at 59 kDa.
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Degradation of the enzyme is préventable by theiaddition of the protease

inhibitor PMSF. §

Samples of the enzyme (Fraction 4) were incubated one hour at room

temprature with (a) and without (b) PMSF. Examination|of the samples on

|
7.5% polyacrylamide SDS gels reveals the 120 kDa band Tharac:eristic of the

intact enzyme in those samples with the protease inhibitor and the loss of
!

that band and the appearance of a 59 kDa band when PHS# is omitted.
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Figure 3
The 59 kDa primary breakdown product contains sites of poly(ADP-ribosyl)-

ation.
Samples of the enzyme (Fraction 4) were allowed to auto-modify themselves
with [32P]—NAD briefly and then were exposed to an aliquot of Fraction 2 for:

(a) zero time; (b) 15 minutes; (c) 1 hour; (d) 2 hours and (e) 3 hours. The

breakdown of the enzyme yields a labelled product at 59 kDa and another at

approximately 70(?) kDa.

Figure 4

A number of breakdown products of the enzyme can be identified b&
immunoblots and auto-labelling of the enzyme.

Eniyne (Fraction 4) was allowed to auto-label briefly as outlined in
Experimental Procedureé and then incubated with an aliquot of Fraction 2. The
breakdown products were separated on a 102 polyacrylamide SDS gel and immuno-
blotted. The resulting autoradioirana enable a comparison of the autolabelled

fragments (a) with those identified by the specific antiserum on immunoblots (b).
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Table I1:
Fraction
I crude extract
11 amponium sulfate
40-80%7 fraction
111 DNA cellulose
v hydroxylapatite

v
OO

A R R R L I

Purification of poly(ADP-ribose) polymerase.

Total Activity

Protein (g) Specific Activity
54 1.2 x 108 2.2 x 108
8.6 6.5 x 10 7.6 x 108
0.17 5.4 x 107 3.2 x 108
3 6.3 x 100 6.4 x 108

9.8 x 10
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TABLE II

Inhibition of pclyfADP—ribose) polymerase by a specific antiserum.

Recovered As cpm Acid Precipitate

pre-immune serum 21000
|

1/100 dilution of specific antiserum 4500

1/10 dilution of specific antiserum : 0

undiluted antiserum ( 0
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TABLE III

Assay of enzymatic activity of the purified enzyme and its proteolytic

degradation products.

cpm Recovered As Acid Precipitate

pure enzyme (Fraction 45 24,000

breakdown products | o]
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NO. 35

Synthesis of deoxyoligonucleotide 8-mers as models of co-~
enzymic DNA and tests for base sequence specificity in the
activation of poly(ADP-ribose) polymerase.

To help clarify the mechanism and biological role of poly(ADP-ribose)
polymerase we huve initiated work in the chemical synthesis of model DﬁA'
molecules in order to test the ﬁature of the interaction of the enzyme with
such molecules. In our initial study we synthesized DNA duplexes 8;base.
pairs long, this being the minimal length known to function effectively as
coenzymic DNA.

We have chosen to synthesize 8-mers of potential biologicai ;ignificance.
Therefore, we chose three kinds of base sequences which could be useful for
this purpose. We designate the three synthetic duplexes as A, B and C. Du-
plex A is a consensus sequence predicted in natural DNAlto bind déxamethasone
receptor protein (see 65. Duplex B is a modification of A wherein at two
sites there is a transversion of T to A regsidues, in order to test biochemical
sensitivity to relatively subtle changes in base sequence. Duplex C is a
sequence of alternating purine-pyrimidine bases found in the enhancer region
of SV,o DNA. It is believed that such a sequence forms Z-DNA (left-handed
double helix) whose structure may be related to transcriptional activation.

Specifically, the three duplexes synthesized (where one strand is presented)

are: .
A Y A_Gc-A-T-C-a-G-1 °
B A-G-A-A-C-A-G-A
c C-C-A-T-G-C-A-T

Formation of double-stranded DNA of course first entails synthesis of
single strands of the desired base sequence plus strands of the exact comple-

