
Biochemistry 1985, 24. 7771-7783 7771 

Registry No. Butyrate, 107-92-6. 

REFERENCES 
Bates, D. L., & Thomas, J. 0. (1981) Nucleic Acids Res. 9 ,  

Benjamin, W. B. (1971) Nature (London), New Biol. 234, 

Candido, E. P., Reeves, R., & Davie, J. R. (1978) Cell 

Cole, R. D .  (1984) Anal. Biochem. 136, 24-30. 
Covault, J., Sealy, L., Schnell, R., Shires, A., & Chalkley, R. 

(1982) J. Biol. Chem. 257, 5809-5815. 
D’Anna, J. A., Gurley, L. R., Becker, R. R., Barham, S. S., 

Tobey, R. A., & Walters, R. A. (1980a) Biochemistry 19, 

D’Anna, J. A., Tobey, R. A., & Gurley, L. R. (1980b) Bio- 
chemistry 19, 2656-2671. 

D’Anna, J. A., Gurley, L. R., & Tobey, R. A. (1982) Bio- 
chemistry 21, 3991-4001. 

Gjerset, R., Gorka, C., Hasthorpe, S., Lawrence, J. J., & 
Eisen, H. (1982) Proc. Natl. Acad. Sci. U.S.A. 79, 

Gurley, L. R., & Hardin, J. M. (1969) Arch. Biochem. 130, 

Hall, J. M., Davis, C., & Cole, R. D. (1 985) FEBS Lett. 189, 

5883-5894. 

18-20. 

(Cambridge, Mass.) 14, 105-1 13. 

4331-4341. 

23 33-2337. 

1-6. 

92-96. 

Hohmann, P., & Cole, R. D. (1971) J .  Mol. Biol. 58, 533-540. 
Hurley, C. K. (1977) Anal. Biochem. 80, 624-626. 
Keppel, F., Allet, B., & Eisen, H. (1 977) Proc. Natl. Acad. 

Laemmli, U. K. (1970) Nature (London) 227, 680-685. 
Lennox, R. W. (1984) J. Biol. Chem. 259, 669-672. 
Panyim, S. ,  & Chalkley, R. (1969) Biochem. Biophys. Res. 

Pehrson, J. P., & Cole, R. D. (1980) Nature (London) 285, 

Pehrson, J. R., & Cole, R. D. (1982) Biochemistry 21, 

Plumb, M., Marashi, F., Green, L., Zimmerman, A., Zim- 
merman, S., Stein, J., & Stein, G. (1984) Proc. Natl. Acad. 
Sci. U.S.A. 81, 434-438. 

Robbins, E., & Borun, T. W. (1967) Proc. Natl. Acad. Sci. 

Ruderman, J. V., Baglioni, C., & Gross, P. R. (1 974) Nature 

Sealy, L., & Chalkley, R. (1978) Cell (Cambridge, Mass.) 

Stellwagon, R. H., & Cole, R. D. (1969) J. Biol. Chem. 244, 

Varricchio, F., Mabojunje, O., Kim, D., Furtner, J. G., & 
Fitzgerald, P. J. (1977) Cancer Res. 37, 3964-3969. 

Zweidler, A. (1980) Dev. Biochem. 15, 47-56. 

Sci. U.S.A. 74, 653-656. 

Commun. 37, 1042-1049. 

43-44. 

456-460. 

U.S.A. 57, 409-416. 

(London) 247, 36-38. 

14, 115-121. 

4878-4887. 

A Nonuniform Distribution of Excision Repair Synthesis in Nucleosome Core 
DNA+ 

Suey Y. Lan and Michael J. Smerdon* 
BiochemistrylBiophysics Program, Washington State University, Pullman, Washington 991 64- 4660 

Received May 3, I985 

ABSTRACT: We have investigated the distribution in nucleosome core DNA of nucleotides incorporated by 
excision repair synthesis occurring immediately after UV irradiation in human cells. We show that the 
differences previously observed for whole nuclei between the DNase I digestion profiles of repaired DNA 
(following its refolding into a nucleosome structure) and bulk DNA are obtained for isolated nucleosome 
core particles. Analysis of the differences obtained indicates that they could reflect a significant difference 
in the level of repair-incorporated nucleotides at  different sites within the core DNA region. To test this 
possibility directly, we have used exonuclease I11 digestion of very homogeneous sized core particle DNA 
to “map” the distribution of repair synthesis in these regions. Our results indicate that in a significant fraction 
of the nucleosomes the 5’ and 3’ ends of the core DNA are markedly enhanced in repair-incorporated 
nucleotides relative to the central region of the core particle. A best fit analysis indicates that a good 
approximation of the data is obtained for a distribution where the core DNA is uniformly labeled from the 
5’ end to position 62 and from position 114 to the 3’ end, with the 52-base central region being devoid of 
repair-incorporated nucleotides. This distribution accounts for all of the quantitative differences observed 
previously between repaired DNA and bulk DNA following the rapid phase of nucleosome rearrangement 
when it is assumed that linker DNA and the core DNA ends are repaired with equal efficiency and the 
nucleosome structure of newly repaired DNA is identical with that of bulk chromatin. Furthermore, the 
52-base central region that is devoid of repair synthesis contains the lowest frequency cutting sites for DNase 
I in vitro, as well as the only “internal” locations where two (rather than one) histones interact with a 10-base 
segment of each DNA strand. 

