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\ﬁ/mmochemcal and more recently chemical localization and determination of
chromosomal non-histone pruteins as specific nuclear acceptors of ADP-ribose
and of its polymers; b.) by the detection of specific perturbations in ADP-
ribosylations of non-histone proteins during early carcinogenesis, development
and hormonal influences, biological areas that are recognized to express -
differentiated cellular processes. Since the signals obtained during early |
carcinogenesis, development and hormone actions are clearly distinguishable, |
-there is a predictably high probability that highly specific macromolecular
mechanisms will become identificable during subsequent research,that is aimed |
to discover a new experimental bacis for the discrimination between nuclear |
processes connected to physiological function in distinction to responses to ;
toxic and carcinogenic injuries. The specific report is presently concerned
with the following results: 1. Immunochemical demonstration of the sub-
nuclear distribution of (ADP-R)n, identifying non-histone proteins as specific
acceptors. 2. Direct chemical methodology that identified actin as one of
many non-histone proteins as an ADP-R acceptor. 3. Chemical demonstration of
increased protein-ADP-ribocylation during early precancerous state. 4.
Enzymological demonstration of age-dependent differences in poly(ADP-R)
biosynthesis in isolated cardiocyte nuclei. 5. Hormonal influences of
nuclear ADP-ribosyations, identifying organ specific (cardiocyte nuclei-
"specific) inhibitory effect of aldosterone on ADP-ribosylation. 6. Inhibitor
effects of hypophysectomy and adrenolectomy on nuclerr poly ADP-rubosylation. 1
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Polyadenosine Diphosphoribose in Histone and Non-histone Protein
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Takeyoshi Minage,i Alexander D. Romaschin,§ Eva Kirsicn. and Ernest Kun®

From the Cardiovascular Research Institute and the Departments of Biochenustry and Biophysies and Pharmacology,
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The macromolecular association|of immunoreactive
naturally occurring polyadenosine diphosphoribose n
> 4 with histones and non-histomﬂprotcins was deter-
mined with the aid of an improved method of extraction
of polyadenosine diphosphoribose|and a combination
of radioimmunoassay and molecular filtration. More
than 99% of the naturally occurring polyadenosine di-
phosphoribose n > 4 was present inirat liver in covalent
association with non-histone protequs. The chain lengtn

of the polymer varied between n = 4 and n = 34, Less
than 1% of naturally occurring polyadenosine diphos-
phoribose n > 4 was almost evenly distributed between
histone fractions fl, f2a, f2b, and 3} Adenosine diphos-
phoribose polymers of relatively|long chain length
were also detected in the histone fractions. The cova-
lent association of polyadenosine diphosphoribose with
non-histone proteins was demonptrated by affinity
chromatography. -

Polyadenosine diphosphoribose, the homopolymer of ADP-
R,' is a unique natural product of eukaryotic cells that is
formed from NAD" and is localized in the nucleus (1, 2).
Mitochondria contain a trace amount |of an ADP-R-protein
adduct that is also derived enzymati¢allv from NAD" (3).
Extensive evidence obtained with the aid of a variety of
chromatographic and electrophoretic techniques applied to
severa] types of cultured cells and to animal tissues supports
the view that polvadenosine diphosphoribose exists in chro-
matin as a covalent protein adduct (4-}3). This conclusion is
substantiated by the fact that the enzymatic synthesis of the
polymer occurs on a protein primer (1, 2, 14). Although the
precise nature of the bond or bonds between the polymer and
proteins remains unknown, it is generallv recognized that the
protein-poivadenosine diphosphoribos¢ adducts are unstable

* This work was supported bv Grant BG-304 from the American
Cancer Societv, Grant AFOSR-78-3698A from the United States Air
Force, and National Institutes of Health Program Project Grant HL-
6285. The costs of publication of this articlel were defraved in part by
the pavment of page charges. This article must therefore be herebyv
marked “advertisement” in accordance with 18 U.S.C. Section 1774
solelv to indicate this fact. ' ‘

 Present address. 2nd Dept. of Medicine, Kyoto Perfectual Uni-
versity of Medicine, Hirokoji. Kawaramachi, Kamikvo-ku, Kvoto 602,
Japan. ;

§ Recipient of a Natural Sciences and Engineering Research Coun-
cuil (Canaday fellowship. ‘

T Recipient of a United States Public Llcal!h Service Research
Career award. To whom correspondence should be addressed.

' The abbreviations used are: ADP-R, adenosine diphosphoribose:
12G. immunoglobulin G. !

at alkaline pH (1, 2). The detection of fragments of tree
polvadenosine diphospnoribose synthesized n vitro by iso-
lated nuclei of mouse liver does not necessarilv reflect condi-
tions which exist in virn and could be an artitact of isolation
(13). ‘

One of the fundar.iental unresolved problems is the identi.
fication of nuclear proteins which are susceptible to polvaden-
osine diphospheribosylation. Histones (4-8) and non-histone
proteins (10, 12, 13) have been reported to contain covalently
bound oligo- and polvadenosine diphosphoribose as detected
by radioactive labeling techniques. [dentification of a histone
f1 dimer joined by a 16 ADP-R-containing oligomer t16. 17)
appeared to confirm the acceptor role of basic nuclear pro- |
teins. On the other hand the ADP-R histone f1 adduct iden-
tified previouslv as a Schiff base {18) was shown to plav the
role of an elongation primer of the highly purified polvaden-
osine diphosphoribose polyvmerase (14). implving a possibly
different biochemical function for mono- and oligomeric ADP-
R-histone adducts. Highly. puritied enzvmes (14, 19-21) svn-
thesize tn vitro only very short oligomers. containing an
average of 1 to 3.7 ADP-R units except in the vresence of
histone fl1-ADP-R Schiff base (18), whereupon oligomers of
an average of 10 to 12 ADP-R units mayv be tormed (14).
Isolated nuclei of pigeon liver,” however, readily synthesize
polymers of an average cha.n length of 40 ADP-R units (22,
24) and various preparations of nuclei from rat liver and calf
thymus under certain conditions can produce polyvmers of an
average chain length of 65 ADP-R units (25). Extrapolation of
these results to in vive conditions tend to sugyest that more
complex pdlvmers of ADP-R mmay be tormed in animal tissues
than predicted from presently known in vitro enzvmology.
This assuniption is supported by the discovery of branched or
cross-linked polvadenosine diphosphoribose (26).

We have chosen to determine the polvadenosine diphos-
phoribose content of dilute acid-soluble and -insoluble pro-
teins of rat liver because it would be anticipated that the
macromolecular distributior, of the polvmer under 1 vivo
circumstances would reflect a physiological condition. In con-
trast to the majority of attempts to quantitate polvadenosine
diphosphoribose by radiochemical analyses only, we have
recentlv adopted a highly specific anti-polvadenosine diphos-

‘ The advantage in terms of specificits of the [gG zlobulin (22) over
other antisera (9, 23} is probably traceable to the unusual nature of
pigeon liver nuclei used for the synthesit ot the antugen. Pigeon liver
nuclei, as distinguised from rat liver nuclet. can deaminate nicotin-
amide to nicounic acid, thux, the expected product inhibition of the
polymerase reaction by nicotinamude is minimized, resulting i the
synthesis of apparently more specificallv antigenic polvadenosine
diphosphoribose.

9663



phoribose [gG (22) for the quantitative analysis of the poly-
mer.'

Radioimmunoassavs for polvadenosine diphosphoribose
have been described by others (9, 23); however, the antigens
used were much shorter oligomers than employed in our work
(22). and antisera were significantly less specific than the IgG
(22). This difference in specificity between previously devel-
oped antisera (23) and the IgG (22) is illustrated by the fact
that displacement binding curves by ADP-R oligomers vary-
ing in average chain lengths between 6 and 28 ADP-R units
were dissimilar (23), whereas no such variation was detectable
with the 1gG (22). With our radioimmunoassay. the quantity
of larger than tetrameric polvadenosine diphosphoribose can
be determined with the same sensitivity.

The present report is concerned with the determination of
polvadenosine diphousphoribose in rat liver protein fractions
separable hy their solubility in dilute acids. Special efforts
were made to minimize chemical or enzymatic (1, 2, 27
reactinns which would result in a loss or partial degradation
of the protein-bound polymer during its isolation.

MATERIALS AND METHODS

Male Sprague Dawley rats of 200 g body weight were deprived of
food for 24 h prior to the removal of livers for analvses..After
pentobarbitol anesthesia livers were immediately freeze-clamped in
<teu with aluminum tongues kept at liquid N: temperature. The quick-
frozen liver samples were either freeze-dried immediately or instantiy
fractionated as follows. ‘ '

I Isolation of Acceptor-free Immunoreactive Polvadenosine
Diphosphoribose from Total Rat Liver, Acid Extracts and
Sediments

Freeze-dried liver powder from 2 situ freeze-clamped orcans was
prepared as described (22). Two grams of anhvdrous powder were
hovangenized in ewther 25 mi of 3% HCIO, or 50 ml of 0.25.5 HCl for
3 min in a container immersed 1 an ice hath, with Polytron homog-
enizer (Brinkmarnn) at half-maximal speed. The homogenates were
stirred mechamcally for 70 min at 0°C (ice bath) and the insoluble
sediment was separated by centrifugation. Extracts prepared by 5%
HCIO, were centrifuged at 1.100 X g for 30 min at 4°C. whereas 0.25
x HCl extracts were sedimented at 12,000 X g for 30 min at 4°C. The
sediments were re-extracted twice exactly as described for the first
extraction. The combined extracts were concentrated by ultrafiltra-

tion (Amicon Diaflo, UM-2 membrane) to less than 10 ml volume in .

an ice bath. dialyzed twice at 4°C against 4 liters of H.0 for 10 h, then
freeze-dried. The freeze-dried acid extracts. the sedimer s, or 0.2 g of
unfractionated total dry powder were digested as follovwss. The samples
were suspended in 3 mi of N NaOH and digested for 24 h at 37°C.
The pH was adjusted to 8.5 with 3 N HCl and Tris base (approximately
300 mu. final concentrationi and MgCl; was added to a final concen-
tration of 10 mMm. Combined digestion with DNase (90 ug/ml. EC
3.1.4.5. Sigmas, micrococeal nuclease (12 ug/ml; EC 3.1.4.7, Sigma),
and alkaline phosphatase (30 ug/ml, chromatographically purified EC
3.1.3.1, Worthington Biochemicals) was carried out hy incubation for
6 h at 37°C. At this time the incubation mi tures were recharged with
exactly the same quantities of nucieases and the incubation-digestion
continued overnight ay 37°C. EDTA 20 mm, final concentration).
sodium dodecyi sulfate {0.25%, final concentration) and proteinase K
(Merck Co.. Germany. supplied by Beckman Co.. 1.7 mg/ml. final
concentration) were then added and digestion continued for 12 h at
322C with vigorous shaking. At this rtep the acid-extractable samples
were completely digested and ready for phenol extraction (22). The
insoiuble material present in the digests of total liver powders was:

' Pulse labeli- g of rats in ¢ ivo with [“Clribose indicates that NAD*
and the polymer are labeled at approximately the same rates tappar-
ent t,.; of nbose incorporatinn into NAD"® and the polymer is 2.7 and
3.1 h. respectively). Differences in rates of labeling of polvmers of
larger and smaller molecular weights are also apparent, suggesting
differences in metabolic turnover of polymers with different molecular
weights. These results cast doubt on the adequacy of radiolabeling
alone as a measure of the relative quantities of polyadenosine di-
phosphoribose in subnuclear protein fractions (unpublished results).
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wdimented by centrifugation, the supernatant was saved, and the
sedintent after te-suspension in 5 mi of 500 my Tris-HCY 1pH #.5)
was redigested with proteinase K for 12 h at 37°C, This procedure
wis repeated two to five times, resulting in completely soluble digests,
which were combined. Al digests were extracted with water-saturated
phenol (1 ml of phenol/d ml of digest). lasers were separated bv
centrifugation (3,000 rpm for 10U min), and the phenol phase was back-
extracted with water (1 ml of H.0/2 ml of phennl extract). The
combined aqueous tractinns were re-extracted with water-saturated
phenol the second time, and backextracted with water as hefore. The
combined aqueous extracts were freed from phenol with water-satu-
rated diethylether (3 mi of ether/l ml of original digest) and the
ether phase was back-extracted with water (1 ml of H.0/10 mil of
other fraction). The combined aqueous extracts were extensively
dialvzed at 4°C fur 24 h) against five changes of 100-fold excess H.O
and ihen freeze-dried. The resulting dried sediment contaning the
extracted polyadenosine diphosphoribose was dissolved in 1 ml of
my phosphate butfer (pH 7.01 and the radioiminunvassay was per-
formed by the nitrocellulose membrane filtration technique as de-
scribed (22). Storage of whole frozen liver samples at ~13°C for
soveral davs or isolation of nuclei by the nonaqueous technigue
described earlier 122} resulted in an uncontrollable vanation of the
immunoreactive polvadenosine diphosphoribose content. indicating
that degradation of macromolecular polyadennsine diphosphoribose
in water containing tissue samples can take place either during siorage
or during the elaborate process of the application of the coiloid mill
and subsequent density gradients in orgamic solvents (221, For this
reason the more rapid and conservative extraction procedure used in
the present study resulted in a small >r deviation in analvtical resuits
as compared to € .t previous repot. (22). The recovery of polvadeno-
sine diphosphoribose n = 40 added to acidic extracts, prepared by the
methods described below was between 85 and 937, compared to a
recovery of &3 to 123% obtained in the preceding report (22). This
indicated that the apparent variance between present and eariier
results was due to the previously uncontrollable decay of the polymer
within tissue sampies rather than inconsistencies in the radioimniu-
noassay itself.