mentary sequence. The method of deoxyoligonucleotide synthesis which we employ
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1s the solid-phase phosphoramidite method currently utilized in commercial
automated DNA synthesizers, but which we effectively perform manually on a
sintered glass filter. In the construction of a given strand, the series
of synthetic reactions begins at the desired 3' terminal gtouﬁ, which is
commercially available ia the form of a deoxynucieoside (A,G,C or T) covalently
bound by way of its ribose 3*'-oxygen to controlled-pore glaés beads. These
beads are reacted while suspended on the sintered glass filter. The 5'-OH
of the bound nucleoside is allowed to condense with the phosphorus atom of
the next desired group (A,G,C or T) which is in the form of a specifically pro-
tected deoxynucleoside - 3'-phosphoramidite. The condensation yields a glass-
bound dinucleoside phosphite which, on the filter, is washed free of imfurities
and excess reagents. The 5'-0H of this species ’is then dej:roﬁected and allowed
to condente‘wifh the next desired deoxynucl?oside -~ 3'-phosphoranidite to give
the glass-bound trinucleoside phosphite, and the reaction and washing cycles
are continued until the desired deoxyoligonucleoside phosphite species is
attained. Oxidation of the phosphorus atoms from phosphite to the phosphate
yields the target deoxyoligonucleotide which is removed from the glass beads by
base hydrolysis and freed of auxillary protecting groups. The oligomer is then
separated from failure sequences by ion~exchange HPLC, with elution by
phosphate buffer, and desalted on a small reverged-phsse column to give the
target oligomer in high purity. 1In our procedure, we start with 1 Mmole of
4lass-bound mononucleoside for each synthesis and obtain an average of 650 ug
of pure single-strand DNA 8-wer, which is ample for bi&chemical exp;timents.
Duplex DNA is formed by combining equivalent amounts of complementary
strands in an annealing buffer (50 mM NaCl, 6.6 mM Tris (pH 7.6), 6.6 mM MgCl,

and 1.0 mM dithiothreitol), heating brietly at 100°C and cooling slowly to room
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temperature. The duplexes were labelled at both ends with [321’] using
y-[32P]-A‘I'P and T, polynuclectide kinage. The presence of [32P]-duplexes was
confirmed by polyacrylamide gel electrophoresis (20%) and subsequent auto-
radiography. Parallel samples of [32P]'-labelled single-strand 8-mers were

run as controls.
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Studies on Interactioa of Poly(ADP-Ribose) Polymerase
with DNA

INTRODUCTION Ny

Although a large body of information is knowm ;bout the cat;lytic
properties of the eukaryotic enzyme poly(ADP-ribose) pol}merasc, very little
1nformatipn is available regarding the enzyme DNA interaction. Our main

objective 1s to elucidste the mechanism(s) of interaction of the enzyme

with DNA.
RATIONALE

In order to study the interaction of poly(ADP-riboge) pol erase with
DNA in vitro, a sens‘tive assay for binding was developed. This assay (see
below) will allow ué to detect binding of.thclenzyn‘ to DNA in extremely small
quantities of enzyﬁd and DNA. This assay will also permit us to (a) carry out
quantitative measurements of the interaction and‘(b) assess the binding
efficiencies of various DNA molecules which might serve as cffcctors of
catalytic activity and therefore look at the relationship between citalytic
xcti&it& and binding effeciency and (c) do competition assays to compare the
rrlative binding efficiencies of Qarioua DNA molecules.

. Finglly, we would like to use this information gathered from binding
studies to solve two major questions in the‘reaction of poly(ADP-ribﬁse)
polymerase-DNA interaction. These questions can be paraphrased as followed:

1. It has often been speculated that the enzyme binds to ends and
nicked regions in the DNA duplex. We will try to answer this question by
doing eronuclease protection experiments (for ends) and DNA polymerase

(Klenow fragment) fill-in experiments‘(for nicks).

98.

D WA ST SR Bl Y I E

Ium— e Ly,




99.

2, Another interesting aspect of the enzyme - DNA interaction is the
question whether the enzyme recognizes any specific sequences on the DNA

molecules. We propose answering this question by "DNase I foot-printing".

EXPERIMENTAL DESIGN

Nitrocellulose filter binding assay. An enzyme-DNA binding reaction

was done by mixing appropriate quantities of the purified enzyme with [32P]-
labelled DNA in a bindiné buffer (Oghushi, 1980 JBC) and the reaction mixture

is filtered through nitrocellulose (BA8S, Schleicher & Schuell) filter discs.
The retention of radio-label is quantitated after repeated washing of the filter
disc with DMSO containing binding buffer (to remo;e unbound radioactivity) and
‘counting the radioactivity in a scintillition counter, Normally, in the
absence of the enzyme lesn.than 5-10% of tﬁe total input coun;s are retained

on the nitrocellulose filter under these conditions. Appropriate controls were
employed in each case and all experiments were done in duplicate.

