
3610 Biochemistry 1981, 20, 3610-3614 

Klee, C. B., & Singer, M. F. (1967) Biochem. Biophys. Res. 

Lee, C. H., & Tinoco, I., Jr. (1980) Biophys. Chem. 11, 283. 
McFarland, G. D., & Borer, P. N. (1979) Nucleic Acids Res. 

Prestegard, J. H., & Chan, S .  I. (1969) J .  Am. Chem. SOC. 

Quigley, G. C.,  & Rich, A. (1976) Science (Washington, D.C.) 

Reid, B. R., & Hurd, R. E. (1977) Acc. Chem. Res. 10, 396. 
Rich, A., Quigley, G. C., & Wang, A. H. J. (1979) in Ster- 

eodynamics of Molecular Systems (Sarma, R. H., Ed.) p 
3 15, Pergamon Press, New York. 

Commun. 29, 356. 

7 ,  1067. 

91, 2843. 

194, 796. 

Stout, C. D., Mizuno, H., Rao, S .  T., Swaminathan, P., Rubin, 
J., Brennan, T., & Sundaralingam, M. (1978) Acta Crys- 
tallogr. B34, 1529. 

Sundaralingam, M. (1974) Struct. Conform. Nucleic Acids 
Protein-Nucleic Acid Interact ., Proc. Annu. Harry Steen- 
bock Symp., 4th, 487. 

Ts’o, P. 0. P. (1974) in Basic Principles in Nucleic Acid 
Chemistry (Ts’o, P. 0. P., Ed.) Vol. I, p 453, Academic 
Press, New York. 

Uhlenbeck, 0. C., Borer, P. N., Dengler, B., & T i n a ,  I., Jr. 
(1973) J .  Mol. Biol. 73, 483. 

Van Geet, A. L. (1968) Anal. Chem. 40, 2227. 
Van Geet, A. L. (1970) Anal. Chem. 42, 679. 

Poly(adenosine diphosphoribose) Synthesis in Ultraviolet-Irradiated Xeroderma 
Pigmentosum Cells Reconstituted with Micrococcus luteus UV 
Endonuclease7 

Nathan A. Berger* and Georgina W. Sikorski 

ABSTRACT: Synthesis of DNA and poly(adenosine di- 
phosphoribose) [poly(ADPR)] was examined in permeabilized 
xeroderma pigmentosum lymphoblasts (XP3BE) before and 
after UV irradiation and in the presence and absence of 
Micrococcus luteus UV endonuclease. M. luteus UV endo- 
nuclease had no effect on the level of DNA or poly(ADPR) 
synthesis in control, unirradiated cells. UV irradiation caused 
a decrease in replicative DNA synthesis without any significant 
change in poly(ADPR) synthesis. In UV-irradiated cells 
treated with M .  luteus UV endonuclease, DNA synthesis was 
restored to a level slightly greater than in the unirradiated 
control cells, and poly(ADPR) synthesis increased by 2- to 
4-fold. Time-course studies showed that the UV endonuclease 
dependent poly(ADPR) synthesis preceded the endo- 
nuclease-dependent DNA synthesis. Inhibition of endo- 

El y (adenosine diphosphoribose) is synthesized from NAD+ 
by poly(ADPR)’ polymerase, which is a tightly bound chro- 
mosomal enzyme activated when cells are treated with various 
agents that damage DNA (Miller, 1975; Hayaishi & Ueda, 
1977; Davies et al., 1977; Berger et al., 1979a-c). The rapid 
synthesis and degradation of ADP-ribose polymers in the 
nucleus have the potential for causing drastic but reversible 
alterations in chromatin conformation. Since poly(ADPR) 
synthesis increases in response to DNA damage, it was pro- 
posed that poly(ADPR) might be involved in the DNA repair 
process, altering chromatin structure so as to make regions 
of DNA damage more readily accessible to the enzymes of 
DNA repair (Miller, 1975; Davies et al., 1977; Cleaver, 1978; 
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nuclease-dependent poly(ADPR) synthesis with 3-amino- 
benzamide, 5-methylnicotinamide, or theophylline produced 
a partial inhibition of the endonuclease-dependent DNA 
synthesis. Conversely, inhibition of the endonuclease-de- 
pendent DNA synthesis with dideoxythymidine triphosphate, 
phosphonoacetic acid, or aphidicolin had no effect on the 
endonuclease-dependent poly(ADPR) synthesis. These studies 
show that stimulation of poly(ADPR) synthesis in UV-irra- 
diated cells occurs subsequent to the DNA strand breaks 
created by the specific action of the UV endonuclease on 
UV-irradiated DNA. The effect of the inhibitors of poly- 
(ADPR) synthesis in UV-irradiated cells indicates that the 
endonuclease-stimulated DNA synthesis is dependent in part 
on the prior synthesis of poly(ADPR). 