The meihod of fractionation of acid-extractable proteins by car-
boxymethvlcellulose chromatography and by organic solvents was
adopted from standard procedures (28-J0,

I1. Quantitative Determination of Polyadenostne Diphosphoribose
n > 4 in Histone Fractions

« A. Carboxyinethyicellulose Column Thromatography—Two grams
of dry powder of rat liver were extracted by homogenization the
Polvtron instrument three times with 50 ml of 0.25 8 HCl ana the
combined extracts were concentrated by uitrafiltration as described
under I above. The concentrated extract. about 7.5 ml final voiume.
was dialyzed overnight against 4 litlrs of 0.1 M sodium acetate butfer
(pH 4.2) at 4°C and applied to a carboxymethylcellulose column 2
X 45 cm) which had been equilibrated with the same buffer. Non-
histone proteins were quantitatively removed by the equilibration
buffer as followed by the Brinkmann V' monitor 605 until all UV-
absorbing material (at 280 nm) was eluted 128). Histones f1, £2. and {5
were eluted stepwise with 0.17 M sodium acetate huffer (pH 4.2}
containing 0.42 M NaCl, 0.01 5 HCL. and 0.02 5 HCL respectively. at
a flow rate of about 30 ml/h (2-mi fraction/tube). Each fraction
containing non-histone proteins and histones {1, f2. and F3 were
dialvzed overnight against distilled water and then freeze-dried. The
freeze-dried samples were digested and assaved as described under I

B. Separation of Histone containing Fractions by Organic Sol-
vents—Two grams of anhvdrous liver powder were extracted three
times with 5% HCIO, and the combined extracts, after concentration
by uliraiitration (see [). were treated with trichloroacetic acid (final
concentration 207). The histone {1 fraction was precipitated by
centrifugation at 10,000 X g for 30 min at 4°C. The sediment remaining
after the extraction of histone {1 was resuspended in 30 ml of ethanol.
homogenized for 3 min, kept overnight at 4°C. and then sedimented
.by centrifugation at 1,100 X g at 4°C. After two additional extractions
with 20 ml of & - “thanol, the combined supernatants were concen-
trated by vacuum -~oration to about 10 mi and precipitated by 5
volumes of cold (0°C: acetone and 0.35 mil of concentrated HCL The
precipitate, after separation at 10.000 X g for J0 min at 4°C. was
washed once in acetone and redissolved in 7 mi water. Ethanol and
hydrochioric acid were added to give a final concentration of 80% and
0.25 5, respectivelv. The solution was again dialvzed overnght against
200 ml of ethanol at 4°C. After repeated dialysis against 200 ml of
ethariol for 4 h, the histone {3 fraction was separated by centrif ugation
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at 110y x g at 4°C, the supernatant was concentrated in Cucuo o
about 10 ml, and histone t2a was precipitated by 3 volumes of cold
acetone, Histone f2a was coliected by centrfugation at 10,000 x g
The remaining sediment following ethanol extraction of histones f2a
and 1 contained histone f2b and was extracted by homogenization
for 3 min in 10 ml of 0.25 8 HCl at 4°C. The homogenate was
centrifuged at 1,100 X g and the sediment was re-extracted three
times in the same manner. Histune f2b was precipstated by addition
of 5 volumes of cold 14°C) acetone and collected by centrifugation at
10,000 x g at 4°C. All separated histone fractions were digested and
assaved as desenbed under [

C. Determunation uf Polvadennsine Diphosphoribo.e Content of
Purified Histone fl—A 5% HCIO, extract from 18 g of anhvdrous rat
liver powaer was prepared and concentrated to approximately 1 ml
as describea under [, then precipitated with trichloroacetic acid as
descnibed under 11B. Pure histone f1 and contaminant nen-histone
peptides were sedimented by centrnifugation at 10.000) x g. The super-
natant was dialvzed overnight extensivelv against water and freeze-
.dried. The precipitate was dissolved in 2 mi of 0.1 M sodium acetate
buffer ot pH 4.2 and then applied to a carboxymethyiceilulose column
12 % 45 cm). Non-histone proteins were sepacated by the buifer and
histone f1 wax eluted with 0.17 M sodium acetate buffer containing
042 s NaCl. Non-histone ana histone fractions were then frecze-
dried, digested, and assaved as descnbed under L

D. Chain Length Esumation of Naturally Occurring Polvadeno-
stne Diphosphartbose—Three batches of ' vitro-synthesized polyv-
adenosine diphosphonbose of chain lengths averaging 4. 16, and 12
ADP-R units were prepared (22), The elution pattern of the three
samples of polyvadencsine diphosphoribuse were determined on a

Sephadex G-50 column (1 x 100 cm), which served as calibration (g, |

24). Approximately | ug of acceptor-free endogenous poivadenosine
diphosphoribose was isolated from the sediment remaining after
extraction with .25 N HCL. The polvarenosine diphosphoribose iso-
lated from the non-histone sediment was dissolved in 2 ml of 10 mm
Tris-HC! buffer, pH 74, ¢ontaining | M NaCl and applied to a
Sephadex (-5 column (1 x 100 cm) which had been ¢quilibrated
with the same bulfer and cluted at a flow rate of 12 mi/h 1Fig. 28). A
5-ml aliquot/fraction was collected. The contents of each tube from
Tubes 7 through 23 were dialvzed overnight against H.O, freeze-dned.
digested. and assaved as described under [. Purified histone {1 fraction
was obtaned from 30 g of liver powder as described under [IC.
Approximately 300 ng of polvadenosine diphcspharibose present in
association with histone fl was applied on a Sephadex G-3) column
and eluted in the same way as descrihed above. The contents of three
successive tubes were combined (Tubes 8 through 12, Tubes i1}
through 17, and Tubes 18 through 22), dialvzed. [reeze-dred, digested.
and assaved as described under I. Results are shown in Figs. 2C
‘Techniques related to the 1solation, molecular fitration. determina-
tien of average chain lengths of poivmers, and immunological prop-
erties were the same ax reported in the preceding paper (22).
Dihvdroxvborvi affinity chromatographv of protem-bound polv-
adenosine diphosphonbose was adopted from Havaishi (31) using a
phenyviboronate denivative of Bio-Gel P-6 purchased from Bio-Rad.
[I1. Chromatography of Acid insoluble Pretetns on Dihvdroxy-
boronate Affinity Resin—One gram of freeze-clamped "iver was ho-
mogenized in 20 ml of ice-cold 5% HCIO, with a Polvtron tBrinkmann)
‘homogenizer at half-maxunal speed for 3 min. The resulting homog-
enate was centrifuged at 1,100 % g {or 30 min at 4°C. The supernatant
was discarded and the precipitate was washed three times with 20 ml
of we-coid 5% HCIO, to remove soluble nucleotides. The precipitate.
0.6 g, was dissolved 1 5 ml of 6 N quamdine hydrochlonde contaming
100 mM Tns base and the pH was adjusted to 8.2 with 6 N KOH,
during continuous mechanical agitation. The suspension then was
further stirred for 15 nun at room temperature and centrifuged at
2000 x g at 4°C for 10 min to remove KCIO. The resulting clear
supernatant was applied to a column 25 x | cm) of Atfikel 01 (Bio-
Rad) equilibrated with 6 N guanidine hvdrochloride, 100 mm Tris. pH
8.2, at room temperature Ambient conditions were used since pre-
vious expeniments had shown better retention of polvadenosine di-
phosphonbose n = 34 on the column at 25°C than at 0-4°C. The
column was washed with 100 ml of equiibrating buifer at a flow rate
of 3 mis/h. This removed KNA, DNA and the bulk of protein
containing no ADP-R protein adducts. The buffer then was changed
to 6 N guanidine hvdrochloride, 100 mm sodium phosphate, pH 39,
and the column was eluted with 125 ml of thia solution. Thia second
eluate was concentrated and diafitered with diatilled water in an
Amicon ul’-afiltration cell using a UM-2 filter at 4°C overmight. The
resulting solution then was (reeze-dned and resuspendad in | ml of
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dustilled water and dissolved by adding NaOH ta 4 final concentration
of 1 N, This solution was stirred for 4 h at woom lemperature, brought
to pH &4 with TN HCLand 100 ms Tris butier, and then treated ax
under [ Polvadenosine diphosphonbose was deternined by the un-
funvassay 122,

RESULTS AND DISCUSSION

The polvadenosine diphosphoribose content of- animal tis.
sues s subject to considerable variation. depending on the
animal species assaved, and it is slso recognized that the
polymer undergoes fairly rapid metabolism.' Even within one
species, analysis of the immunoreactive larger than tetrameric
polvmer in the same organ can vield variable results unless
the rapid extraction technique is followed tsee “Matertals and
Methods™). Conditions used by others tor the determination
of neutral (pH 7.5) hydroxvlamine sensitivity of histone t1 and
non-histone protein-ADP-R bonds €32, 33} duo not assure the
preservation of larger than tetrameric poiviuers because in-
activation of the nolymer degrading enzyvmes is uncertain (22).
For this reason we avoided these technigues in our extraction
of the immunoreactive polvmer trom acid-soiuble and -insol-
uble proteins. Following the procedure described under ~ Ma-
terials and Methods” the total immunoreactive larger than
tetrameric polvmer content of rat liver was tound to be 9:121
(S.D. £ 8500 ng/g dry liver powder or 556 (S.D. = 52 ng/mg
DNA. or about 1,500 ng/g wet liver weight, based on analyses
of 20 rats.

The separation of naturallv. securring protein-associated
polvadenosine dinhosphoribose into acid 157 HCIO, or 025
N HCD-soluble and -insoluble fractions is illustrated n Flow
Sheet 1. As shown in Table 1. the 5% HCIO.- or 0.25 ~ HCI-
soluble protein-associated polvmer comprises only 0.9 or 1.9%.

[ RAT LIVER, DRY POWDER (2 g )|

.

Extroction with dilute ocids
e

—
HCIQ, HCi
5% 0.25n i
\—T_.._._J -
Concentrote + diulyzo'

' Freeze dry Precipiate
\
Digestion by IMNaOH and enzymes ( See suppiement)
\ /

Freeze dry

/
IMMUNOASSAY |

{ Results: See Table | )

FLow SHEET | Practionation into acd-soluble and -msoluble
components.

Tarre 1

Polyvadenosine diphosphoribose in acid extracts and sediments of
ral lu er powder
Separation of protein bound polvadenosine diphosphorihose of rat
liver into auid-soluble and -insoluble tsedunent) fractions by methods
described under “Matertals and Methods.” Each value 18 the average
of two analvses.

Polvadennine ‘(hnhmphnnm?q n>4

Extracting acud

Supernatant Sediiment Totai

. ngs gt dre potder
5% HC0, N0 RXEY 1) 9,700
(.25 N~ HCI 166.0 8500

R0}
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respectively, of the 1otal polvadenosine diphosphonbose con-
tent of the liver. The predominant amount remamed in the
acid-precipitable tissue fraction. Since analvses of acid-precip.
itable and -soluble fractions from liver powder were performed
on the same samples and recoveries were nearly quantitative,
as shown hy recovery of added exogenous nolvadenosine
diphosphoribose, it was apparent that treatinent with dilute
acids ar 0-5°C did not decompose polvadenosine diphospho.
ribose, This finding is consistent with published results (1). It
was expected that 0.23 N HCl more extensively than 57 HC!),
would extract proteins other than histones derived trom nu-
clear membranes, mitochondria, and microsomes 34), We
found that the radivimmunoassay (22} did not.indicate the
presence of polymeric adenosine diphosphoribose in extranu-
clear cell fractions, including mitochondria which contain a
specific protein associated monomer (3). It, therefore, was
concluded that 2ll immunoreactive macromolecular protein-
associated polvadenosine diphosphoribose originated from nu-
clei, confirming earlier reports which confined the localization
of the polvmer to nuclei (1, 2). Extracts prepared with 57
HClO, are known to contain histone f1 (28), nuclear peptides
of relativelv small molecular weight (3000) which are not
precipitated by 207 trichloracetic acid (25) and non-histone
proteins exhibiting high electropheretic mobility (36, 37). The
procedure followed to separate these components of extracts
obtained by dilute acids is illustrated in Flow Sheet 2. The
chromatographic separation of histone f1 on carboxymethyl-

cellulose (28) was performed at pH 4.2 as a precaution to
prevent the cleavage of alkali unstable bonds between proteins
and polvadenosine diphosphoribose (37). As shown in Table
[IA, a relatively significant portion of the acid-soluble immu

noreactive polvmer was found in the tissue extract prepared
with 5% HClO, which was not precipitable by 20% trichlora-
cetic acid, even' with bm ine serum albumin as a co-precipitant,
suggesting the presence of polyadenosine diphosphoribo-
sviated peptide fragments. About one-third of the immuno-
reactive poivadenosine diphosphoribose associated with the
207 trichloracetic acid-precipitable fraction of the HCIO,
extract was identified as non-histone nrotein-bound polvaden-
nsine diphosphoribose adduct by carboxymethvicellulose
chromatography. Covalent association of larger than tetra-
meric polvadenosine diphosphoribose with histone f1 was
ascertained in both HCIO, and HCI extracts. Dilute HCI
extracted sigrificantly larger quantities of macromolecularly
associated immunoreactive polvadenosine diphosphoribose,
which was mainlyv recovered in the soluble non-histone frac-
tion (Table 1IB), probably representing HCl-soluble proteins
of nuclear membranes. Ethanol and acetone fractionation (29,
30) of extructs prepared from precipitates after separation of
histone f1 by 5% HCIO, (see “Materials and Methods") yielded

[RAT CVER _CRY POWDER (189)

Successivg matraction with 22% and 100 mi of 5% HCIO,

Comianed suparnatants Precipuiate { discard }

i
Cancentrathon Dy ultrafiitration

i

Praciprighon with trichioracete ocd (20%)
———y

Supernatant Precioinate (crude Mstone f1})

. Oiatyze overmght ’ Cuvbérymwm oaiiose column cheomalography

Freaze 'dn Eivton of "on-stong crnparents Figtane l; oluled wth
. with O | M ocetate (pH 4.2) QAT M acetom (pH 4 2)
. | / +.0 42M NaC)

[ DIGESTION END ASSAY (See supplemend ) '
(Resus: Sea Todle 2}

-FLow SHreT 2. Purification of histone {1 and separation of non-
histone components.

“ton of Non-histone Proteins in Vivo

Taner [l
Polvadvnosine dipphosphoribose content of acid-soluble tissue
fractions of rat {weer powder

Further fractionation of acid-suluble protein-bound polvadenosine
diphosphorihose present in 5% HCIO) 1A and in 0.25 8§ HCL (83
extracts. In A the extract was divided into trchloracetic acud (2001
soluble (supernatant) and -insoluble (precipitatel fractions. The pre-
cipitate was resolved into large non-histone peptides and histone f1
by chromatography on carhoxvmethvicellulose (see " Matenals and
Meothods™). The discrepancy (13 ng/g) hetween total polvadennsine
diphosphonibose in A and the sum of non-histone-bound and histone
f1-bouna polviner ix due to incomplete reeovery (854) by the come
bined operations. The same error in combined techniques explains i
B the apparent diserepancy between totiad bound polvadenosine di-
phosphoribose content and the sum of non-histone pulvpeptides and’
histone-associated polvmer (24.6 ng/gl. Bach value is the average of
two analvses.

Pols adenosimne diphosphen.

Method of eatraction and fractionatin hose n 2 4

g s pordivr

AL 5% HCIO, eatract .0
2% Tachloracetic acid supernatant G
of HCIO, extract
207 Trichloracetic acid preciptate of
HCIO, extract ’
Non-histone peptides 5.2
. Punfied histone {1 1.8
B. .25 § HCl extract 13,0
Non-histone fraction R
Histone 1 1640
Histone £2 + 3 {raction 205

polvadenosine diphosphoribose-containing histone fractions
in amounts of 21.7 (1), 12.2 (f2a), 22.2 (f2b), and 15.7 (f3) ng
of immunoreactive polymer/g of drv liver powder. The chro-
matographic technique (28) and fractionation with organic
solvents 129, 30) for histones vielded 45.5 and 74.5 ng of total
histone-bound polvadenosine diphosphouribose/1 g of liver
powder, respectivelv. This discrepancy corresponds to the
lower limit (65%) of recovery of added polymer and is due to
the technical problems of sample collection.