Competition assays. To quantitate the strength of binding of the enzyme

to UNA, unlabelled DNA from sources like native co-enzymic DNA, phage A DNA
cut with Hind III, and PBR 322 DNA but with Hind III was used to compete with
. labelled DNA, (Sl nuclease digested co-enzymic.DNA, Genomic 14C cell DNA cut
with Mbol, A Hind III fragments, P3R 322 Hind IIX digest, @ X 174 RFI Hae III
fragments, synthetic octomer duplexes). In each case, the relative binding
efficiency (eipressed as the ratio of emp retained when unlabelled DNA is
present vs. cpm retained when unlabelled DNA 1is not present expressed ag

percent of native co-enzymic DNA (taken as 100%)) was calculated.

»
Wt
v
Ci

P

« v
LA

v .
VI"(“‘* “ .‘

R | RV, R

s
s

a

SN,




100.

PRELIMINARY EXPERIMENTAL RESULTS

1. Demonstration of filter binding. 7[32P]-DNA bound to NC filters was

eluted from filter discs by soaking them in elution buffer and ethanol, precipita-~
tion of DNA and agarose gel electrophoresis and' autoradiography. Antofgdiography
showed that when enzyme is present in the fragments of the input DNAs were

retainel. When the cnzyme is absent, there was virtually no [32P}-DNA fragments

present in the au‘toradi‘ogram.

L

‘ ' ' w3

2. Estimation of the number of enzyme molecules bound per molecule of t:

! - ‘nﬂ

: N

[BZPl-labelled co-enzymic DNA. Two titration experiments were done for this ﬁ
ur se. 10 .
purpo | N
(a) Increasing quantities of enzyme were used in filter-binding assays 1;

. oy

,with the Sj nuclease digested [32P]-co-enzy-n1c DNA held constant. ’;

(b) Increasing quantities of S; digested [32P]-co-mzymic DNA were used

against a fixed concentration of the enzyme.

In both cases, Kiigg vWas estimated (one-half of saturarion constant).

¥
Average molecular weight of co-enzymic DNA was estimt.d'as 350 bp' (from agarose- ﬁ
gel electrophoresis). Using these numbers it was estimated that or. an average, ‘ g‘
14 molecules of the enzyve could be bound to one DNA molecule of an avarage Z;
length of 350 bp, assuming that all enzyme molecules in a given reaction mixture: g
are active. This number closely compared with other estimates (Hashida, 197§) :'::
for native co-enzymic DNA obtained by other methods which relate to the catalytic ‘\::’

i

activity. We assume that since the titration curves were sigmoidal in nature, g
. ‘ 3

(a) the DNA binding form of the enzyme i3 a mu. imer; (b) the enzyme binds N
]

&

| N,

cooperatively, o ' Q

3. Competition agsays. When various DNA's differing in their sequences

ends and lengths are used as unlabelled competitors against co-enzyme, genomic,
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phage, plasmid DNAs and synthetic octanucleotides we found that the binding
efficiencies differed. For example, native co-enzyﬁic DNA bound st_tonély to
the enzyme followed by Mbol digest of 14C genomic DNA and synthetic duplexes:
(A,B,C) (see section 5 above).

On the other hand, phage and plasmid DNA did show weaker binding by
the enzyme. This difference could be a reflection of the availability of
specific sequence sites and the types of ends both of whizh have been 1mp1£ca£ed
in determining binding affi&ities of the enzyme to DNA. One imporﬁant fact to
emerge from these‘e¥periments is tha:lin general there is a close correlation
between binding effidiencies and catalytic activity although there cﬁuld be

some exceptions.
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NO. 6.
, AR
Regulatidn of Dexamethagone Induced Ras-ggﬁe Expression by i;i
Coumarin in 14-C Rat Fibroblasts. _ ‘:'
e
N