Berger et al., 1979~).  This proposal has been partially con- 
firmed by the demonstration that inhibitors of poly(ADPR) 
synthesis interfere with the ability of cells to recover and 
proliferate following DNA damage (Durkacz et al., 1980). In 
addition, cells made NAD+ deficient by nicotinamide star- 
vation are unable to carry out unscheduled DNA synthesis 
after treatment with N-methyl-N’-nitro-N-nitrosoguanidine 
(MNNG); they are also unable to reseal DNA strand breaks 
after treatment with dimethyl sulfate (Durkacz et al., 1980; 
Jacobson et al., 1980). 

We have shown that cells from normal human donors de- 
velop an increase in poly(ADPR) synthesis after treatment 
with various DNA damaging agents including MNNG, (N-  
acetoxyacetylamino)fluorene, bleomycin, and UV irradiation 

Abbreviations used: ADPR, adenosine diphosphoribose; AP, apy- 
rimidinic; aCTP, cytosine arabinoside triphosphate; d,TTP, dideoxy- 
thymidine triphosphate; Hepes, 4-(2-hydroxyethyl)- I-piperazineethane- 
sulfonic acid; MNNG, N-methyl-N’-nitro-N-nitrosoguanidine; NAD, 
nicotinamide adenine dinucleotide; UV, ultraviolet; XP, xeroderma pig- 
mentosum; Tris, tris(hydroxymethy1)aminomethane; EDTA, ethylene- 
diaminetetraacetic acid. 
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(Berger et al., 1979~).  In cells from patients with xeroderma 
pigmentosum, poly (ADPR) synthesis increases in response to 
DNA damage induced by MNNG but not in response to 
damage from UV irradiation (Berger et al., 1980). We pro- 
posed that the failure of XP cells to increase their poly(ADPR) 
synthesis in response to UV irradiation was due to their de- 
fective ability to perform the initial incision at the sites of 
UV-induced DMA damage (Fornace et al., 1976; Berger et 
al., 1980). Tanaka et al. (1975) showed that the defective 
ability of XP cells to repair UV-induced DNA damage could 
be corrected by supplying cells with T4 endonuclease V, an 
endonuclease which specifically acts at the site of thymidine 
dimers. The UV endonuclease from M .  luteus should also 
serve this purpose since it also cleaves the phosphodiester 
backbone of DNA at the site of thymidine dimers (Riazuddin 
& Grossman, 1977; Haseltine et al., 1980). In the present 
study, we permeabilized control and UV-irradiated XP cells 
and then supplied them with M .  luteus UV endonuclease to 
determine how this would affect the synthesis of poly(ADPR) 
and to investigate the relation of poly(ADPR) synthesis to the 
DNA repair process. 

Experimental Procedures 
The long-term lymphocyte cell line XP3BE derived from 

a patient with XP, group C (Andrews et al., 1974), was ob- 
tained from Mutant Cell Repository, Camden, NJ. M. luteus 
UV endonuclease, purified through the Sephadex G-75 stage 
(Riazuddin & Grossman, 1977), was a gift from Dr. Lawrence 
Grossman. Aphidicolin was obtained from Imperial Chemical 
Industries, Ltd., dideoxythymidine triphosphate (d2TTP) and 
cytosine arabinoside triphosphate (aCTP) were from P-L 
Biochemicals, 5-methylnicotinamide was from the Lilly Re- 
search Laboratories, phosphonoacetic acid was from Abbott 
Laboratories, 3-aminobenzamide was from Pfaltz & Bauer, 
Inc., theophylline was from Sigma Chemical Co., and nico- 
tinamide adenine dinucleotide ( [U-14C] adenosine) and deox- 
ythymidine 5'-triphosphate (methyL3H-labeled) were from 
New England Nuclear. 