Bredehorst et al. (33) reported that, according to thmr
technique, the predominant acceptors of adenosine diphos-
phoribose were tound to be non-histone nuclear proteins and
histones contained only snmll anicunts of covalently bound
adenosine diphosphoribose. These results are in agreement’
with our analyses with respect to the nature of acceptors of
adenosine diphosphoribose. In contrast to their report ¢33,
however, we consistently find polvadenosine diphosphoribose
n > 4. not the monamer, in association with non-histone
proteins. This apparent discrepancy is probably due to differ-
ences in the treatment of tissue ramples. requiring utmost
‘care in avoiding the degradation of the polvmer (compare
“Materials and Methods” with Ref. 33). This point is illus-
trated also by comparison of previous'analvtical results (22) -
with those described in the present paper which show a 19.
fold higher polvmer content when the cunservative extracion
technique (see "Materials 2nd Methods™) is strictly followed.

In vitro studies by others (15 have also shown that the
specific activity of polyadenosine diphosphoribose incorpo-
rated.into non-histone proteins was higher than that of histone
proteins. This observation was also correlated with a longer
mean polvmer chain length in non-histone proteins (15).

Since the predominant portion of tmmunoreactive larger
than tetrameric polvadenosine diphosphoribose was present
in the dilute acid-precipitable non-histone protein fraction
containing also nucleic acids, it was of importance to ascertain
that the radioimmunoassay was not falsified by interfering
nucleic acid fragments. Sample digestion in 1 M NaOH elim-
inates RNA and the remaining UV-absorbing material is
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comprised of DNA fragments exhibiting a gel fiitration pattern
as shown in Fig. 14, Digestion with one evele of nucleases and
dialyvsiz (sce “Materials and Methods™) almost completely
eliminates macromolecular UV-absorbing material (Fig. 18),
vet the radioimmunoassay shows the existence of polvdisperse
macromolecular ADP-R polvmers (Fig. 10). The amounts
of polvadenosine diphosphoribose determined by the radio-
immunoassay is so small that it cannct be detecred by absorb-
ance measurements at 260 nna. In rou.ine work the redigestion
cvele with nucleases was repeated at least twice without
measurable change in immunochemically detectable polv.
adenosine diphosphoribose values (compare with Fig. 28
thus, interference bv DNA tragments can be excluded. [t
should be noted that DNA significantly interteres with the
radioimmunoassay only when present in excess of 13,500-fold
over polvadenosine diphosphoribose (22).

The macromolecular distribution of immunoreactive poly-
adenosine diphosphoribose isolated from acid-insoluble non-
histone proteins tB) and histone 1 ((" as determined by
molecular filtration on Nephadex G-50 (22) and compared to
standards (4) is Wlustrated in Fig. 2. Both fractiong exhibited
polvdispersity Letween average chain lengthsof n = $ton =
34 )

On the basis of a large body of evidence (4-8, 10-13, 17-25,
31, 32), it can be assumed that the polymers associated with
acid-solubie and -insoluble proteins represent polvadenosine
diphosphoribose predominantly covalently bound to proteins.

We have attempted to confirm the vovalent association of
polvadenosine diphosphoribose with non-histone proteins by
an alternative method employving fractionation of acid-insol-
uble rat liver proteins on a dihvdroxyvboryl affinity column
under denaturing conditions (31). Using the procedure out-
lined under “Materials and Methods,” we obtained a small
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Fi. 1. The effect of one cycle of digestion with DNase, mi-
crococcal nuclease, and alkaline phosphatase on the UV ab-
sorbance (A nm) and immunochemically detectable poly-
adenosine diphosphoribose content of a 1 M NaOH digest of
rat liver. Elution patterns are determined by molecular filtration on
Sephadex G-30 as described uncer {ID under “Matenals and Meth-
ods.” A. molecular prcfile of DNA as determined by A nm beflore
digestion with nucleases, B. same as A, except alter one cycle of
digestion with nucleases; ", macromolecular profile of immunoreac-
tive larger than tetrameric polvadenosine diphosphorihose after one
cycle of digestion with nucleases.
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F1G. 2. Polvdispersity of macromoleculariy aswociated im-
munoreactive polyadenosine diphosphorihose n > 4. A, calibra-
tiot. of Sephadex G-30 cotumn with bovine serum albumin (L SA),
polvadenosine diphosphoribose contaming 34, In. and 12 ADI R
units, and NAD". As = 'C counts per mun, 8. macrome-
lecular profile of poivadenasine diphospnoribose solated from the
non-histone fraction of anhvdrous rat iver powder as deternuned by
molecular filtration on Sephadex G-3 and raciommmunoassav.
macromolecular preiile of histone (1-baund polvadenosine diphos-
phonbose by the same method as given i B. Detads are described
under {ID under “Materials ana Methods.”

fraction of dilute acid-insoluble rat liver proteins which bound
to the dihvdroxybory! resin (about ¢10 ug/ i wet weight). The
hinding of this small amount of protein to the boronate resin
unplies covalent attachment to polvadenosine diphosphori

bose. Subseq@tent hvdrolvsis and radioimmunoassay of the
polvadenosine diphosphoribose liberated from the protein
gave a protein/polvmer weight ratio estimate of A0l
MacGillivrav et al. (15) bave suggested that a sizable fraction
of the non-histone poteins covalently bound to polvadenosine
diphosphorihose have large molecular weights in excess of
70,000. The polvadenosine diphosphoribose released trom pro-
tein corresponded to a liver-content of 1,600 ng/g wet weight.
This value is within the range of larger than tetramenc
polymer content as determined in total non-histone proteins
Uy the methoas Jescribed in this paper and suegests that the
polvadenosine diphosphoribose i3 covalently protein-bound.

Since our conditions for solubilization of dilute acid-precip-
itable proteins by 6 N guanidine hvdrochloride in 100 myM Tris,
pH 8.2, are similar to the conditions used by others for the
solubilization of non-histune proteins trom nuciei or chromatin
(38), it is apparent that the hulk of non-histone proteins were
extracted by our method from the 5% perchlaric acid precip-
itate.

It has been recently demonstrated that the poivadenosine
diphesphoribose polyvmerase is located in the internucleoso-
mal regions of chromatin (12. 13). This localization predicts
that the enzvmatic products should accumulate between nu-
cleosomes and probably modifv by as vet unknown mecha-
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mismx protuins also localized in the internucleosomal areas
Our results tend to contism thu prediction. Observed phenom-
ena of regulation of DNA svathesis by polvadenosine diphaos.
phoribosviation (39 and an as vet unexplated role of paly-
adenosine diphosphorihose in differentiation (11, 40, 411 and
enzvme induction (42) may be related to a modifving effect of
polvadenosine diphosphornibosylation on predomunantly non.
histone proteins. These proteins are known to play a kev rofe
in transcription and its regulation «43). The polvdizpersity of
various histone associated ADP-R polvriers that are present
in small amounts indicates that the dimer formation of histone
f1 t16, 171 is not a unique macromolecular species,

Our work thus far has not included the determination of
polvadenosine diphosphonbose n < 4. Monomers of ADP-R
which are bound to protein would be decomposed to AMP
under our condittons. Combined chemical and immunological
analyses of all forms of polvadenosine diphosphortbose and
the studv of their ph_vsmlugical role are the subject of further

investigation,

Acknowledgment—>pecial thanks to Mana Oostveen-Romaschin
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however, repetition of freezing and thawing usually leads to a consider-
able loss of the catalytic activity. It is also noteworthy that DNA tends
to facilitate the inactivation of enzyme. ‘

[26] Extraction and Quantitative Determination of Larger
than Tetrameric Endogenous Polyadenosine
Dinhosphoribose from Animal Tissues

By TAKEYOSH1 MINAGA and E’Nest KuN

Evaluation of the in vivo biological role of polyadenosine diphos-
phoribose in animal organs has thus far been attempted by in vivo labeling
of the polymer with [**CJribose.! This approach. although clearly indi-
cating the existénce of the polymer in rat liver. necessarily depends on
its detection by the "C marker. The determination of the metabolic

.turnover of polymeric polyadenosine diphosphoribose in vivo requires an

independent assay procedure for the quantitative determination of the
polymer in tissues. Combination of the quantitative assay with tracer
techniques is a prerequisite for the study of in vivo metabolism of poly-
adenosine diphosphoribose in normal and abnormal biological states. A
selective radioimmunoassay for macromolecular polyadenosine diphos-
phoribose (larger than tetrameric polymer) has been described which is
suitable for the analysis of animal tissues.? The method requires the

- partial purification of nuclei from freeze-dried. rapidly frozen organs with

the aid of organic solvents.? Although reliable data and enzymically active
nuclei can be obtained. the method suffers from the disadvantage that
the isolation of nuclei by organic solvents is of low vield and is time-
consuming. Modification of the extraction and digestion methods as de-
scribed here circumvents the necessity to isolate nuclei and enables the
accurate determination of polymeric polyadenosine diphosphoribose
{{ADP-R),,,] by the radioimmunoassay? in animal tissues. The method
is suitable for the intrachromatin localization of the polymer.

' K. Ueda. A. Omachi. M. Kawaichi. and O. Hayaishi. Proc. Natl. Acad. Sci. U.5.A. 72,
207 (197%).

* A. M. Ferro, T. Minaga. W. N. Piper. and E. Kun. Biochim. Biophvs. Acta 519, 291
(1978).
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Method
1. Analysis fir Total FolN(ADP-R),,,

(a) Sampling. One to ? g of fresh tissue are freeze-clamped at liquid
N, temperature and freeze-dried. A stable powder is obtained suitable.
for storage (at —20°) a~d subsequent analyses.

(by Homogenization and Extraction. A weighed sample of the freeze-
dried tissue powder is homogenized (ice bath) in 20 volumes of 1077
HCIO, (0°). The sediment is separated by centrifugafion (4°, 7000 rpm for
10 min). washed twice with 1077 HCIO,, resedimented. and the super-
natants combined. Homogenization and extraction with HCIP, (1077) is
advantageous for two reasons: (a) it separates soluble nucleotides (e.g..
NAD"): (b) it prepares the protein and nucleic acid sediment for efficient
subsequent digestion.

(c) Digestion in NaOH. The HCIO. precipitate from (b) is suspended
in water (1 ml for 200 mg powder) plus an equal volume of 2 M NaOH

© (stir by Vortex): an equal volume (e.g.. of the total at this stage) of | M

(final concemrauon) NaOH is added. and the mixture is digested for 24
hrat 37°.

(d) Enzymic D:gesnan. The pH of the NaOH dngest is adjusted to pH
8.5 (glass electrode) with 3 M HCI plus Tris base. and MgCl, is added to
a final concentration of 10 mM. To a final concentration of %0 ug/mi
DNA-ase. 12 ug'ml micrococcal nuclease and 30 ug/ml of alkaline phos-
phatase (this may be omitted if termini of polyadenosine diphosphoribose
are to be maintained intact) are added: the mixture is incubated for 6 hr
at 37°, and then all the nucleases in the same amounts are again added
before continuing.the incubation overnight at 37°. Next morning EDTA
is added to a final concentration of 20 mM. SDS to 0.25%. and proteinase
K (1.7 mg/mi final concentration) and the solution incubated with vigor-
ous shaking for 12 hr at 37°.

Undigested material is spun down and the clear supernatant ﬂund
saved. The insoluble material is resuspended in 500 mM Tris-HCI. pH
8.5 (5 ml buffer for 200 mg original HCIO, precipitate), proteinase K ()
mg/mi) added. and the mixture redigested for 12 hr at 37° with agitation.
The procedure (i.c.. sedimentation of undigested material. saving and
combining of supernatant. and redigestion with proteinase K is repeated
5 times in succession. The final insoluble peliet contains only 0.27¢ of
1C-labeled polymers and is discarded. .

(e) Extraction with Phenol. The combined soluble dlgest is extracted
with water-saturated phenol (10 mi phenol per 30 ml extract), and layers
are separated by centrifugation (3000 rpm for 10 min). The phenol phase
is back-extracted with water ($ mi per above stated volume). The com-
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bined aqueous fractions are re-extracted with 10 mi (per 30 m! digest)
water-saturated ‘phenol. washed with H,0. and the combined agueous
fractions re-extracted with water-saturated diethyl ether (100 ml per 30
m! original digest). The ether extract is back extracted with water. The
combined water extracts contain 85-97% of poly(ADP-R) as tested by
the recovery of added “C-labeled polymer to the enzymic digest.

(f) Dialysis and Freeze-Drving. The aqueous extract is extensively
dialyzed (24 hr with § changes of water) and then fréeze-dried. This
extract still contains ultraviolet-absorbing material which cannot be ac-
counted for as poly(ADP-R). but this does not interfere with the radioim-
munoassay.? Redigestion with the nuclease cycle and further digestion
with a-amylas¢ can remove non-poly(ADP-R) contaminants if the pur-
pose of isolation is to obtain radiochemically and immunochemically pure
polymer (i.e., in [**C]ribose in vivo labeling experiments). However. for
" quantitative radioimmunoassay by the glass-fiber technique. the above’
extract is satisfactory. ' ' .

B 5

11. Subfractionation into Histone and Nonhistone Associated
PU',\'(ADP‘R).>.

(a) Extraction of histone H1 from the original freeze-dried powder is
readily accomplished by 59¢ HCIO, (2 g powder plus 10 ml 5% HCIO,.
homogenize at 0°, then stir for 30 min at 5°, centrifuge. repeat 3 times.
combine supernatants). To the combined HCIO, extracts. trichloracetic
acid is added to a final concentration of 207¢ and 6 mg bovine serum
albumin are added as a carrier at 0°. The precipitate is collected. redis-
solved in a small volume of water. dialyzed. and digested as described
in 1. . :
{h) Extraction of total histone fraction is carried out with 0.25 M HCI
from the original freeze-dried powder (2 g powder plus 50 mi 0.25 M
HCI. homogenize. then stir for 30 min at 5*, repeat 3 times. combine:

PoLY(ADP-R)e>, ConTRNT OP | g Fazeze-Duen Po':mn oF RAT Liver

ng poly(ADP-r),,,

No. Fraction per | g dry powder
1 Total powder 8739.3
2 Total histone-associated
(ADP-R}q.q 166.0
3 Histone Hi-associated
(ADP-Riy,, o 8.3
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supernatants). The combined HC! extract is dialyzed. freeze-dried. and
then digested as in 1.
_A recpresentative analysis is shown in the table.

Summary

‘The validity of the extraction technique was tested by recovery of
added '*C-labeled polymer. Recovery was always close to 907%. It is
apparent that the predominant chromatin fraction. containing more than
$477 of (ALP-R)ps,. is the nonhistone fraction.
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[27] Covalent Modification of Proteins by Metabolites of
: NAD*

By ERNEST KUN

Polymeric and oligomeric products of the adenosine diphosphoribose '

moiety of NAD* are known to be formed in the chromatin of eukaryotic
cells.'* Ajthough the binding of (ADP:-R), to macromolecules of chro-
matin is assumed to be at a template site of the synthetase system. the
mechanism of this binding. or the transfer of (ADP-R), fragments from
the polymer to other protein acceptors (histone and nonhistone proteins)
is as yet unclear. The covalent modification of proteins of chromatin by
ADP-R transfer from poly(ADP-R) cannot be described in uniform mo-
lecular tzrms because presumably N.O-ribosidic bonds and possibly
ester-phosphate bonds have been reported to exist between ADP-R res-
idues and proteins.!