The most direct evidence in favor of a real biological function of poly
ADP-ribosylation emerged from two experimental fields, developed in our

laboratory (see Progress Report, 1984). The first: participation of poly ADP-

ribosylation in hormone mechanisms; the second: the prevention of neoplastic

transformation by drugs that react with the poly(ADP—riSer) system., Since &3&
neither of these results -~ albeit highly persuasive - contained true polechlar ' ;ﬁ'
mechanisml; it was mandatory to deveiop an experimental model, that in macro- %g?
molecular terms can provide a more detailed insight. The 14-C cell, containing - }t!
awwﬁkgmemwhmncmum&,mwﬁﬁanunﬁmﬂﬂtmlhrme :&.
" testing of both experimental results (see above). .xi;
BACKGROUND | WS
It has beem well-established that glucocorticoids (dexamethasone, ab?teyiated %:;

Dex.), stimulate DNA transcription by the specific binding of DEX-receptor =

- complex to a Qpecifiz DNA-sequence (see '"consensus'" octadecxy nucleotide ;i?
synthesis in 5), which is part of a functional "hormone responsive element"” in :Eg‘
DNA. 1f mammary tumor virus DNA sequence (MMIV), thch is a retrovirus sequence, ';&v
is infroduced downstream from the hormone receptor DNA element, DEX will . ;éi
stimulate the MMIV-promoter (increase MMTV-mRNA) within minutes, i.e., a specific :i;'
gene activation sequence is established. Combining this DNA construct with EJ- fﬁl
ras oncogene and a restriction fragment promoter into one DNAqsequence is , E:f
illustrated in the Figure yielding the pMMTV-EJ—ras-pViCB—neo construct that égg
has been transfected in a rat fibronblast to yield 14C cell line (by William lee, S

- s e
a~'1
R b

s o
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Department of Microblology, UCSF). Sarc-gene can be also introduced, substi-
tuting EJ-ras. The abbreviations shown in the Figure are denoting the names of
restriction endonucleases used in the gene construct synthesis. This scheme
is shown in the Figure on the next page. The specific property of 14-C cell
line‘is that it behaves like a normal fibroblast in cell culture, except

addition of 10—7M Dex in two days converts it into a malignant phenotype. This

phenotype conversion is readily seen by soft-agar colonies (see Progress

Peport, 1984), just like in chemical or radiation-induced carcinogenesis and

|

mechanisms of neoplastic trangformation are readily studied in this cell line.

In confirmation of earlier results (see Progress Report, 1984) Dex

decreas2.s appareat enzyme activity as tested in vitro and augmented polymer

content (determined by the new method, see 1, this report). This arade is
explained by (a) Dex-induced conformation change in ﬁhtomatin, making ;EP-

fibése sites inaccessible to exteraal NAD (as by necessity done in enzyLe assays)
but increasing in vivo ADP-ribosyla:ion from intranuclear NAD. Resultg| are

summarized below.

RESULTS

Cell lines containing an inducible EJ-ras ovcogene have been developed
‘ |

in order to study the effect of drugs +hich interact with the poly(ADP—&ibose)
polymerase gystem on transformation. These drugs are isoquinoline (ISOP) and
coumarin (COUM). The 14-C cell line was derived by transfection of R-1 cells

with a plasmid containing a 4.8 kb Sma-Bgl II segment of EJ-ras 1inked}to a
l

pouse mammary tumor virus promoter. 14-C cells display morphologic transforma-
' |
tion and anchorage-independent growth after a 48 hr exposure to 0.1 uM dexa-

[

methasone (DEX). Tumor incidence and size can be reduced when (1) celfs are

|

exposed for 72 hours to 1 uM ISOQ or 100 uM COUM * induction with DEX, prior to
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These drugs had no effect on mRNA levels. Poly(ADP-ribose) content of 14-C

104.

injection and when (2) rats are fed with 5 uM ISOQ or 200 uM COUM in the water
supply ad libitum for 1 week prior to injection. Concentrations of IS0Q and
COUM were non—toxic‘to cells or rats. 1In rats injected with cells not exposed
to DEX, IS50Q reduced mean tumor weight (wt) by 90X vs. control (p < 0.01), and
COUM produced an 812 reduction (p < 0.01). To Investigate the mechanism by

which these drugs inhibit tumorigenesis, EJ-ras mRNA levels were examined.

cells was 0.176 pmol * 10%/10° cells before DEX treatment and 0.274 umo1/108
~ells after DEX treatment. An increase in polymer coantent and decrease in
polymerase enzyme activitylappears to correlate with transformation.

(a) DEX-transformation of 14-C cells coincides with characteristic
alberazion in poly ADP-ribosylation, supporting the view that the poly(ADP-
ribose) system is instrumental in the as yet unknown process of regulation of
gene activation within a defined DNA sequence (as it exists in 14-C cells).