Cells were maintained in suspension culture at 37 OC in 
a-modified Eagle's medium, buffered with 25 mM Hepes, pH 
7.2, and supplemented with 20% fetal calf serum, 4 mM fresh 
glutamine, 50 units/mL penicillin, and 50 pg/mL strepto- 
mycin. All experiments were performed when cells were in 
logarithmic growth between 2 X 10' and 5 X lo' cells/mL. 

For UV irradiation, cells were suspended at 2 X lo6 
cells/mL in phosphate-buffered saline, spread in a thin layer 
in plastic petri dishes, and irradiated with a General Electric 
15-W germicidal lamp at an incident dose of 1 J/(m2 s) as 
previously described (Berger et al., 1979c, 1980). 

Measurements of DNA and poly(ADPR) synthesis were 
performed in cells that were first made permeable to exoge- 
nously supplied nucleotides and enzymes by a technique that 
has previously been described in detail (Berger, 1978; Berger 
et al., 1978a,b). Briefly, cells were collected by centrifugation 
at 3000g for 10 min at 4 OC, then resuspended at 2 X lo6 
cells/mL in a hypotonic buffer composed of 0.01 M Tris-HC1, 
pH 7.8, 1 mM EDTA, 4 mM MgC12, and 30 mM 2- 
mercaptoethanol, and incubated in an ice-water bath for 15 
min. The cells were collected again by centrifugation and 
resuspended at 2 X lo7 cells/mL in the same buffer. The proof 
that these cells are permeable to nucleotides and proteins and 
the characterization of the products as DNA and poly(ADP- 
ribose) have already been detailed (Berger, 1978; Berger et 
al., 1978a,b). 

To measure synthesis of DNA and poly(ADPR), 50-pL 
portions of cell suspension were added to tubes containing 
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reaction mix, M. luteus UV endonuclease, and the appropriate 
inhibitors as indicated to a final volume of 100 pL. The UV 
endonuclease was dissolved in 0.1 M potassium phosphate, pH 
7.6, 5 mM 2-mercaptoethanol, 5 mM EDTA, and 10% gly- 
cerol, When the UV endonuclease was added to reaction 
tubes, the same amount of this buffer was added to control 
tubes. Inhibitors were all dissolved in 10 mM Tris-HC1 ad- 
justed to pH 7.8. The final concentrations of the components 
in the reaction were 1 X lo6 permeabilized cells, 5 mM 
Tris-HC1, pH 7.8, 22 mM Hepes (pH 7.8), 15 mM 2- 
mercaptoethanol, 9.5 mM MgC12, 0.5 mM EDTA, 33 mM 
NaC1, 3.3 mM ATP, 60 pM dATP, 60 pM dCTP, 60 pM 
dGTP, 0.17 pM dTTP (meth~l-~H-labeled) (specific activity 
96 X lo3 dpm/pmol), 0.1 mM NAD+ ([U-'4C]adenosine) 
(specific activity 27.6 dpm/pmol), and 0.05% Triton X-100 
in a final volume of 100 pL. M. luteus UV endonuclease was 
included in the indicated reactions at a final concentration of 
10 units/100 pL of system. In preliminary experiments, we 
found that the degree of restoration of DNA synthesis in 
UV-irradiated cells was dependent on the amount of added 
UV endonuclease until at saturating levels of endonuclease 
there was no further increase in the level of DNA synthesis. 
The concentration of 10 units/lOO p L  of reaction system was 
selected for all further experiments because it provided a 
saturating level of UV endonuclease that completely reversed 
the effects of UV irradiation on DNA synthesis in permeable 
cells. 

Components were combined in an ice-water bath, and re- 
actions were started by shifting tubes to a 37 "C shaking water 
bath. Incubations were for 30 min except where indicated 
otherwise. Reactions were stopped by precipitation with an 
excess of cold 20% trichloroacetic acid and 2% sodium pyro- 
phosphate. Samples were collected on Whatman GF/C filter 
disks and prepared for scintillation counting as previously 
described (Berger et al., 1978a). Radioactivity was analyzed 
and automatically corrected for cross contribution by using 
a dual label program of a Mark I11 Liquid Scintillation 
System, Tracor Analytic, Inc., Elk Grove Village, IL. Results 
are presented as the means of triplicate assays which agreed 
within 10%. All experiments were performed at least 3 times. 