This chapter is restricted to the description of two types of ADP-R-
protein interactions: the enzymic transfer of ADP-R from NAD* 1o a

' H. Hilz and P. Stone. Rev. Physiol. Biochem. Pharmacol. 76, | (1976),
* 0. Hayaishw and K. Ueda. Annu. Rev. Biochem. 48, 98 (19771,
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SUBLNUCLEAR LOCALIZATION OF POLY(ADP-RIBOSYLATE!) PROTEINS

truest Kun® , Alexander . anaschtn and Robert J, Klaisdell

Lbartments of Pharmacologv, Biochemistry and Biophvsics and the Cardnovascular
ResearchInstitute, Tie University of California ut San Francisco, Schoevl of
Medicine (Surge Bldg. 101), San Francisco, Ca. 94133

[NTRODUCTION

CLovalunt modification of macromolecules constitutes a highlv versatile and
specitre chemical rogulatory device that plavs a prominent role 1n diverse
cellular prqusses.l The advantave of this tvpe of control mechanisxm vver

srrect kinetic regulation of enzvmatic reactions is the extraordinarv specifigity

tnterent to the enzvme svstem that catalvzes the covalent modificution ot mac ro-
selucules.  As is the case in many complex biochemical hicrarchies, the regula-
tury implications o1 mucromolecular modification canunut be predicted solely on

U basis of rre catalvtic properties of its constitutive enzvmes.  Undoubtedlv

1 the present v unexnlolned functions of cukarvotic chromatin ary processes

-

.,.
LA
V&

St determine Jiftoerentiation and cell division with {ts anomalivs. An undets

stunding ol anv 0! thuese cumplex cvents gequires the detalled knowledpe of tha

T
.’,10‘1:

i
i
|
y

tgulatoey ettects ot navrotme lvcules of chromatin on = as. vel incompletel

g3

P A

Wi Iatoud = enzvitalie compoacnts of DNA ung RHNA metabolism.  The retognition of

N

Ji~otvte nucleosomal components of chromatin represents probably the most signi-

e
by el

ticant Mecent achicvement in this ficld, although fnternal drchitectursl doetasls
vt nucleosomes still require clarification.  As emphasized by F\l*cnilld.: the
rigulation of chromatin must involve also proteins other than the known compu-
nrents of nucleosomes (eg. nonhistone proteins), The question can ve raiscd
sticther of not the customarv methods of fsolution of nuclei result 30 u luss ol
zacrenolecular nudlear compuacnts that are significant tn the 1n vivo regulution
cf chromatin., It tollows that the alreddy NUMCTOUS TepOrts prote~s:ng tu vzplain
the regulatory role of the poly ADP-KR) svstem in chromatin functioun rav be prue-
cature because the hvpothetical models chosen are derived from as vet incomplete
experimental information.

Notsble advances were made in several laboratorties with highlv puritfed
poly (ADP-R) polymcrasas.l‘é’s‘h The results show that an apparentiy nomogutvdus
protein catalvzes the fn vitro svnthesis of vervy short (ADP-R) oligorery, which
can be clongated «tien b =(ADP-R) Schiff base 1s prenent.)'l A epecati. dounle

]
stranded DNA algo purticipates as 4 co-factor.S

4. recipient of Che Kesvarcl Catoef Award o the L.3.7 .0,
3. Recipient of a N.S.E.R.C, (Lunada) Fellowship
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; We have chosen to investigate the biology of poly(ADP-R) by‘co-plring i 1ab
in vivo and in vitro subnuclear protein associations of (ADP-R) polymers in ! nect
view of the enzymologzically unresolved complexity of the mechanism of poly i expe
(ADP-R) formation and the previously mentioned uncertainties in our knowledge i ribe
of chromatin structure. deve

out
MATERIALS AND METHODS . labe
Male Sprague Dawléy rats (200 g body weight) were dpprived of food for 24 ‘ mact
hours prior to the removal of livers for analysis. Most of the studies con~ ,
cerned vith the subnuclear distributfon of poly(ADP-R)|and with in vivo labelling '
were done vith small rodents. Methods of isolation and fractionation of protein
poly(ADP-R) adducts, the techniques of radioimmunoassay and icdentification of
(ADP-R) oligomers sre described cllovhere.a'q ) '
Dimethylnitrosamine (992 Aldrich Chemicals) treatment of Golden Syrian ham-
sters vas carried out by Dr. ~.L. Gaworski, at the Uniyeraity gf Caslifornia, i
) Toxic Hazards Research Unit Overlook Branch, Dayton ("Mio, 45431) according to .
&8 published lchene.lo Trestment schedule vas as follows. Hamsters, & months
old (50 animals/group), were injected intrsperitoneally once & week with a 12
aqueous solution of dimethylnitrosamine, 0.5 mg per animal for & weeks. The
treatment was then terminated and biochemical analyses performed. Controls
received n}o only. MHistological examination for tumor [cell development was
1C0Z negative at this stage. )
The isolation of protein (ADP-R) sdducts was carried out on boronate sffinity
columns. These columns were tyntﬁtst:qd by covalernt sttachment of mesmino Hs.
phcnylboronii acid to Biogel P-300 (50-100 mesh) ~ia & glutarylhydrazide spacer
ars. Quanitative binding of protein poly(ADP-R) covaldnt coipgcxcn to the w
affinity column was achieved at pH 8,2 and elution of the complex was carried solec
out at pH 4-6 st 25°C, . ' eact:
butic
RESULTS ' : : fract
Quantitative assessment of poly(ADP-R) in cellular and subcellular systems (ADP-
has been usually based on the rnd}ochcalcal assay of the acid precipitable or neta)
electrophoreticelly orvchro-atographicilly separated palymer. Since no specific ] later
precursors for poly(ADP-R) cxinz.ll Ycoribose or 'v 4re suttable in vivo : pools
labels, provided appropriate purif!cntloﬁ of polv(ADP-R) precedes the determi- ' ) corre
nstion of radiosctivity. The in vivo labelling of poly(ADP-R) by adenine - . by
proved to be unsuitable in our hends. The quantitative determinstion of pely : porat
. (ADP-R) by pulse lsbelling presupposes that the specific sctivities o~ all the «
:
. wla Ay ¢ e [ TN R [P IN y *‘A" .
) T O LR e p
P YW = P )] v ‘ -




i labelled specivs of poly(ADP=-R) are the same, otherwise uneven labelling

te in ' necessarily falsifies results. This is the case illustrated in the following
wlv experlment.' Infant rats (50 g weight) were injectued with 20 uCi D(l-l*u)
vledge « rihbose/rat and poly(ADP-R) of liver isolated bv thv conservative technique

developed in our laboratorjuu Molecular filtration of the polymer was cartied
out using poly(ADP-R) isolated vver a pertod of 30U to 150 minutes after

labelling with ribose. The results indicated the appeardnce of Lwo major

ter 24 macromolecular species, I o (ADP<K) o and Il = (ADF-K) o us shown in Fig. 1.
. uone
=+ labelling
-t protein 5000 r 1
tion of ‘ ) - CWJL o ,
. . g ; 1 )
= : .
an ham- . 3000 —
rada, . ' , . 3 ' \ .
v to ‘ & 2000 N / H
iacnths !U { \ ’,' \
e 12 : 1000 L‘ ’ N
‘ The i 1 \...‘\\L hanad
rol "” <% LV
wan Fraction Number
affinity 14 ‘
\no : Fig. 1. C-ribose content of polv(ALP-R) tracticnated on hepnudux?u-su.
v spacer 14
Lhe When the percentage of total ~ C-ribose labelled (ADP-R) in the two macro=-
sfriea molecular fractions {s determined at 3O minute intervals, u;:lt:lng 2 rats tor
each timed assav, a characteristic fluctuation of specific C-ribuse distri-
bution {s observed (fi;. 21, It is apparvnt that (ADP-R)“ in both macromolecular
fractions exhibits metaholic fluctuations consistent with apnarctt transfer of
catems (ADP-7) unity betwezn olfgomurs of different sices. 1f this m4¢{umo]ecular
e of metabolic flux of (ADP-?\n were tgnored, false polvmer contunt would be calcu-
apectfic lated on the basis of x'(.'-ru'aozw assay alone, since the uxistuence of various
ive pools of poly(ADP-R) is possitle. The appdrent /s ot labelling of (ADP-R)n_JO
lermi- corresponds to the tl/Z of labelling of NAD*, fe. 3.1 to 2.7 hours respectively.

. Duv to the uncertainties of poly(ADP-R) assav buscd on Pfecurser incor-
e
poration, we adopted 4 quantitative radioimmunoassaey tor poly(ADP-k)n ),9 for
} 4

poly
13l ,

the determination of covalently bound polv(ADP-R) tu protuvins of chromatina

" Minuga, T. and Kun, E., unpublished expuriment, JI77.
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.
Whtln nucledr protoeltts afe separated be their solubility in mineral acids,’

i stonveassociaten (ADF=") polveers are readily extracted, and decause of this
ebvious techtiical (onveienod, most wotr ou ADP-ribosviation of proteins has

Jbeen contineg tu studiva ob WADP-K) histone adducts. '
TAGLE | ' '
POLYADERCSINL DIPHOSPHORIBOSE 1N ACID FXTRACTS AND SEDIMENTS OFYRAT LIVIK POWDER

Lar=ccting Acid Polvadenosine Dlphosphortbosen » Ng/ K dry powder

)

' —

' . ' Supernatant Sediment Total
5% HClo, 90.0 9,600 9,590
0.25 N HC1 166.0

. 8,573 8,739

As presented in Table 1 (cf, 8), more than 99% of ismunochemically reactive

n>4 (ADP-K) polymers arce found in the nonhistone protein sediment after acid
extraction. Lt shculd be noted that although electrophoretic mobility of

histones (nutably Hy) is modified by ADP-rlhosylltion.7 sclubility properties

in acids or orga:

small number of
sharp contrast t.
acid precipitabl.
Subiractionat -
togruphic and or
nonhistone prote
(AbP=-R) olfigomer

TACLE 2

POLYADENUSINE DIt
LIVER POWDER

Method of Extrac:

5% HCIOQ Extract

20% ‘lrichloracc:
of Hiclo, Extract

20% Trichloracet
of uclo‘ Extrac:

Nonhis:
Puriti

0.25 N HC1 Extra
tonhistone Frac:
liistone H1

Histone H, + H3

The quantitcat
standard chrosatl
dry liver was M
persity of non!:
is shown in Fix.
fractions.
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in ngtds or organic solvents are not altervd. Apparently in histones vulv a
small number of basic groups are modified by ADP-ribosylation. 1hix is in
sharp contrast to the behavior of DNA-histone complexes, which are known to be
acid precipitable.

Subfractionation of acid extractabl. protuin (ADP-R)n adducts bv chroma=

¥y
tographic and orgunic solvent extraction procedures (¢f. 8), showed that soluble
nonhistone protein componunts are also present in this fraction vontaining’

(ALP~R) oligomers where n®4. This is illustrated in Table 2 (cf. 8.

TABLL 2

POLYADEXOSINE DIPHOSPHORIAOSE COXTENT OF ACID SOLUKLE TISSUE FRACTIONS OF RAT
LIVER POWDER

Method of Extraction and Fractionation Polvadenosine Diphosphoripose

Yy
ng/g drv powdr T

5% HClO, Extract ’ G,
20% Trichloracatic Acid Supernatant:
of uc;‘o_ Extract UL

2u% Trichloracetic Actd Precipitate
of MLy, Extract

Nonhiistone Peptides [N

Puritied Mistone " 1.~
‘ s
L} , ,
0.25 X HCl Extract l1ob.0
Nonhiistone Fraction ‘ e ,
Histone M" 16,0
Fraction JYL

Histone H, + "3

The quantitative distribution of (ADP-R) fn histones isolated by

nyé
standard chromatographic and orvrganic solvent techniques in nanograms per gram

dry liver was Hy=20.7, My =12.2, HooeZo.2, Momls.7. The macromoleculur dine

.
13
persity of nonnistone protein bound ‘B) and histone Hl bound () polv(AUW=-k)

is showm in Fig. 3. Polvmers varying from 12 to 34 (ADP-R} are found {n all

fractions.
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POLYADENOSINE -DIPHOSPHORIBOSE (ng)

5 0 -] 0 22
Tube Number

Fig. 3. Macromolecular pro(tlﬁ uf polv(ADP=R) isolate. from aemiiistone protein
(B) and Histone H. (C). ’ ‘ '

1
We have further investigated the as yet unsolved question of whe thef there

are free (ADP‘I)n oligomers in nuclei, or whuether all (ADP-R) polymers are
protein bound. Affinity chromatography on acrylamide~dibydroxybor<l columns
proved to be a suitable technique to settle this question. We [ind thut”ell
immunochemically detectable (ADP-R)n »h ‘as assaved in whole liver tissue can he
isnlated as (ADP-R)“ »4 protein adducts, t?:t 1{ in xigg.vall (ADP-R)n >4 poly=~

C-NAD* with isolated wuclei fin the
asbsence of phenylac:ﬁy{nullonylfluoride (PMSF) yielded significant amounts of

mers are covalently bound. Incubation of

free (ADP-R) oligomers, whereas the presence of the protease inhibitor completely
abolinhcé the appearance of free (ADP-R) oligomers. It is evident that free
poly(ADP-R) is an artefact due to the interference of proteases, As shown in
Fig. &, the boronate affinity column quanttuttvd,\} isolates the (ADP-R) protein
adducts that are formed during in vitro incubation of liver nuclet with NADY

in the presence of protease inhibitor. The macromolccular fruction uppears {(n
the void volume of Sephadex G-50 column. When the inhibitor is omitted or the
protein (ADF-R, adducts are decomposed in IN NaOit, free (ADP-R) oligrmers

sppear. (ADP-R) oligomers n=12 and NAD* were used as markers in this experimeni.

Fig. 4. Mol..

. chromatograplh:

from nuclei i:
(ADP-R)“ rele
inhibitor.

The identity
resistance to
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enahles & dir
enzyme syster
its usefulnes:
predominant t.
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1
Sﬂa
ADP-R ~ NaD
4 Jﬂl’z I ' l
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' w200 3 46 SC eC 0

. Fraction Number

Fig. 4. Molecular filtration of polv(ADP-R) (isolated bv borcnate offinity
chromatograpuv) on Suphadex G=5). Ve protein=-polv{(ADP-K) adduct extruacted
tror nuclet incubated in the prtsrn(: of PUSF, Tuv bruuad pean Shows live
(ADF=KY  released by base treatmert of turmed in the absence of protease
innitator.