(b) DEX-induced transformation and in vivo tumoregenesis are prevented
b§ the antitransforming drugs: coumarin, previously shown to prgvent chemical

carcinuyeaous {see Progress Report, 1984).

These results are the basis of continued research aimed at genetic-

chemical mechanisms.
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NO. 7

Mathematical Model
For Poly AD®-Riborrlation

Before presenting for the poly ADP-ribosylation of an initiator protéin,
a formal kinetic scheme and 1ts possible elaboration, we suzvey in gualitative
terms some relevant features of the kineéics. These are taken up in more
detail elsehwere in this report.  Some of ;hese featrres are shared with
uncatalyzed polymerizations as well as with macromolecular syntheses brought
about by other enzyme systems.

As with mo;t other polymers formed by enzyme catalysis, poly(ADP-ribose)
synthesis entails growfh exclusively by accretion of monomers to a single
chain (nucleic acid ligase reactions where two macromolecular éubstrates are
linked in the cutalytic process provide exceptions to this generality). However,
there j.s with poly ADP-ribogyl:’.ion a distinct initiation reaction where a
bond of a different type than that manifest In the polymer is established as
a protein initiator site. As described elsewhere this primary step occurs
reversibly at the nanomolar level of NAD vhiie the subsequent elongation.catries
it along to macromolecular product at the much higher micromolecular concentra-
tion; of monomer where the polymerization is coﬁveniently studied. This behavior
encourages a formulatiun where an initiator ADP complex may be treated as a
"gimple" precursor of macromolecular synthesis with the letails of kinetics of
initiation treated seaprately. The fact that no direct reaction between poly
(ADP-ribose) chainsg occurs leads to the natural supposition that beyond a
certain length the kinetic parameters, i.e., maximum velocities and Michael's
constants and the rate constants 3f which they are compounded should be sensibly

independent of polymer size. An account of a highly simplified kinetic treatment
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embodying these propositions appears on subsequent pages.
With a macromolecular species serving as the initiator for the poly-
merization, a heterogeneity of initiation sites might not be unexpected.

This can mean that the "clear cut" temporal division into initiation and

. elongation can be complicated by a slow initiation of chains at some sites

takiﬁg plage while other sites are well into the elongation phase. Evidence
for such a complication is probably already‘at hand.

One aspect of enzyme catalyzed polymerizations probably without a counter-
part in uncatalyred polymer synthesis is provided by the so-called processive
attack of an enzyme on a macromolecular substrate. vIn such a situation there
is a provability of an enzyme molecuie ouce having forﬁed s complex with a given
polymer chain remains in intimr+te association with it while the elongation
(or degradation) of tna chain proceeds. After a fiaite number of steps (pre-
sumably sf;tisﬁically distributed), the complex bdreaks down. Thislprocessive

mode of reaction has been invoked frequently ior the enzymes of nucleic acid

metal ~lism.

. “he norm for the chain size distribution in macromolecular synthesis of
the type exempliflied by poly ADP-ribosylation is the Poisson distribution.
Heterogeneity of initiation sites will lead to departures from this-
characteristic form. Provision for a processive reaction scheme can yield a
Poisson distribution bﬁt with the Sasic parameter modified by inclusion of the

reassociation probability.




' KINETIC ARALYSIS OF POLY ADP-RIBOSYLATION

In a previous report (AFOSR progran report 1985) a kinetic scheme
for thlc enzyme caﬁly:cd syntheasis of poly(ADP-ribose) from NAD was
sdvanced vhich involved an ordered sequence of five steps with tan
forvard and reverse rate constants taken to be independent of chain
length. The assumption of a lthdy rate in the various enzyme substrate

. complaxes led to a set of differential equltio;u of the folloving form:

J.i;. (Apr-k), = {_I (ADP- R),..,} - (754 q){z(npr- a),,j
P o

+ N {_‘[(AD?- R)’."j s )

In equation (1)I refers to the initiator of vthc polymerization and I(ADP-
:.'11>ou)n etc. are the concentrations of species of variable chain length
a. The "kinetic conntant:"vb ars compositas of the (1) maximm velocities
(2) the Michaelis constants and (3) the concentrations of NAD and the
product nicotinamide, NA.