Results 
When normal cells were treated with UV irradiation, there 

was a dose-dependent decrease in replicative DNA synthesis 
and dose-dependent increases in DNA repair and poly(ADPR) 
synthesis (Berger et al., 1979a-c). UV irradiation of XP cells 
also produces a decrease in replicative DNA synthesis; how- 
ever, there is essentially no increase in the level of poly(ADPR) 
synthesis or DNA repair (Berger et al., 1980). Table I shows 
the effects of UV irradiation and the M. luteus UV endo- 
nuclease on DNA and poly(ADPR) synthesis in XP3BE cells. 
The levels of DNA and poly(ADPR) synthesis in the control 
unirradiated cells are typical values for cells in mid log phase 
growth. UV irradiation with 10, 50, or 100 J/m2 resulted in 
a dose-dependent decrease in DNA synthesis; however, there 
was essentially no change in the level of poly(ADPR) synthesis. 
It should be noted that these cells were permeabilized and 
DNA syntheses measured immediately after UV irradiation. 
The UV-induced suppression of DNA synthesis becomes 
greater at progressive time intervals after UV irradiation. For 
example, immediately after UV irradiation with 50 J/m2, the 
level of DNA synthesis is suppressed to 58% of control, within 
1.5 h it is suppressed to 40%, and by 3 h it is 33% of the level 
of DNA synthesis in control cells. When the UV-irradiated 
cells were treated with the UV endonuclease, DNA synthesis 
increased to levels slightly greater than those present in the 
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Table I: Effect ofM. luteus UV Endonuclease on Synthesis of 
DNA and Poly(ADPR) in XP3BE Lymphoblastsa - 

DNA poly(ADPR) 
synthesis synthesis 

treatment IO6 cells) IO6 cells) 
(dpml (dpm/ 

control 98 300 2000 
control t 97 800 2000 

UV (10 Jim') 7 2 800 2100 
UV (50 J/m*) 56 900 2300 
UV (100 J / m 2 )  36 200 2200 
UV(10J/m2) + 106 200 5400 

UV (50 Jim') + 102 000 6600 

UV (100 Jim') + 103 200 7900 

a XP3BE lymphoblasts in mid log phase growth were UV 

UV endonuclease 

UV endonuclease 

UV endonuclease 

CJV endonuclease 

irradiated as described under Experimental Procedures. 
Immediately after irradiation, cells were permeabilized, and 1 X 
lo6 permeable cells were incubated with the reaction mixture con- 
taining (3HH]dTTP and ['TINAD for 30 min at 37 "C. The indi- 
cated reactions contained 10 units of&!. luteus UV endonuclease. 

unirradiated control cells. Concomitantly, the levels of 
poly(ADPR) synthesis increased to between 2 and 4 times 
those of the control cells. The demonstration that the UV 
endonuclease caused DNA and poly(ADPR) synthesis to in- 
crease in UV-irradiated cells but had no effect on control cells 
indicates that such increases are dependent on the enzyme 
carrying out its specific function, which is to induce DNA 
strand breaks at the sites of pyrimidine dimers. 

As noted above, the level of DNA synthesis in the unirra- 
diated cells is typical for cells in mid log phase growth and 
represents the replicative mode of DNA synthesis (Berger, 
1978). UV irradiation caused a dose-dependent suppression 
of this replicative DNA synthesis. Regardless of the degree 
of suppression, treatment of the cells with UV endonuclease 
under the conditions described above restored DNA synthesis 
to slightly greater than normal levels. The increment in DNA 
synthesis that occurred when UV-irradiated cells were treated 
with this dose of UV endonuclease was too great to be ac- 
counted for by DNA repair alone. It is probable that this 
increment contained a small contribution from the repair mode 
of DNA synthesis and a large contribution from the replicative 
mode of DNA synthesis, the latter being restored to preirra- 
diation levels immediately after the UV damage was excised. 
For the purpose of this study, we describe this increment in 
DNA synthesis by the operational term of UV endonuclease 
dependent DNA synthesis. We emphasize again that this term 
is composed of contributions from both the replicative and 
repair modes of DNA synthesis. 