The identity of the protein bound (ADF=R) oligumer was extablishued by fts
resistance to RNA-ase und INA=ase, but subsequent digestion pv stake Vewom

‘phosphodiesturase, -
The dihiydroxyborvl affinity'chromatography techniquy, fllustrated in Fig. $,
enables a direct isolation of the natural products of the poly(ADP~R) poivmerase

enrvme Svstem.  Although we are 1n the process of perfecting this techiigue,

its usefulness was testud even fn its prescnt stage of Jevelopment. Since the

predominint target proteins of polv(ADP) ribosvlation are nonhitstone pruteins,
. 12 '
that are anow.

determined their pulv(ADP) ribosvliation in nuclei isolated from liveis of
¥nzymatic 4ssav of poly(ADP~R) polvmerasc

to plav « special role in the regulation of ¢hromitin, w

normal and pre-cdancerous liamsters.
at two protein concentrations revealed a significant decrease of cenzymatic
sctivity in nuclei isolated from livers »f dimethylnitrosamine treated hamaters.
In agreement with the enzvmatic assay, the quantity of (ALP-F) protein adducts
*{solated from nitTosamine treated humsters by the affinity column method, also
diminished significantly in nuclei incubated in vitro with NADT,
It s predictable that analvses of an cntire population of nuclui prepared

from the heterogetneous cellular mass of a liver may be severely fualsifie!, since
it {s known that the carcinogenic action of dimevthylnitrossmine iy coufined to
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oo OpNiICAL density
@y (3G.03CTviL
1216°1 DNA, RNA, protein d-0actiuity p10
g change
S pH chang
-
< 2
z. Z
s 3
3 Q
B3 <]
° 3
x

Fraction numbder

Fig. 5. Elution profile ot poly(ADP-R) protein adducts from s boronate affinity
column run in 6M guanidine<HCl, The pH change was from 8.2 to t.

a relatively small number of liver cells. 1t follows that 4 large effeet on
relatively ivs nuclei could be diluted by the predominance of normal nudldei.
Despite ihis'uﬂiavorahle stutistical condition, o J8¥ decPease of (ALP=K)
protein formation (Fig. ¢, C) and o 2% decrease of apparent polvmerase activite
(Fip. 6, AL) wuere detectable in livers'of dimthyinjtrosariine treated hamstoegs;
therefore a far lafger quantitative and perhaps quallfulin difference mav
.actually exist {n the selected number of pre-cancerous liver cells in vivo. We
are presently developtng.au tsopicnic centrifugation technigue capavle vt ®
separating various populationa of liver cell nuclei. It ts anticipated that
more detailed studies of various populutions of liver cell nuclei will provide

" further more specific information.

DISCUSSINN i
Experimental results illustrateé the importance of assessing the quantities
of (AD?-R) polymers by a direct analytical method, that is independent of the
radiochemical detection of a labelled precursor incorporated into (hc'polymcr.
Basic nuclear prb:etns assume s relatively minor role (less than 1%) in serving
as (ADP-R)n, 4
the possible significance of ADP ribosvliation of histones in the regulation

acceptors (Tables 1, ). This fact alone doces not argue sguinst

'of chromatin; however, a singularly important modification of polynucleosomal
chromatin structure by the modificazion of "l alone seems less convincing in
view of the fact that in vivo, all species of histones are nearlv equally
polyadencsinediphosphoribosylated. The preponderance of nunhistone proteins

Fig. ¢. Poly(Al:
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Fig. n. Polv(ADP-R) polvmerase activities of nuclei {solated from normal and
pre-caticerous hamstets., (A = 0,3 myg prglein/ZU(‘ Ml otust svstem, 8 o (1,12 mg/
e 260 a1l test svatem) S9C-NAD* = 2.8 x 10/ dpm, NADY = 0.5 m7, 0.5 mM EDIA,
100 mM Tris-HCl (Ph M.0), 2 & dithiothreitol, o &M KF, JU mM MeCl,, 1 mM PMSF,
T » J0°C. (C = the quantity of polv(ADP-k) protein adducts 1solated by affinity
.chromatography from nucles (28 mg protein) incubdted for 30 minutes, (us 1 A
‘or 8)). .

which serve as (ADP-K)H, “ acceptors, introduces the possibility that the
NAD® aswmed pulv(ADP=R) puthwav may profounuly modify protueins of uaknown function
that possess the unique property of forming i1mmunologically tissue specific
complexey with homologous DNA.lr
The significant decrease of poly(ADP) ribosylation of nucledr proteins by
nuclei isolated from pre-cancerous hamster livers tends to suggest that further
analvsis of this phenomenon mav lead to a biochemicallv dufinuble svstem that
is relateu to Je-differentiation. Since histological examination of pre-
cancerous livers revealed no traces of necrosis, the vnzvmdatic and chemical
+ analvses are not falsified by a2 non-specific decrease of cellulur proteins.
*This problem as well as the phvsiologically meaningful de-rupression of cardiac

: . s 16
protein syatiesis an vivo following the inhibition of (Avf-n»l svntiesis ate

, being further studied.
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PART 1: PROGRESS REPORT (PERIOD: DECEMBER 1978 TO FEBRUARY 1980)

A. Published results. The purpose of this work was not only to include
all molecular species of (ADP-R)n in the method.of isolation and analysis
of poly ADP-R from small tissue samples but also to devise a technique that
permits the isolation of poly ADP-R and ADP-R protein adducts, which
are the actual products of enzymatic polymer formation. Both approaches
were successful and it was shown by immunochemical and later by chemical
methods that the predominant poly ADP-R acceptor proteins are non-histone
proteins, providing the critical experimental basis for further work. It ,
was also shown by a specially developed boronate-affinity column chromatography
which selectively isolates ADP-R and poly ADP-R protein adducts that no free
poly ADP-R exists in cells under physiological conditions and previously
reported "free poly ADP-R fragments" fcund in tissues are an artifact of
faulty isolation methods. These results were published (1,2) and some results
obtained by the boronate affinity method are shown in Fig. 4 and Fig. 5 of
ref. 2 and ref. 1. As an approach to the in vivo biological role of poly
ADP-R in normal rats and hamsters “C-ribose Tabeling kinetics was performed
and two main rapidly labeled molecular species of liver poly ADP-R were
identified (Fig. 1 of ref. 2). A time dependent variation in macromolecular
spec. act. (l“C-ribose) was demonstrated (Fig. 2 of ref. 2), illustrating the
dynamic state of the polymer. The ti; of in vivo ribose labeling of both NAD*
and poly ADP-R were found to be between 2.7 - 3.1 hours; thus a typical pre-
cursor-product relationship between NAD* and poly ADP-R was established in vivo.

The biological variation of poly ADP-R metabolism during early precancerous
state (Fig. 6 of ref. 2) was studied by first determining the rates of enzymatic .
elongation of poly ADP-R sites in isolated chromatin preparations from normal
and carcinogen treated hamster livers. A relatively small (25-32%) but stat-
jstically significant decrease in the rates of labeled ADP-R incorporation was
recorded in chromatin of hamster treated for one month. As pointed out in
ref. 2, it is expected that isolated subpopulations of liver cells are likely
to exhibit a much larger response .than the average measured in a mixed nuclear
population. . This problem is presently pursued. In livers™of hamsters treated
with the hepatocarcinogen for 2 months, the above phenomenon (shown in Fig. 6
of ref.2) was reversed; thus a small increase in rates of ADP-R incorporation
(elongation) occurred. Present results suggest that the apparent reversal
phenomenon is real, and may indicate a new observation: a time dependent res-
ponse due to the prolonged effect of the hepatocarcinogen. This question will
be further studied. ‘

B. Unpublished experiments. In further work radiochemical and chemical
techniques were combined. Chemical methods include the isolation of protein
ADP-R adducts by affinity chromatography, cleavage of ADP-R-protein bonds in
alkali (0.1 N NaOH) followed by reisolation of free (ADP-R)n oligomers on a
second boronate affinity column, and after concentration (freeze drying)
chemical or enzymatic degradation of the free polymer to characteristic
nucleotides that are quantitatively determined by HPLC separation, 'and UV
analysis of specific radioactivities of ADP-R oligomers. It also allows the
subsequent two-dimensional electrofocus-electrophoretic separation of de-
ADP-ribosylated proteins, that is the identification of proteins which were
isolated by virtue of containing covalently bound poly ADP-R.




2

Summary of in vivo studies. Preliminary data (Table I, Parf 2) are
consistent with a significant perturbation of NAD* -+ poly ADP-R metabolism
in the early precancerous state. The large increase in poly ADP-R content
after one month treatment with the hepatocarcinogen followed by a relative
decrease in content and simultaneous increase in specific radioactivities of
both NAD* and poly ADP-R indicates an increased flux throught the NAD* - ‘
poly ADP-R pathway in the precancerous state. This in vivo kinetic phenomenon
coincides with a significant increase in the rate of °H-thymidine incorporation
into DNA in vivo lpulse labeling with 200 uCi/100 g body weight 34 thymidine;
analysis 18 hours later). The DNA content of precancerous hamster livers was
3.0 mg/1 g (after treatmentwith the hepatocarcinogen for two months) and in
controls was 2.6 mg. The specific radioactivity of DNA is 70,290 dpm/mg DNA
in precancerous and 19,380 dpm/mg DNA in controls.

~Alkaline sucrose density gradient ultracentrifugal analysis (Fig. 1)
shows that there was an increased labeling of all populations of single
stranded DNA but a progressively larger labeling of DNA species with short
chain length (top of gradient). This labeling pattern can be explained by
the increased rates of DNA biosynthesis as observed in vivo. It would be
expected that growing chains of single stranded DNA at templates would be
progressively more labeled by 3H-thymidine under these circumstances; there-
fore . a preferential increase of 3H counts in DNA populations of smaller
molecular weight is predictable.*

In vivo labeling of the protein moiety of poly ADP-R-protein adducts by
the same dose of 3H-leucine that significantly labels tissue proteins 30
minutes after i.p. injection (cf. 3) did not intruduce detectable °H,
suggesting a significantly slower turnover of these predominantly non-histone
proteins than of other cellular proteins. Extensive 33S-methionine labeling
of rat pituitary tumor cell cultures (collaboration with Dr. N. L. Eberhardt,
Department of Medicine, University of California, San Francisco) followed by
jsolation of poly ADP-ribosylated proteins by the affinity chromatography
technique, then analysis in one dimension by electrofocusing, second dimension
by electrophoresis (SDS-slab gel technique) disclosed the existence of at
least 28 peptides thatwere isolated by this method, demonstrating covalent
poly ADP-R binding. Actin and a group or predominantly non-histone proteins
were identified and only a small amount of histone type proteins were found,
confirming earlier results(l).

In vitro experiments with chromatin preparations isolated from normal
and precancerous hamster livers. As an extension of results published in
ref. 2, the total quantities of poly ADP-R, consisting of pre-existin
endogenous poly ADP-R and newly formed !“C-labeled chains synthesized in
vitro by incubation with 1‘C—N£ﬁ*, were determined with the aid of the
vitro chromatin assay system (see 2). Both radiochemical and chemical
analytical methods were combined on the same incubation system.

*Despite the significantly larger incorporation of SH-thymidine into DNA in pre-
cancerous livers no significant increase in DNA content occurs, indicating also
an increased rate of DNA breakdown. The question arises whether or not the
increased ADP-ribosylation of the DNA-ase inhibitor actin (Fig. 2, Tables II, IV)

counteracts the inhibitory effect of action on DNA-ase. This problem is being
studied.
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As shown in Table Il pretreatment with the hepatocarcinogen _for one
month resulted in the large increase in endogenous poly ADP-R content (compare
with Table I, Part 2) but only a small fraction of newly formed ADP-R oligomers
were synthesized in vitra. Relatively larger quantities of newly formed oligomers
synthesized in chromatin systems prepared from control animals containing ten
times smaller amounts of pre-existing endogenous poly ADP-R.

These results illustrate that relatively limited information can be ab-
stracted from customary radiochemical enzyme assays alone (see Table II), and
without the quantitative approach developed in the course of these studies
most of the significant observations would have remained undetected.

Two methods were used for the study of the nature of chromatin proteins
that served as acceptors for newly formed ADP-R oligomers in the in vitro
chromatin assay system.
First method: SDS~-tartaramide-gel electrophoresis, followed by radioautography
and gel scanning of radiocautograms. This method provides an estimation of
molecular weights of peptides that are templates for newly formed radioactive
ADP-R oligomers. It does not determine the quantity of protein acceptors nor
the total amounts of poly ADP-R, but indicates only. the quantity of newly.
formed radioactive ADP-R oligomers. Since in exploratory experiments actin
was tentatively identified as a specific non-histone protein ADP-R acceptor of-
chromatln, preparations from both nonngl and precancerous hamster livers
were incubated * actin and labeled NAD Results are shown in Fig. 2.

It is apparent that in al] chromatin systems a labeled protein with a
molecuiar weight of 42 KD could be detected and addition of authentic actin
(obtained as a gift from Or. M. Morales, Univ. California, San Francisco)
proportionally increased the ADP-ribose labeled protein wh1ch was indistin- :
guishable from actin. ADP-ribosylated actin could be re-isolated and extracted
from the gel system. Generally a significantly 1arger Tabeling occurred in
peptides of chromatin that were isolated from precancerous hamster treated
for one month with the hepatocarcinogen, consistent with results summarized
in Table I, Part 2. A-ldrge molecular weight fraction was seen in the-gel near the
origin (fr. 1) suggesting the presence of long chain, probably cross 1inked
poly ADP-R-protein complexes. Only trace amounts of histones could be identified
(by mol. wt.), confirming earlier results (1) that non-histone proteins are
indeed the predominant poly ADP-R acceptor proteins of chromatin. The radio-
active bands in the gel were sliced, extracted and analyzed 1nd1v1dual1y.
as shown in Table III.

Histones and actin were re-isolated and their poly ADP-R content determined.
Results are summarized in Table IV. It is apparent that actin added to a
chromatin preparation that performs anzymatic ADP-ribosylation is about 10
times more ADP-ribosylated (on a molar basis) than the combined histone fraction
of chromatin. This observation is again consistent: with previous results (1)
that identified non-histone proteins as primary ADP-R acceptors.

Identification of actin as a major ADP-R acceptor in chromatin predicts a
new experimental approach to the study of the regulatory effect of ADP-rito-
sylations in chromatin. It is known that actin is the naturally occurring
inhibitor of DNA-ase I (4); therefore if ADP-ribosylation modifies this
inhibitory effect of actin then the NAD - poly ADP-R pathway represents a
molecular mechanism that regulates nucleolytic activity during various
biological conditions.
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Legend to Pig. 1. -
Alkaline sucrose density gradient profile of DNA labeled in vivo. -

Rucled dtsnapced 4n 2% SDS + 20 =M EDTA equivalent to '0.22 ng DNA were
layered on 8 linear sucrose gradieat (5 to 202) containing 100 =M NaCl,
100 sM NaOH. Ultracentrifugation at 300,000 x g for 1 h, followed by
fractionation and radiochemical assay in fractions for DNA by the glass
fiber filtration technique. The experiment was performed 18 hours after pulse
labeling of DNA in vivo with 200 el IB-thynidine/100 g body veight.