As is customary, the enzyme kinetic parameters (1) and (2) are in
turn readily expr2ssible in terms of the ten rate constants of the proposed
reaction mechanism (Bloomfield, et al., 1962; King and Altman, 1956).

Two additional differential equations must be specified to complete
the system. Tha rate of disappesrance of monomer (NAD) and appearance of

by-product (NA) are given by:

107.
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The differential equation for the initiator concentration also has a special

form, viz.

L{I}
dt

- - lv*{I} -+ N‘;{I(Aw-elj (s)

The same "kinetic constants" v, and v, sppear in (2) and (3) as in the set

b
of aquations (1). This restriction particulsrly as it applies to equation
(2) and (3) will be discussed further Lelow.

Substantially, the same system of equations had been proffered
esrlier to describe enzyme catalyzed single strand polynuclotide synthesis
from nucleoside triphosphates initiated by a primer (Peller, 1977). Both
the solution ignoring the back rsacticn and the approach to squilibrium

weare discussed thersin. The former yilalds a Poisson distribution of sizes

 (Flory, 1940, 1953) while the latter gives rise ultimately to s most

probable distribution of species (Miyake and Stockmayer, 1965).

For the smzyme caulyud.mthuis of poly(ADP-ridose) it was
deemed 1ikely that the reverse rasction could be ignored. Tha system of
differential equations could then Se integrated to yiesld for the weight

fraction of n-mer



w‘. . L?".‘/(n“)! ](e;'_v) . (4)

The parameter  is both the mumber aversge degree at polymerization (n) and

approximately the value st the chain length at which "u is a maximwm. It can

Sc expressed as:

(¢)

All the particularities of the system reside in v, and hence in V.

n

Referring all the species to that of uaximum 1ikelihood ( W s
on utilizing the Stirling's approximation for the factorial in eq'n (4)),
yields

(¢)

v
)l exp (n-v)

‘ ~ ¥
Vdn./ vJ‘;.~, ~ k /;

Moderate cgreement with the experimental data wis obtained with this exprasaion
and V «70 around the maximm (Kun, et al., 1983) but marked departures
occurred at shorter chain lengths.

In order to facilitzte further discussicm of this prodblem, we note
that in the Caussian limit the Poisson distribution takes cn a form vhich

can be axpressed as

A"V /VJ".-.., ~ exp - ”/zﬂ“/\')"f o (7)

109.
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(Margenau, and Murphy, 1948). One other representation, & gamma distribution
function, employed t> describe linear polymers by Schulz and Zizm gives fer

the weight fraction
Wa = (g2 e )(n?)(err -3%) (8)

BereV =0 .y " 3/y. For 3 =1, this axpression ylelds the broad most probsble

duttibut;on vhich awits any polymerization st "mﬂibriu. By the arguments

utilized above this distribution functioz provides for the ratio of weight

fraction of species n to that at the saximum tha form
: ]:. :
, /)=
W [Wang = exp= ta10) (1)

vhere ¥ now plays tha role of the second perameter. When g becomes large

this distribution clcarly narrowvs, and at z=¥ {t is, of course, indis-

. tinguishable from iho Caussian limi{t of the Poiseon distribution. (cq'n M.

The. symmetry about eV in o.q'n (9) 1s a cocsequence of the Caussian ,
limit as in the more fomiliar eq’'n (7). v |

The broadened dictributien of chain lengths attributed to s hetero-
geneity of initistion sitss and alluded to earlier (Rua, et al., 1983)
aight in principle be fitted by a superposition of a mmber of Poisson

distributions with different values of V. Videning due to the cnset of

. the reversze teaction normally dealt with by the inclusica of the term in

vb might find formal represantation by eq'ns (8) and (9) with both) and
t time depcndent. In the latter instance,V” would cf course increase

with time vhile z would decrease fremV ard move toward unity.
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Two remaining possitla causes of breadth in the distributicn must
be discussed. Tbe first is a difference in the kinetic perametars for
the initiasion step from those of the further elongation steps. This can
occur fer polymerizations pot catalysed by enzymes. Nowever, for the i-ttnr

~ case, the effects may be more striking and may extend to the steps involved

in the synthesis cf early oligomers. The sccond cause arises from the

phenomenon of processivity in catalytic reactions anl {s axpected to be

n;nt sarked in heterogenecus or surface catalysic or with enzvaas. Processive
resctica is here mesnt to include resctions in which the catalyst has o
finite possidility of remaining nuocui".cd with the ascromolscular substrate
after addition of a monomer unit and is thus in a "good” pcaition to

catalyze the acquisition of an idditicul monomer .