One approach to determining the relation of poly(ADPR) 
synthesis to the process of DNA repair and the restoration of 
replicative DNA synthesis is to examine the time course of 
their synthesis in UV-irradiated cells in the presence and 
absence of UV endonuclease. The first panel in Figure 1 shows 
that in permeable mid log phase cells the synthesis of DNA 
and poly(ADPR) continued for 30 min and then leveled off. 
The second panel shows that UV irradiation resulted in a 
marked depression of DNA synthesis. However, even at the 
reduced rate, both DNA and poly(ADPR) continued to be 
synthesized during the first 30 min before leveling off. The 
third panel shows that when the UV endonuclease was added 
to the UV-irradiated cells, there was a rapid increase in 
poly(ADPR) synthesis which appeared to precede the increase 
in DNA synthesis. 

Untreowd uv U V U V  Endo U V  E n d o  Dcosndcni 

I20 

60 

20 

0 20 A0 60 0 20 40 60 
MINUTES 

FIGURE 1 : Time course of DNA (0) and poly(ADPR) (0) synthesis 
in XP3BE lymphoblasts. Cells were permeabilized and the reactions 
performed as described under Experimental Procedures. (First panel 
on left) Cells in mid log phase growth. (Second panel) Cells irradiated 
with 50 J/m2 and then incubated without UV endonuclease. (Third 
panel) Cells irradiated with 50 J/m2 and then incubated with 10 units 
of UV endonuclease in each reaction. (Fourth panel) W endonuclease 
dependent reaction obtained by subtracting results depicted in second 
panel from those in the third. 

The amount of endonuclease-dependent DNA synthesis is 
determined by subtracting the DNA synthesis values obtained 
in cells treated with UV irradiation alone from the values 
obtained in cells treated with UV irradiation and UV endo- 
nuclease. Similarly, the amount of endonuclease-dependent 
poly(ADPR) polymerase activity is determined by subtracting 
the values for W-irradiated cells from those for UV-irradiated 
cells treated with UV endonuclease. The values derived from 
these calculations are plotted in the fourth panel of Figure 1. 
Clearly, the addition of the W endonuclease to UV-irradiated 
XP cells resulted in an abrupt increase in poly(ADPR) syn- 
thesis which preceded the increment in DNA synthesis. The 
rapid increase in poly(ADPR) synthesis leveled off after 15 
min; then the amount of radioactive poly(ADPR) in the system 
decreased, suggesting that it was undergoing degradation. The 
amount of DNA synthesized leveled off after 30-min incu- 
bation and remained constant thereafter. 

To investigate further the relation of poly(ADPR) synthesis 
to DNA synthesis in the UV endonuclease dependent reaction, 
we examined the effects of inhibitors which were selected for 
their abilities to inhibit selectively the synthesis of either DNA 
or poly(ADPR). aCTP, d2TTP, phosphonoacetic acid, and 
aphidicolin are all DNA polymerase inhibitors (Edenberg et 
al., 1978; Berger et al., 1979a). 5-Methylnicotinamide, 3- 
aminobenzamide, and theophylline were selected for their 
ability to inhibit poly(ADPR) polymerase (Berger et al., 1978a; 
Purnell & Whish, 1980). As shown in Table 11, 3-amino- 
benzamide, 5-methylnicotinamide, and theophylline all in- 
hibited the UV endonuclease dependent stimulation of poly- 
(ADPR) synthesis. In addition, all three agents caused a 
partial inhibition of the endonuclease-dependent DNA syn- 
thesis. When aCTP was added to inhibit DNA synthesis, there 
was also a partial inhibition of poly(ADPR) synthesis. This 
inhibition of poly(ADPR) synthesis may be explained by 
partial deamination of the cytosine moiety to uracil since uracil 
acts as a direct inhibitor of poly(ADPR) polymerase (Berger 
et al., 1978a). d2TTP, phosphonoacetic acid, and aphidicolin 
all inhibited the endonuclease-dependent DNA synthesis but 
had no effect on poly(ADPR) synthesis. These studies dem- 
onstrate that inhibition of poly(ADPR) synthesis interferes 
with the DNA repair process that occurs after UV-irradiated 
XP cells are treated with M .  luteus UV endonuclease. In 
contrast, several agents which inhibited the UV endonuclease 
dependent DNA synthesis had no effect on poly(ADPR) 
synthesis. Thus, the UV endonuclease dependent DNA syn- 
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-I 
PROPOSED FUNCTION FOR POLY(ADP RIBOSE1 Table 11: Effect of Inhibitors on UV Endonuclease Dependent 