Table II -

Poly(ADP-R) content of mormal and precancercus®
hamster liver muclei following in vitro
incubation with 0.5 =M NMAD* ( . fluorometry)

Nuclel Poly(ADP-R) 4n nmoles/mg DNA

Total ‘ Pre-existing Synthesized
Control 33 20 S &
Precancerous

211 200 1

*Treated for 1 month with DMNA 0.5 mg/veek.

tvelve mg DNA equivalent sazmples of chromatin were incubated for 30 uin st 30°
vith 0.5 M NAD* (14C-1gbeled in the adenine moiety) in 100 mM Jris-HC1 buffer,

20 a¥ MgClz, 0.5 mM EDTA, 2 mM DTT, 6 aM KF in s final volume of 2 al.
Pre-existing poly ADP-R vas determined by the isolation of poly ADP-R-protein
adducte by the boronate affinity chromstography method and subsequent fluorometric
analysis of base dissocisted poly AP?-R following bydrolysis (see scheme in
V). Nevly formed poly ADP-R chains vere determined by radiochemical analyses.
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Legend to Fig. 2.
Title: Electrophoretic separation of poly ADP-R protein adducts.

Incudbation conditicas were the same as Jescribed in the legend of Table I,
except on a emall scale (38 pg nuclear proteins/incubate). The TCA (102)
precipitated protein sdducts were washed & times with 102 TCA, then TCA vas removed
by diethylether, snd the precipitate dissolved in & duffer cootsining 12X SDS,

152 sucrose, 10 aM Tris (base), 10 mM NaCl, 1 mM EDTA, 40 =M DTT pH 7.5.
The gel electrophoresis vas run on 8,72 N,N’-dinllylnrtardimide eross-1linked

~ polyscrylamide gel (soluble in 2X B10,). Coomassie blue staining and ndioautogilphy

vere performed on separate but identical gels.

Ordinate: relstive absorbance as recorded oo gel scanning appnntuv gel scan
of sutoradiograns.

Abscissa: electrophoretic mobility (from right to l'ef‘t') and mol. wt. stendards.




Table 111
I‘C-ADP-R content of gel fractions shown in jig. 2
Holéculnr Fraction : - Control DMNA | TDHNA treated
Mass Runber Control + actin treated + actin

>15sxp 1 18,163 18,427 18,469 21,566
155K 2 887 | 1,418 1,796 1,386
3 1,818 . 1,972 2,280 2,m*
4 880 1,625 1,855 2,2t

5 2,458 2,835 13,035 4,977
, 6 3,501 3,090 '4,505* ' 6,084*
60KD ? 1,918 2,080 2,512 4,398
9 1,320 . 2,122 2,062 2,318
42D actin 100 . 2,093 3,470 3,802 5,511*
a 2,001 2,264 3,039* ©3,452*
_ 12 1,471 . 1,948 2,478* 2,604*
20XD histones 13 : 1,555 1,499 2,850* 2,080*
20KD histomes 34 1,617 878 1,85 1,26

Results: counts (IAC) per S5 min.

Note: fraction 8 was included into slice 9. #

1"(: content determined .

The gels vere sliced and after dissolution is 22 H1O,
by scintillation spectrometry. ‘
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Tadle IV

In vitro

Poly(ADP-ribosylation) of endogenous histones -

and of added actin by chromatin

o( hanster liver

{no additions)

® moles ADP-R Histoune
. Preparation per mole content
Actin Histone pe/ test

Control
4+ 6.4pg actin 60.1 5.6 : 17.9
Controly . ‘ ‘
(no additions) - 7.5 . . 17.0
DMNA treated
+ 7.1ug ectin 85.9 9% 18.1
DMNA treated

- 1.1 17.7
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Second method: The second experimental approach for the study of the nature of
~in vitro poly ADP-ribosylation was HPLC-molecular filtration of ADP-ribosylated
proteins that were isolated by the boronate affinity chromatography method.

Both radioactivity (ADP-R moiety) and absorbance at 280 nm were monitored.

It would be expected that only relatively large amounts of proteins would be
detectable by UV, whereas small quantities of ADP-ribosylated proteins would

be readily determined by !“C-analysis. As shown in Fig. 3 in chromatin isolated
from both normal and precancerous livers a large molecular weight protein '
fraction (larger than 158 KD) was separated {assayed both by 1*C counts and UV)
by molecular filtration. This protein fraction seems to be identical with

fr. 1 in Fig. 1. However, in the poly ADP-R-protein complex isolated from
precancerous livers (two month treatment with the hepatocarcinogen) a significant,
UV detectable ADP-ribosylated protein of about 47 KD was detectable. The

nature of this protein fraction is being further studied, and present informa-
tion does not exclude the possibility that the molecular filtration method

may signal a higher app. mol. wt. for actin as compared to SDS gel electro-
phoresis; thus the protein fraction could be ADP-ribosylated actin.** The

total quantity of newly formed radioactive ADP-R oligomers is about 50% higher
in the protein complex isolated from in vitro ADP-ribosylating chromatin or
precancerous livers. L

** The mol. wt. of G-actin has been reported earlier as 55 to 66 KD contaminated
with "heterodisperse aggregates", Later, mol. wt. was stated to be between 42
and 48 KD (5). Vvariation in app. mol. wt. may reflect different degrees of

poly ADP-ribosylation of either actin only or in addition to actin poly ADP
ribosylation of actin associated (regulatory?) proteins. Presently DNA-ase
Sepharose affinity column in applied for actin studies.
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Lagend to Fig. 3. - . -

Title: Molecular weight profile of in vitro poly ADP-ribosylated prdieins
dsolated by boronate affinity chromatography (HPLC, column TSK-3000
SW wol. sieve). .

The quantity of poly ADP-ribosylated protein is calculated on the basis of 0.22 mg
DNA present in both incubation systems. d4ncudbation systems were the same as
described 1n the legend of Table I1. This was injected into the KPLC system in

8 volume of 200 msl1 and developed with 1.5 M guanidine carbonate containing 0.1 M
scetate buffer (pH 6.0). PFraction vols. = 0.5 ml} flow rate = 0.4 ml/min at

roon tewperature. UV sbsorbance at 280 n» was sizultaneously monitored in the
JPLC apparatus and radioactivity determined in esch 0.5 ml fraction.
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NEWLY DEVELOPED METHODS AND EXPERIMENTAL DESIGN. -

The following new methods have been developed and are being adapted for
research aimed at solving the problems listed in objectives.

Methods
1. Dihydroxyboryl affinity chromatography
Purpose: isolation of ADP-R-protein adducts and of ADP-R oligomers
after alkaline cleavage of ADP-R-protein bonds. This affinity curomatography,
originally introduced by Inman and Dintzis (6 ), was adapted to the synthesis
of highly substituted acrylamide type molecular sieve base extended with a
linker. A high degree of specificity was achieved that is much ‘superior to
sepharose-base' affinity columns, the latter exhibiting only 50-70% efficiendy
in selectively absorbing ADP-R oligomers, whereas the poly acrylamide-glutaryl-
hydrazide-m-aminophenyl boronic acid column binds reversibly at least 90% of
poly ADP-R proteins.

Synthesis of m-aminophenyl-boronic acid glutaryl hydtazide poly
acryiamide affinity column.

Ay 9 ! OH)2
R-C-N-N-U-CHp-CH2-Cito-U-NH
H

Initial steps were adapted from ref. ¢ and Methods in Enzymologvy (Vol. XXXIV,'
30-58, 1974).

Ten g of Biogel P-300 (50-100 mesh) were stirred for 5 hours at 50°in 6N
hydrazine hydrate (600 ml) and allowed to stand for 1 h to cool, then
extinsively washed with 0.2 N NaCl in a coarse sintered glass funnel until
traces of hydrazine were no more detectable in the eluate by the
trinitrobenzene-sulfonic acid color test. The hvdrazine gel was further wash-
ed with 10 vol. of 0.1 N NaCl and resuspended in the same solution. Recrystal-
lized glutaric anhydride was added: 3 mmoles/moles hydrazize (on resin). This
was 2.5 to 2.9 m equ./g dry wt. resin. The pH was kept at#.0 during the entire
procedure, which lasted 1 h (by small additions of 2 N KOH). The carboxyl con-
tent was at the end 2.5 - 2.9 m equ. per g dry wt. of resin. The final condensa-
tion of m-aminophenyl boronic acid was catalyzed by EDAC (l-ethvl=-3-(3 J
dimethylaminopropyl)-carbodiimide KCl), added as 1.5 molar equiv. (to m—amino
phenyl boronic acid) at pH 5.5 for 16 h at 4°and 1.5 fold excess (to hydrazine
resin) m-aminophenyl-boronic acid. The extent of reaction was followed !
according to ref. 7 , and this was found to be nearly quanticative under these
conditions. The resin was resuspended in 6 M guanidine-HCi (or carbonate)-NaAc
100 mM, pH 4.0 and washed free from m-aminophenyl-boronic 1cid. Absorption bf
. poly ADP-R-protein3 (at pH 8.2), removal of DNA, RNA and proteins and desorption
of ADP-R-proteins at pH 6.0 is illustrated in Fig. 5 of ref.2 . The nucleic
acid specificity of the column was tested. Since it seemed possible that tracns
of RNA could be absorbed due to ribose at RNA termini, commercial yeast RNA and
DNA were methylated (at the adenine or deoxyadenine sites) with -H dimethylsulfate
(8) and the tritiated RNA and DNA passed through the column. DJA did not absorb
to the column but a trace (less than 0.4%) of RNA was absorbed. From
comparison of 14C-poly ADP-R and SH-RNA : l

!
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adsorption tests it was apparent that a maximum of 7 to 102 error (interference)

by RNA can occur, but this error falls within the limits of accuracy of the technique °
for the analysis of poly ADP-R-protein adducts (+ 15~202 S.D.),and therefore does
00t seasurably falsify results. Furthermore, RNA completely dissociates from
protein in 6 M guanidine HC1 and the only proteins that are separable by the
boronate affinity column (cf. 2-) are proteins containing covalently bound ADP-R;
therefore the method is epecific for these proteins, This was also tested by first
dissociating poly ADP-R from proteins at pH 10.5, then passing the mixture through
the boronate column. No messurable retention of proteins, only of ADP-R, was
observed (cf. 2 ), indicating also that o interference by glycoproteins can be
detected in chromatin extracts. Chromatography at pH 8.2 does not measurably
dissociate ADP-R-protein bondl. they cleave at pH 10.5.

9, 1solation of protein (ADP-R)n adducts from nuclei. Poly ADP-R was found to be

unexpectedly stable in nuclei isolated by conventional techniques either in sucrose
or in ajtric acid (cf. 9 ), provided a protease inhibitor was present during isolaticn,
Poly ADP-R degrading enzymes (as well as enzymes involved in NAD* synthesis) are
readily extracted during izolation of nuclei during homogenization. For this reason it

_was pot ‘necessary to continue with freeze c~lamping (cf.1 ) of total tissue samples
and analyses of isolated nuclei gave represoutaiive values found by the freeze clamp
technique (1):. Either after in vivo labeling (*“*C-ribose) or after in vitro
incubation of sonicated nuclei (chromatin) with labeled NAD*, proteins were precipi-
tated and washed 5 times with 500 vol. of 10% TCA (4'), quantitatively removing
soluble nucleotides. The precipitate was dissolved in 6 M guanidine HC1 (or
carbonate)adjusted to pR 8.2 with 100 M morpholine buffer, quantitatively (more
than 992) solubilizing all radiocactive material, and the solution centrifuged at 27,000
x g for 20 min. to remove fibres. Adsorption of protein ADP-R adducts at pH 8.2 is
shown in ref. 23. Column size was 0.5 to 1 g boronate resin, depending on sample size.
After loading (15-20 min) and wash (160-170 ml 6 M guanidine HCl, -morpholine, pH 8.2)
the resin material vas quantitatively removed from the column and stirred in s beaker
with 20 ~ 30 ml of 100 mM NaAc., pH 4.0 (pH was titrated to this end point with
2 K HCl), the column was repacked and elution contipued at pH 4.0. Eighty-five to
90X of poly ADP-R-protein adducts vere recovered. The eluate wvas concentrated on
Azicon YME filter to 1-2 ml. Depending on the purpose of further steps, the solution
vas either snalyzed on HPLC-mol. gieve (Fig. 3) or by gel techniques (Fig. 2), or cleaved
to free ADP-R oligomers at pH 10.5 for 6 hours(20°). Proteins were precipitated by
HC10; 110%), C10; removed as Kt salt and poly ADP-R analyzed either by immuno-
chemical cr chemical methods, by enzymatic degradation to characteristic nucleotides
(10) folloved by HPLC separation on an anion exchange column either as free nucleo-
tides or derivatized by chloroacetaldehyde as fluorescent products (7 ), detected
fluorometrically. When non-labeled poly ADP-R vas isolated by the above techniques
triciation of oligo and poly ADP-R (and' of ADP-R) by SH-dimethyl sulfate and
subsequent gel electrophoresis (11) provides an ultramicro method for chain length
snalyses since the gel technique separates oligomers differing only one ADP-R unit.
Combinstion of the boronate technique with this gel method is presently substituted
for the more laborgous enzymatic methods for the molecular size analyses of poly ADP-R.
The tritiation by “H-dimethylsulfate of poly ADP-R was developed following a

: publisbed method for DNA and RNA (12).
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| SCHRME OF COMBINED ANALYTICAL METHODOLOGY

2 from in vivo

L

Labeling of protein
vith 14C-Dansyl C1.
[increase in detection
sensitivity of proteias)

{Nucled
=~ in vitro incubation
BORONATE
Chromat.
\ '3
ADP-R-proteins
ADP-R) ,-proteins
Alkaline
dissociation
ADP-R , (ADP-R) g
3
5'-AMP chemical
2. labeling with
3H-(CH3) 250,

1.

gel electrophoresis,
autoradiography:
molecular bheterogeneity

HPLC mo0l. sieve

' v

each fraction:

tvo dimensional gel
(0'?arrel, P.H,, 1975,

J. Biol. Chem. 250, 4007-40021)

When ADP-R 1is labeled, first dissociate from protein is base, then label protein

wvith l4C-pansyl C1.

RNA yields 2' end 3'AMP, which are feadily separated from 5'AMP by HPLC
on anion resin with PO, gradient. 2' and 3'AMP do not bind to the boronate
column and thus do not interfere {f at 2 a second boronate columm is

ln;roduced.




17

' The above scheme provides a somplete analysis of all species (mono, oligo
ADP-R proteins) and also includes independent internal controls (e.g. comparison
of 1nnunoaasny with (ADP-R)n ' analyses by chemical methods). Soluble nucleotides
(e.g. NAD*) are determined by HPLC separation,UV nonitoring and—-1if labeled-=by
radischemical wethods.

3 Segnntiou of nuclear populations by subfractionstion of a mixed population.
This aethod is being used to obtain nuclear fractions from various cell types of liver
cells.