Taking up the Zirst stated cause, we can argue inzssuch as the
initiation resction must invelve a functional group of an smino acid side
chain in the acceptor pretein it is perforre chamically distinet from the
subsequent ealongaticn steps in the formation of the poly(ADP-ribose) chain.
Hﬁncc, an initiation reaction might de expectad to be governed by differert
rate constants thar thesa applying to the lengthening of the chain.  This
has besn observed experimentally (Bauer, Hakam, fun, memuscript in fto;nu,
1985). Ignoring the raverse rsactiom, {.a., (vy = 0), ve must modify the
first equation of the s:ct (1) and equations (2% and (3) dy replacing vy bu vfi
which is distinct from v'fP or the propagation "rate constant™ which appears
for all those ruc;ian- involving dimers and larger species. -

Some strdies (Cold, 1952, 19%9) dixlctcdi&vttd sxtanding Flory's
orizinal arguments (Flory, 1940, 1953) can serve as & partial guide here.

No simple form for the distribution at all times seem= to emerge. For
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* parameters with chain length for the synthesis of the early oligomers is

" to the Poisson distribution of eq'n (4). W2 then ask how the inclusicn

« 4in our development an inftiation =uck slower than the c-:anucnt
elongation razes, we can conclude from these investigations that the
polydispersity index (uz)la)z only seems to attaiz s maximum of about

112,
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1.3 to 1.4 for r varying betwveen 1 and 106. The quantity (nz) 1@ 2.

the ratio of the weight, (n2>/(n>. to number average degree of polymerization,

(), for a Poisson distributicn approsches unity. This in scae ways

AL

suryrisingly small effect of r on the polydispersity warrants reinvestiga-

R ik

i 3

tion pntii:uhtiy i¢ vb’_' 1s not negligidbls but 'b’ remains so. Ixsaining

the question of reversibility of the initiation step would require machine

vy
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computation mors elaborate than that performed in the studies cited here.
Addit{onal mcriénl complications must be. faced if varistion of th§ kinetic |

contexplatad.

We urn now to the question of the role of processive reactiom on
the kinetics and size distribution of the poiy(m-ribosc) species. It
should be noted that the first study and treatment of thi, type of n‘actim
dealt yith the Beta-amylase catalyzed degradation of amylose chains
{(French and 3afley, 1957). Subsequently, this mode of resaction has been
beld to obtain for polymucleotide phosphorylase (Godefroy-Colburn and
GCrunberg~Manago, 1972), RNA polymerase (Chamderlin, 1976) and possibly DRA
poly=erzse (Laiman, 1981). | ‘

We return to the simplest kinetic scheme posed, 1{.s., that leading

of the pogsibility of reassociation of a given enzyre molecule with the

same chain te which 4t hes just catalyzed the 3dditicn of one mozcmeric
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unit will affect the kinetics of subsequent reaction. An cverly lengthy
// : kinatic analysis (Peller, 1984) shows that a Poisson distridution will
also arize but with V replaced by V(1- #) . Here @ 1is the fractional .\
ratio of the unimolecular rate ccustant for resction caused by reassociation
to the sum of that constant snd the sSther unimolecular rate constants
involved wit} thnlforntion and breakdown of a given onzyme n-mer complex.
As 851, the constant in the exponent of thc Gaussian limit for |
this Poisson distribution in eq'n \™ (1= §) becomes maller and the
" size distribution correspondingly widens. This action of a prodability
5 nfter-effect (Chandrasckhar, 1943) 1s quite readily comprehensible arising :
as it does from the possibility of the enzyme disaasociating from the %
ucroﬁiusi: after catalyzing s variable number of additions of moncaer &
instesd of after each monomeric accretion. To meld this process with | §§§
the other complications discussed previcously seems impossidle without tﬁa
extansive numerical aralysis and mechine cc-putition. E
There sre presently available fr-1 the InternatZsral Mathematics ard éifé
Statistics Library subroutines suitable fcr mini computers produced by the ﬁ
Data Ceneral Corporation and the Digital Equipment Corporation capcblc of j::',::{
desling with large systems of non-lineir differentisl euations. It is \t"
hoped to exploit these eithcr through fairly heavily used local computers :»-:J
or by a modem to an Air Porce facility. . | ;ni
o
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