Synthesis of DNA and Poly(ADPR) in UV-Irradiated 
XP3BE Lymphoblasts" 

DNA poly(ADPR) 
synthesis synthesis 

(%of  (%of  
inhibitor control) control) 

control 100 100 
5 mM 3-aminobenzamide 43 5 
5 mM 5-methylnicotinamide 66 32 
5 mM theophylline 65 24 
1 mM aCTP 26 6 1  

1 mM phosphonoacetic acid 19 107 
1 ,ug/mL aphidicolin 14 103 

1 mM d,TTP I 101 

" Cells were UV irradiated with 50  J/mZ. Cell permeabilization 
and reaction conditions are indicated under Experimental Proce- 
dures. The effect of each agent on synthesis of DNA and poly- 
(ADPR) was determined in the presence and absence of 10 units 
of UV endonuclease. The UV endonuclease dependent synthesis 
of DNA and poly(ADPR) was determined as in Figure 1. The 
specific effect of each agent on the UV endonuclease dependent 
reaction was determined by subtracting the values obtained in the 
absence of endonuclease from those obtained in the presence of 
endonuclease. Percentages were then calculated relative to  the 
amount of UV endonuclease dependent synthesis in cells incu- 
bated without any inhibitors. The control values were 44 400 
dpm for endonuclease-dependent DNA synthesis and 4200 dpm 
for endonuclease-dependent poly(ADPR) synthesis. 

thesis appears to depend, in part, on the prior synthesis of 
poly(ADP-ribose) but not vice versa. 

Discussion 
In the present study, UV irradiation of XP3BE cells caused 

a dose-dependent decrease in replicative DNA synthesis. 
Treatment of the UV-irradiated cells with M.  luteus UV 
endonuclease restored DNA synthesis to a level slightly greater 
than the controls. The decrease in replicative DNA synthesis 
that occurs when cells are UV irradiated has been attributed 
to the induction of pyrimidine dimers which interfere with 
DNA replication by blocking the progression of DNA po- 
lymerase along the DNA template (Moore & Strauss, 1979). 
These lesions can be removed and the integrity of the DNA 
strand restored by the excision repair process (Grossman et 
al., 1975; Hanawalt et al., 1979), following which DNA po- 
lymerase can progress along the template and replicative DNA 
synthesis can be resumed. The excision repair process can be 
initiated by endonucleases that specifically cleave DNA at the 
site of pyrimidine dimers. Several of these enzymes including 
the UV endonuclease from M .  luteus function in a compound 
or multistep process (Haseltine et al., 1980). First, they act 
as a glycosylase, cleaving the bond between the 5'-pyrimidine 
of the thymidine dimer and its sugar. Next, they act as an 
apyrimidinic (AP) endonuclease to incise the DNA backbone 
at the AP site left by the glycosylase action. The incision step 
is presumably followed by the action of other enzymes which 
excise the dimer-containing DNA. This in turn is followed 
by synthesis of a patch of DNA to replace the excised nu- 
cleotides. The patch is subsequently ligated to the remaining 
portion of the original DNA (Grossman et al., 1975; Cleaver, 
1978; Hanawalt et al., 1979). 