Rationale of the chosen method. Two alternative experimental avenues exist
for the separation of cell nuclei derived from various cell types that comprise
‘an organ. Cells can be initially separated by well known perfusion methods (with
collagenase + hyalorunidase) capable of disrupting cellular interactions. This
‘iovestigator's experience indicates that metabolicelly functional hepatocytes can be
separated by the above perfusion methods, but chromatin of collagenase treated
liver ¢ells is often damaged, and poly (ADP-R) content always deceys during
perfusion of livers with collagenase. For this reason we first isolate an intact
mixed nuclear population from the whole organ and subsequently differentiate
nuclear subpopulations by an isopycnic centrifugation nethod. "It should be noted
that zonal centrifugation has been successful in separating "precancerous”
nuclei from thicacetamide treated rat livers (12).

Centrifugal method.® '
a) One g of liver is homogenized in 5 volumes of medium (0.25 M sucrose, 10 mM Tris-
Hepes pH 8.0, 3 mM MgCl,, 0.1 mM PMFS) and total puclei leparated by sedimentation
at 1000 x g for 10 min at 4°.
") The crude nuclear pellet (from a) is resuspended (homogenized) in 5 vol. of nedium
and fibers are removed by filtration through 4 layers of nylon cloth; the nuclei
are resedimented (1000 x g for 10 min at 4°).
¢) The sediment obtained in b) is rehomogenized in 5 vol. of nediun, now containing
in addition to previously described components also 0.1Z Triton X-100, and nuclei
are resedimented as in b).
d) The Triton-trested nuclear pellet of c¢) is rehomogenized fn 5.vol. of 2.2 M sucrose
containing 10 =M Tris-Hepes pH 8.0, 3 =M MgCly, 0.1 =M PMFS and centrifuged in a
preparative ultracentrifuge (model L5-50B in SW-28 rotor at 113,000 x g for 60 min at 2°,
e) The purified nuclei obtained in d) are resuspended in 2,0 M sucrose, 10 mM Tris-
Hepes pH 8.0, 7 oM MgCly, 0.1 M PMFS and layered on a discontinuous sucrose gradient
(in centrifuge cups of the SW-28 gystem). The total volume is 17 ml, discontinuous
sucrose layers are 3 ml each varying from top 2.3 M to bottom 2.85 M.
Separation is achieved in the ultracentrifuge at 118,000 x g for 2 hours at 2°.
The results of such an experiment are shown in Fig. 4, The subpopulation of nuclei
are separated by gradient-slicing, and nuclei are being characterized by microscopic
examination, DNA, RNA end poly(ADP-R) polymerase assay, as well as by chemical
snalyses (protein, DNA, RNA and poly(ADP-R)-protein adducts).

 Assay for poly ADP-R-glycohydrolase in tissue samples. Adaptation of the HPLC
sepsration of ADP-R on an anion exchange (HPLC) column by PO4 gradient provides a
specific micro assay for poly ADP-R-glycohydrolase. The method is suitable for
¢nzyne assay in homogenates (in 0.15 M KCl-Tris, pH 7.4). Sonication of homogenates

*Adapted from Jackowski, G. and Liew, CC., Biochcn. J., in press. Dr. Jackowski is
joining our laboratory im April 1%80.
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and sedimentation of particles quantitatively extracts the glycohydrolase
from nuclei (13). 1Incubation of poly ADP-R (n = 30) with the soluble extract,
followed by deproteinization (HC10,) and HPLC analysis of the ext_-act for
ADP-R released is a direct assay for the enzyme. Optimal assay conditions
are presently being developed for the assay of this enzyme in animal tissues.
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PART 2. RESULTS OBTAINED AFTER FEBRUARY 1980 UNTIL OCTOBER 1980-
In contrast to a large variety of covalent modifications of

both histone and non-histone proteins by phosphorylation, acet-
ylation, methylations etc., reactions that appear to exhibit a
relatively broad selectivity, poly ADP-ribosylation by (ADP-R),
in small rodents in vivo is'coﬁfined to.an extent of at least
99% to. non-histone chromosomal proieins, as determined by an
(ADP-R)n > 4 specific IgG antiserum assay (Minaga et al., 1979).
Similar results were recorded in another laboratory in varying
biological matérial.by different experimental methods (Bradehorst
et al., 1978; Bradehorst et al., 1979). It should be noted that
ADP-ribosylation of histone H, in vitro is readily demonstrable
vhen larger quantities of thé ADP-R acceptor histone H; are added
to the pur%fied poly ADP-R synthetase (Kawaichi et al., 1380),
but this is a typica] in'vitro enzymolbgical result. Quanti-
tatively misleading results can be obtained in vivo or,lin cell
cuitures, when only radiochemical assays of ADP-R are t;; basis
of analyses without consideration of the absolute quantitieé of
(ADP-R),, (" Giri et al., 1978; Jump et'ai., 1979). It is obvious
that measurement of radioactivity alone doés not distfnguish
between small quantities of highly radicactive (ADP-Rin or largef
amounts of (ADP-R)ﬁ with lower'specific activty, Soth ' parameters
being related to turnover (Kun et al., 1979). There is no doubt
that only about 0.1 to 0.6% of the total (ADP-R)p > 4 is associated

in vivo with histones and shorter as well as longer homopolymers
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exist as covalent complexes with histones (Minaga et al, 1979).
However, the overwhelming targets of ADP-ribosylation are non-

histone proteins that have been identified by the pioneering

experiments of Paul and Gilmour (19€8) to play an as yet not well
understood role in the regulation of differentiated cellular
functions in eukaryotes. The previods]y proposed correlation
between transcript{onally active chromatin and the degree of
ADP-ribosylation (Mullins et al., 1977) is presently doubtful,
since more recently no connection was found between the Ibcaliza-
tion or activity of poly.ADP-R polymerase and transcriptional
activity of chrpmatin (Yukioka et al., 1978).

Since pdsitive correlation between a variety of differentiated
cell functions as well as differentiation itself and the requla-
tory role of non-histone proteins is probable fPaul and Gilmour,
1968) we bursued the problem of the regulatory function of poly
ADP-ribosylation in éxperimenta] models that express the operation
of development and differentiation: eaf]y phase of caréinogenesis,
age dépendent and hormone influenced organ-specific nuclear res-
ponses. The present paper is concerned with on-going experimental
work in this area. Results are consistent wiih the working hypothe-
sis that predicts a major cellular regu]atory fuhctioﬁ of poly
ADP-ribosylation by way of modification of non-histone proteins.
This modification process can be influenced either at the trans-

criptional level resulting in variations of the synthesis of

enzymatic components of
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the poly ADP-R synthetase systems or by changes in the concentra-
tion of target non-histone proteins, or both. A unique me;abolic
.effect on chromatin function through this system is suggested by
the variation of Aop-ribo'symions' due to metabolically induced
changes in NAD*/NADH ratios ( Kun and Chang , 1976) possibly
: contrfbuting to the initiation signal 6f stress-induced organ

hypertrophy ( Zak and Rabinowitz, 1979).v

2. Evaluation of methodology for in vivo studies |
 The advantage of in‘vivo experimentation is its obvious relevance
io physiologic function. Physiologic interpretatidn of in vitro

. enzymology 5q a relatively undeveloped field requires constant re-
evaluation of in vitro systems, since it is uncertain whether or
not the chosen in vitro system contains all reguiatory components
present in the intact cell. fhis plurality of experimental
approach is reflected in experimental methods, developed in our
labofato}y. Notable advances in rélated areas were madé’also in
other labﬁrétories, bui the present paper:wilf be confined to the

analysis of techniques used in our research group.

2.1 Imﬁunochemﬁstry of po]y(ApP-R)n > 4

The quantitative analysis of the homopolymer poly(ADP-R) by

radiochemistry is hampered by the absence of a specific.precursor.

Labelled ribose, or 32P are suitable and !“C-ribose is preferable
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beﬁause of its convenience of handling. Adenine is an unsuitable
prechrsor in_vivo, probably because preferential pathways other
than those leading to poly(ADP-R) obscure the labelling of the
homopolymer.. Development of a highly sbecific anti-poly(ADP-R)
1gG rabbit globulin that reacfs w{th (ADP-R) > 4 (Ferrd et al.,
1978) significantly aided our experiments. An imprbved extraction
procedure was also devé]éped that was used to determine the dis-
tfibution of fhe poiymer among various types of nuclear proteins
(Minaga et al.,1979). Combination of immunochemical ana1yses'and
in vivo labelling (Minaga et al., 1979; Kun et‘al.; 1979) géve 2
t!; for NAD+ and of poly (ADP-R) of 2.7 and 3.1 h respectively, in
terms of ribose incorporation, the slight discrepancey representing

experimental variation only.

2.2 Microchemical Methods

The disadvantage of the immunochemical terhnique is twofo]d.
First, the preparation of the antibody may be variable and second,
the metﬁod does not detect oligomers smalier than tetramers. For
these reasons entirely chemical micro procedufes were developed.
Poly and mono-ADP-ribosylated nuclear proteins were quantitatively
isolated on a highly substituted affinity column: m-aminophenyl-

boronicv5cid glutaryl-hydrazide poly acrylamide (Romaschin et al.,

1980), that exhibits better than 90% recovery of ADP-R-proteins,

in contrast to 50-70% of polysaccharide based columns containing
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no spacers. The 1solaied ADP-ribosylated nuclear proteins, con-
taining in vivo administered labelled precursors (either 1"C-r'fbose
for ADP-R, or labelled amino acids as protein'harkefs) can be
directly analyzed‘by HPLC-molecular sieve columns (Romaschin et al.,
1980) or hydrolyzed to free (ADP-R), and proteins. In case the |
protein was not labelled, 3H-dansylation is perfonped and the
macromolecular proteih profile of the ADP-R free target proteins of
ADP-ribosylation are subjected to HPLC-molecular filtration,
combined with isotope analyses (Romaschin et al., 1980). For

more detailed peptide separations the proteins are labelled with
1251 and subjected to one-dimensional electrofocusing and 'SDS-
électrpphoresis in the second dimension. Protein-free ADP-R
oligomers are degraded by purified poly(ADP-R) glycohydrolase. and
ADP-R analyzed’as a fluorescent derivative on an anion exchange
column by HPLC-fluorometry, using a phosphé;e gradient and combined
with isotope dilution witﬁ 14C.ADP-R. Less than picomq)e quantitiés.
are readi]y measurable. Alternative methods were developéd for the
determination of macromolecular profile of ADP-R oligomers. Either
HPLC-molecular filtration (when the homopolymer contains 14C-ribose)
was -performed to determiné the newly formed oligomers, detected by
ribose labelling (representihg mostly chain.elongations and internal
randomization of 14C-ribose with the unlabelled ribose pool) or by
3H-dimethylsulfate labelling of all (ADP-R)n species, followed by
gel eletrophoresis, radioaﬁtography and densitometry. A combination

of above techniques
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is|employed in our laboratory for the quantitative assay and macro-

molecular association of both monomeric and oligomeric (ADP-R)p-

protein adductg. Good agreement between immunochemical and chemi-
cal analyses was obtained (Minaga et al., 1979; Kun et al., 1979;
Romaschin et al., 1980). It was also confirmed that in normal
animal tissues there are no free ADP-R oligomers unless artifi-
cially produced by the action of intranuclear proteases during

in|vitro manipulations.

3. |Quantitative studies in vivo during the early precancerous

state induced by dimethyl-nitrosamine treatment of Syrian hamsters.

The first model related to pathophysiological alterations of
differentiation in animals was the eafly stage of hépatocarcinogenesis
in |Syrian hamsters treated with small doses of dimethylnitrosamine
(weekly i.p. injection'of 0.5 mg per 100 g body weight for one or
twa months, Harrold, 1956): As described in the paper By Romaschin
etlal. (1980) treatment of one-mor*h-old hamsters for one month
(four injections of 0.5 mg dimethylnitrosamine/100 g) resulted in

a five-fold increase in chemically determined poly(ADP-R) and a
significant increase in the incorporation of in vivo administered
14C-ribose (50uCi/100 g) into both poly(ADP-R) and NAD*, indicating
an |increased turnover of the pathway NAD* - poly(ADP-R). There fs
simultaneously a decrease in the steady state concentration of NAD+

( ~ 25%), consistent with its increased utilization for the protein-
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ADP-ribosylating pathway. Continued treatment of hamsters for two
months diminished the difference between steady state concentrations
of poly(ADP-R) between normal and hepatocarcinogen-treated hamsters, -
but further increased the rate of flux ‘ between NAD* and poly(ADP-R).
Notably the turnover of ribose in two-months-old animals diminished,
indicating an age dependent variation of NAD* and poly(ADP-R) meta-
bolism, however the carcinogen induced increase is independent from
this age-related change and is only dependent on the dose and time

of administration of the carcinogen. These resulfs are Sumﬁarized

in Table I. §eparatfon of labelled poly ADP-ribosylated proteins,
prgpared from one month precancerous hamster livers by CsCl density
ultracentrifugation is sﬁown in Fig. 1. It is apparent that the ‘
three ﬁacromolecu]ar components, DNA, RNA and poly(ADP-R)-protein
gdducts are readily separable by this physical procedure. Separa-
tion and determination of the macromo]eculér profile of in vivo
14C-ribose labelled protein-poly(ADP-R) adducts in 1.5.N guanidine
formate solution by HPLC is illustrated fn Fig. 2. Both normal and
precancerous (one month treated) hamsfer‘livers were analyzed and

the molecular profile (on HPLC) was monitored in a TSK-3000 molecular
sieve. The molecular masses (in kilodaltons: kdj are plotted

against fraction numbers. In these experimehts no definite deter-
mination of the absolute quantities of poly(ADP-R) is possible
because pulse labelling in_vivo randomly labels elongating homo-

polymers and isfalso recycling with'endogenous poly(ADP-R).
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Quantitative asessmenf is always based on direct chemical analyses
(see Table 1). The protein-poly(ADP-R) adducts were hydrolyzed,
the polymer-free proteins labelled with 3H-dansylchloride and both
proteins and homopolymers subjected to HPLC-molecular mass
analyses. The homopolymers were separated on a TSK-ZdOO molecular
sieve. Results are shown in Fig. 3. It is evident that in pre-
cancerous liver nuclei poly ADP-ribosylation of proteins of a
mass about 160 kd is greatly increased. The analysis of the
molecular profile of free homopolymers indicated that ohly about
10 to 15% of in vivo mono ADP-ribosylation takes place and at
least 80 to 90% of the homopolymer 1is larger than monomeric.
These results extend and support previous ahalysés obtained by -
the (ADP-R)pn > 4 specific antiserum (Minaga et al., 1979) but
in contrast to the immunochemical method, that does not assay
smaller thaﬁ tetramers, the chemical procedures.revea1s a
detectable quantity of mono-ADP+ibosylation. However, the mono-
mers are still only 10 to 15% of the oligomers. |
In vitro pulse labelling of both normal and precancerous
"hamsters with 3H-thymidine and analysis of incorporation into DNA
revealed that in the precancerous animals the rate of thymidine
incorporation increased about fourfold. Alkaline sucrose density
gfadient analysis of DNA species indicated an increase of DNA
species of short chain length, but no typical fragmentation, as

observed in tissue-cultures treated with high concentrations of




29

of alkylating agent (2 mM dimethylsulfate, cf. Durkacz et al.,
1980), tﬁerefore at this early precancérous stage, where no-
morphologic evidence of malignancy is detecfable, there is no
evidencé suggesting a correlation between DNA fragmentatioﬁ

and an increase of poly(ADP—R) metabolism. It is probable that

2 mM alkylating drug jg,gjgig in tissue-cultures is a highly

toxic dose, and DNA fragmentation reflects non-specific toxicity.
It is known that the subtle transformation process to mélignancy
does not necessarily involve -gross chromosomal alterations kdipaojé,
1977) but coincides with much less obvious modifications of DNA.
Our model, that focuses on an early stage of malignant transforma-
tion is consistent with this view (Dipaolo, 1977) therefore the

~ large increase in poly(ADP-R) turnover and néh-histoné-protein
modification precedes any gross alteration (fragmentation) of DNA,
and is probably a very early signal of the precancerous state.

This mechanism and its relationship to DNA-repair is aﬁ‘open.Qgestion.
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4. Rates of Poly(ADP-R) synthesis in cardiocyte nuclei as a
function of age and organ-specific hormonal influences in vivo
on rates of poly(ADP-R) Synthesis in isolaied cardiocyte nuclei,
in _vitro effect of aldosterone.

We have previously shown that poly(ADP-R) synthesis in cardiac
nuclei is .two to three times higher than in liQers (Ferro and Kun,

‘1976) of the same animals, suggesting a possible physiologically

prominent function of ADP-ribosy]ation in cardiocytes. With the

aid of a specific separation technique cardiocyte nuclei were
1soIated‘from a mixed nuclear population (Jackowski and Liew,

1980) and thé effect of aging - an expression of development -

on rates of in_vitro poly(ADP-R) synthesis was determined.

Striking results were obtained, as shown in Fig. 6. Rates of

poly(ADP-R) synthesis in vitro were much higher in myocardial

nuclei isolated from 30-day-old than from 65-day-old rats

‘ (Long Evans strain). These fesults are in apparent variance with.

an earlier report (Claycomb, 1975) that claimed higher poly;,

(ADP-R) synthesis in nuclei of older rats. Unfortun§£e1y

Claycomb (1976) did not separate myocardial nuclei from nuclei

of non-myothes - as done in the present work (Jackowski and

Liew, 1980) - and it is likely that the fortuitous relative en-

richment of non-myocyte nuclei containing higher ehzymatic

-activity than cardiocyte nuclei signalled a higher apparent total

enzymatic actfvity. The possibility of this type of artifact

has been actually considered by Claycomb (1976). 1n general,

when rates of poly(ADP-R) synthesis are increased the steady state
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concentration of nuclear NAD* decreases. Claycomb (1975) observed
‘a decrease in NAD* content of cardiac tjssue of ycung animals,
an observation consistent with our results. The kinetic data
ﬁhown in Fig. 6 support tﬁe view that aging markedly influences
the poly ADP-ribosylation pathway. |

In further studies we tested the apparent effects df endocrines

on nuclear poly(ADP-R) synthetase'activity. The most striking

phenomenon observed was organ speci?icity. Only myocardial nuclei
exhibited a hormone sensitivity, whereas liver nuclei were un-
responsive. As illustrated in Fig. 7 pharmaéologic dosé of
cortisol (5 mg/rat) severely depressed the poly(ADP-R) éynthetase,
activity of myocardial nuclei, but not of liver nuclei. The
relatively large effective dose of cortisol made it Suspect

that possibly a side effect of this hormone (mfnerancorticoid-
like action) was observed. The enzymatic activity in myocardial
nuclei of hypophysectomized rats was‘markedly diminished - as
would be anticipated - and cortisol at § mg}loo g dose and aldo-
sterone at 5 1.g/100 g dose further depressed activity, 1ndic$ting
that indeed, aldosterone was the more powerfu1 inhibitory agent
in_vivo, and the large dose of cortisol mimicked the effect of the‘
typical mineralocorticoid. These in vivo effects are shown in

Fig. 8. ‘Adrenalectomy significantly diminished poly(ADP-R) syn-
thetase activity of myocardial nuclei and cortisol (5 mg/100 g

rat) further depressed_activity (Fig. 9). The effects of pituitary

and adrenal hormones are clearly complex. Presence of‘both




pituitary and adrenal glands are required for optimal enzymatic‘
activity in myocardial nuclei, but cortisone in large doses or
aldosterone in near physiological doses is inhibitory. The
jdentification of molecular mechanisms for these phenomena
depends on detailed analytical and enzymological work, tﬁat is
presently pursued. However, the organ-specific age and endo-

crine effects strongly support the view that poly(ADP-R)
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metabolism has direct relevance to differentiated organ functions -

in higher animals.

The organ-specific in vivo inhibitory effect of cortisol and
especié11y of aldosterone that is demonstrable in normal hypophyf
sectomized and adrenalectomized rats suggested a direﬁt regulatory
influence of steriods on nuclear poly(ADP-R) metabolism. If this
is a direct effect, the inhibitory influence should be reproducible
in_vitro, which was indeed the case. Preincubation of {solated
myocardial nuclei with 5.96 nM aldosterone for 30 minutes at 0°
linhib1ts poly(APD-R) synthesis as treatment of
rats in vivo with a daily dose of 5 ug aldosterone, indicating
that é true organ-specific inhibitory effect of aldosterone is

observed both in vivo and in vitro. These results are shown in

Table II1. It is unlikely that aldosterone actually acts directly
as an inhibitor on the poly(ADP-R) polymerase enzyme. Our pre- |
sent working hypothesis predicts a specific interaction between.

aldosterone and a regulatory non-histone protein that participates
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in the control of the poly(ADP-R) polymerase system. It is
interesting that aldosterone given in vivo increases cardiac
RNA-polymerase (Liew, Liu and Gornall, 1972). We presume that the
poly(ADP-R) polymerase-non-histone protein modification system
plays an intérmediary role in the control of oréan-specific

.trénscription.

5; Summary: outline of regulatory sites and their probable

function.

A determinist{c’role of specificvhon-histone proteins in the .
regulation of selective transcribtion of DNA segments by RNA
polymerases is a plausible hypothesis that may explain the
function of the. large array of non-histone chromatin proteins
in eukaryotes. The.stﬁdy‘of poly ADP-ribosylation affords a
selective probe (Minaga et al., 1979) 'in this field. The modifying
reagent NAD* is the only nucleotide which posesses rapid chemical-
responsivenesé towards microenvironmental changes (i.e.t oxidation/
reduction). Stress induced reduction of NAD* will necessarily
diminish protein ADP-ribosylation, as we have obsefved it in the
hypertrophic part df the cardiaz muscle that exhibits significant
diminuation of poly(ADPrR),content as compared to the norma’ part
of the same cardiac muscle (Minaca and Kun, unpublished experiments).
This regulatory effect of decreased poly ADP-ribosylation that is

presumably equivalent to a form of physiologic de-repression
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coincides with an increased synthesis of all cel]ular:macromolecules.
(except DNA) resulting in hypertrophy. Much greater complexity
exists when the effects of a carcinogen or of hormones are being
followed. Because of the large number of non-histone chromatin
protéins.veach potentially regulating a discrete transcription of
DNA-segments, no uniform relationship‘between the,fegulatory
effects‘of individual non-histone protéins and their degree of
ADP-ribosylation is 1ikely. It is possible that activating effects
of certain non-histone proteins (on transcription) méy depend on
ADb-ribOSy]ation whereas with other proteins ADP-ribosylation is
inhibitory. It follows that it is‘né;essary to determine ADP-
ribosylations of all non-histone proteins andlestabijsh an organ-
specific pattern related to function before meaningful experimental
questions can be formulated.

Our present information, regarding the role of'ADP-ribosylations'
in sterol hormone aétion. suggests a possible connecting 1ink
between the stérol-specific nuclear receptors (Jensen, 1979) and
the‘selectiQe activation of-RNA-po]ymera;es. Our results with
‘aldosterone in myocardial nuclei projects a feasible experimental

approach.
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LEGEND TO TABLE I

Eight male Sjrian hamsters were selected on the basis of
equal body weight within the chosen age groups. The hamsters
A'(Z animals in each group) were deprived of food for 16 hours,
then pulse labelled with 50 uCi 1%C-labelled ribose (58 mCi/mmole,
| ICN Pharmaceuticals) by intraperitoneal injection. Three
hours after 1abe11jng liver homogenates were prepared in
citric acid and nuclei were isolated. The total radioactive
material per g liver homogenate, prepared from the control
and the DMNA-treatedlhamsters, was identical. Quaﬁtitative
isolation of (ADP-R)p-protein adducts was carried out by
borongte‘affipity chromatography. Analyses of (ADP-R),, were
performed after either chemical or enzymdtic hydrolysjs of
ADP-R-protein adducts, followed by HPLC-fluorometry of |
characteristic nucleétides. NAD* was determined in the post-
nuclear supernatant after.deproteinization with 5% HC10, and
" jsolation by HPLC. The body weight of groups 1 and 2 were
80-100 g and of 34and 4, 140-160 g. Analyses were done in

trip]icateé and results show arithmetic mean values: and

standard deviation.

e



42

TABLE 111
Inhibitory Effect of Aldosterone In Vivo and In Vitro

On the Poly(ADP-R) Synthetase Activity of Myocardial Nuclei

~ Poly(ADP-R)
Synthetase Activity ~ % Inhibition

(ﬁmo1es/mg protein/min)

In Vivo
control o : 8.8

aldosterone (5.g/100 g rat) | 5.6 _ 36%
In Vitro

control 5.6
Ialdosterone (5.9 nM) _ 3.1 45%




In vivo effect. Aldosterone was injected (5 ug/100 g body weight)

In vitro effect of aldosterone on myocardial poly(ADP-R) syn-
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LEGEND TO TABLE III

intraperitoneally into 30-day-old Long Evans rats for four days,
prior to the isolation of nuclei. Control received isotonic saline »
at the same time. Poly(ADP-R) synthetase activity was ‘determined
as described in Fig. 7. . In all the Poly(ADP-R) synthetase assay

the content of nuclear DNA per assay was the same.

thetase activity. Myocardigl nuclei from 30-day-old Long Evans
male rats were preincubéted at 0° for 30 min. in'thé‘presence or
absence of 5.9 nM aldosterone. The system contained 100 mM Tris-
HC1 pH 8.2, 2 mM‘DTT, 20 mM MgCl,, 0.1 mM PMSF, O.S mM EDTA.

At the end of preincubation poly(ADP-R) synthesis was initiated
by the addition of labelled NAD* (0.5 mM) and tﬁe synthesis

carried out at 25° as described in legend of Fig. 7.
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LEGEND TO FIG. 1

}Separation of DNA (60 ug), RNA (400 n.g) and ADP-R-protein adducts

by ultracentrifugation in fsCl gradient. Time of centrifugation =

40 hours at 125,000 x g (av.) at 4°. (@——@) = 60 ug DNA, (‘-—-‘).
= 400 ug RNA, (O——-O) = 14¢-ribose (ADP-R)p-protein counts,

and (A---A\) = protein content. DNA = thymus bNA; RNA =

obtained from yeast.
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LEGEND TO FIG. 2

Molecular mass distribution of protein-(ADP-R)n adducts
1§olatéd from hamster nucléi (control and freated with DNMA*
for 1 month) by the affinity chromatography method on a '
TSK-3000 SW HPLC molecular sieve. Developing solvent: 1.5 M
guanidine-formate, pH 5.0; flow rate 0.4 ml/min. ’

A—A - control, @ @® = dimethylnitrosamine treated.
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LEGEND TO FIG. 6

Changes in Myocardial Ngcxlear Poly(ADP-R) Synthetase Activity
with Age | |
Myocardial nuclei isolated from 30-day-old and 65-day-old Long
Evans rats were inéubated with 14C-NAD* and the incorporation
of 1%C-NAD* into an acid insoluble product w&s'monitored with
time, as descrived in legend of Fig. 7.

® Myocardial nuclei (30 day old)

O Myocardial nuclei (65 day old)
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 LEGEND TO FIG. 7

Poly(ADP-R) Synthetase Activity of Myocardial and Liver Nuclei

From Cortisol-treated and Control Rats

Hydrocortisone sodium phosphate (Hydrocortone, MSD, 5 mg/rat) was
injected intraperitoneally into 30-day-old Long Evans rats (100 g
body weight) daily for 4 days, prior to the isolation of nuclei;

‘a control group received isotonic saline at the same time. Poly-

- (ADP-R) synthetase activity in the isolated nuclei was monitored
by.measuring'the rate of incorporation of !“C-NAD* into an acid in-
soluble product. The reaction mixture, at 25° C in a vo]uhe of
235 ) contained 100 mM Tris HC1 pH 8.2, 2 mM DTT, 20 mM MgCl,,

0.1 mM PMSF, 0.5.mM EDTA, 0.5 mM NAD*, 2.8 x 107 dpm of 1“C-NAD*,
80 ug of nuclear material. |
Myocardial nuclei (control)
Liver nuclei (control)

Liver nuclei (cortisol-treated)

o D » e

Myocardial nuclei (cortisol-treated)
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LEGEND TO FIG. 8

The Effect of Hypcphysectomy, Cortisol and Aldosterone-

treatment of Hypophysectomized Rats on Myocardial Nuclear

Poly(ADP-R) Synthetase Activity

Hydrocortisone sodium phosphate (Hydrocortone, MSD; 5mg/100 g

body weight) was injected intraperitoneally into hypophysectomized
Long Evgns rats daily for 4 days, prior to the isolation of nuclei.
Aldosterone (Sigma; 5 ug/100 g body weight) was injected intra-
peritoneally iﬁto hypoph, sectomized rats following the same
injection protocol employed for hydrocortisone; a control group
consisting of normal rats and hypophysectomized rats received
sterile isotonic saline. Poly(ADP-R) synthetase activity was

monitored as described in Fig. 7.

® Myocardial nuclei (control)

»
&
O

Myocardial nuclei (hypophysectomized)
Myocardial nuclei (hypophysectomized plus aldosterone)

Myocardial nuclei (hypophysectomized plus cortisol)
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LEGEND TO FIG. 9

The Effect of Adrena]ectomxﬁand Cortisol-treatment of Adrenal-

ectomized Rats on Myocardial Nuclear Poly(ADP-R) Synthetase
Activity | |

Hydrocortisone sodium phosphate (Hydrocortone, MSD; § mg/100 g
body weight) was injected intraperitoneally into adrenalectomized
Long Evans rats daily for 4 days, prior to the jsolation of |
nuclei; a éohtro] group consisting of normal rats and adrenal-
ectomized rats received sterile isotonic saline. Poly(ADP-R)
synthetase activity was monitored as described in Fig. 7.

® Myocardial nuclei (control)

B Myocardial nuclei (adrenalectomized)

[ Myocardial nuclei (adrenalectomized pluS cortfsol)
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