Patients with XP have a genetic defect in their ability to 
repair UV-induced DNA damage (Cleaver et al., 1969, 1978; 
Setlow et al., 1969). Tanaka et al. (1975) showed that the 
UV-repair defect could be corrected by supplying XP cells with 
the T4 UV endonuclease, indicating that after the initial in- 
cision is made by the endonuclease at the site of UV damage, 
XP cells contain all the components required to complete the 

DNA STRAND ALTERAT I ON E X C I S I O N  REST I T U 1  I ON 
DAMAGE -BREAKS -CHROMATIN -REPAIR -CHROMATIN 

I STRUCTURE STRUCTURE 

GLYCOHYDROMSE ADPR 
/ POLY i \ t J  POLY(ADPR) 

NADt (ADPR) 
POLYMERASE 

FIGURE 2: Proposed function for poly(ADP4bose). 

DNA repair process. In the present study, we permeabilized 
UV-irradiated XP cells and then supplied them with M. luteus 
UV endonuclease. The high levels of DNA synthesis that 
occurred in the UV-irradiated endonuclease treated cells 
probably reflect the combination of the endonuclease-initiated 
DNA repair synthesis and the restoration of replicative DNA 
synthesis. 

We have also conducted similar experiments with lym- 
phoblasts derived form normal donors. Normal cells excise 
UV-induced DNA damage and show an associated increase 
in poly(ADPR) synthesis over a period of several hours fol- 
lowing UV irradiation (Berger et al., 1979c, 1980). Since all 
the UV-induced pyrimidine dimers are not excised immedi- 
ately, addition of saturating amounts of UV endonuclease 
results in incisions at the sites of residual dimers, and an 
associated increase in synthesis of DNA and poly(ADPR) 
occurred even in normal cells. The studies described in this 
paper were specifically conducted in XP cells to take advantage 
of the fact that they do not excise UV-induced pyrimidine 
dimers and therefore show no spontaneous increase in poly- 
(ADPR) synthesis following UV irradiation. Thus we can 
reconstitute these cells with M .  luteus UV endonuclease to 
examine the relation between poly(ADPR) synthesis and DNA 
damage and repair. While UV irradiation of the XP cells 
produced a dose-dependent decrease in replicative DNA 
synthesis, there was essentially no change in the level of 
poly(ADPR) synthesis. When W-irradiated cells were treated 
with the UV endonuclease, there was a 2-4-fold increase in 
poly(ADPR) synthesis. These studies confirm our proposal 
that poly(ADPR) polymerase activity is not directly stimulated 
by UV-induced DNA damage but rather by the breaks in the 
DNA backbone created by the specific action of the UV en- 
donuclease on the UV-irradiated DNA. Stimulation of 
poly(ADPR) synthesis by the strand break phase of DNA 
repair is consistent with previous studies in which DNase and 
other treatments which induce DNA strand breaks have been 
shown to cause maximal stimulation of poly(ADPR) synthesis 
(Miller, 1975; Halldorsson et al., 1978; Berger et al., 1978a, 
1979~).  In the present studies, the rapid increase in poly- 
(ADPR) synthesis that occurred in UV-irradiated cells treated 
with UV endonuclease preceded the increase in DNA syn- 
thesis. Inhibition of this poly(ADPR) synthesis partially 
prevented the endonuclease-dependent increase in DNA syn- 
thesis. These findings indicate that stimulation of poly(ADPR) 
synthesis occurs after the incision step of DNA repair but 
before the resumption of normal DNA synthesis. 

The results of our experiments are consistent with the 
pathway for repair of UV-induced DNA damage outlined in 
Figure 2. According to this proposal, UV irradiation induces 
DNA damage which is recognized by an endonuclease system 
whose function includes nicking the DNA phosphodiester 
backbone at or near the site of the damage. Poly(ADPR) 
polymerase, which is tightly bound and widely distributed in 
reverse quantities in the chromatin (Berger et al., 1978b), is 
stimulated by DNA strand breaks to synthesize poly(ADPR). 
This in turn alters the chromatin structure so as to permit the 
enzymes of DNA repair to gain access to and repair the regions 
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of DNA damage. After the damage is repaired and the DNA 
strand breaks are ligated, the stimulus for poly(ADPR) syn- 
thesis is removed. Another chromatin enzyme, poly(ADPR) 
glycohydrolase, is suppressed by single-stranded DNA but is 
fully active in the presence of double-stranded DNA (Burzio 
et al., 1976). When the DNA strand breaks are repaired, the 
glycohydrolase is free to degrade te poly(ADPR), and the 
chromatin can return to its predamaged conformation. 
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