E e  process of nucleotide excision repair of DNA involves 
a “cut-and-patch” mechanism where a small region (containing 
the lesion) is excised and the resulting gap is filled by repair 
synthesis [see reviews by Lieberman (1976), Hanawalt (1977), 
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Hanawalt et al. (1979), and Setlow (1980)l. Since the DNA 
in eukaryotes is organized into chromatin [for recent reviews 
on chromatin structure, see Cartwright et al. (1982), Igo- 
Kemenes et al. (1982), and Reeves (1984)], an integral feature 
of the repair process must be the interaction of repair enzymes 
with this tightly folded structure. Indeed, several different 
laboratories have now shown that, following damage of 
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mammalian cells in culture with either UV’ radiation 
(Smerdon & Lieberman, 1978, 1980; Smerdon et al., 1979; 
Williams & Friedberg, 1979; Bode1 & Cleaver, 1981; Smer- 
don, 1983), bulky chemicals (Tlsty & Lieberman, 1978; Oleson 
et al., 1979; Zolan et al., 1982), or small alkylating agents 
(Sidik & Smerdon, 1984), the newly repaired DNA undergoes 
a transition from a highly nuclease-sensitive state to a much 
more nuclease-resitant state. Immediately after repair syn- 
thesis, the newly repaired DNA is rapidly digested by both 
staphylococcal nuclease and DNAse I, is not associated with 
isolated nucleosome core DNA, and does not yield the - 10- 
base repeat pattern on gels following DNase I digestion of 
nuclei. With a half-life of -20 min, these regions become 
increasingly nuclease resistant, are associated with nucleosome 
cores and histone H1, and yield the - 10-base repeat pattern 
following DNase I digestion (Smerdon & Lieberman, 1980; 
Smerdon et al., 1982a). These results can be explained by a 
process involving the “unfolding” of DNA during excision 
repair to produce an “open”, nonnucleosomal structural fol- 
lowed by the “refolding” of this DNA back to the native, or 
near native, structure (Lieberman et al., 1979). Data on the 
distribution and removal of bulky chemical adducts (Oleson 
et al., 1979; Kaneko & Cerutti, 1980, 1982; Jack & Brookes, 
1982) and UV-induced pyrimidine dimers (Williams & 
Friedberg, 1979; Niggli & Cerutti, 1982) support this un- 
folding-refolding model. 

One, yet unexplained, feature of this “nucleosome 
rearrangement” process is that following the rapid refolding 
of repaired DNA into a nucleosome structure the overall nu- 
clease sensitivity of this DNA is not reduced to that of bulk 
DNA (Smerdon & Lieberman, 1978, 1980; Tlsty & Lieber- 
man, 1978; Smerdon et al., 1979; Oleson et al., 1979). For 
instance, the ratio of the fraction of repair-incorporated nu- 
cleotdies rapidly digested by staphylococal nuclease or DNAse 
I to the fraction of rapidly digested bulk DNA decreases from 
a value of 3-5 (depending on the digestion conditions) for the 
unfolded state to a value of 1.3-1.8 for the folded state. This 
ratio then continues to decrease at a much slower rate and is 
still above 1.2 after 24 h. A similar pattern is observed for 
the increase in repair-incorporated nucleotides associated with 
isolated core DNA (Smerdon & Lieberman, 1978; Tlsty & 
Lieberman, 1978; Oleson et al., 1979). After the rapid re- 
arrangement phase, the ratio of repair-incorporated nucleotides 
to bulk DNA in nucleosome core particles is 0.8-0.95 (again, 
depending on digestion conditions). Both this ratio and the 
ratio for nuclease-sensitive DNA (above) should be 1.0 for a 
completely uniform distribution of repair synthesis in native 
nucleosome structures. Therefore, immediately after the rapid 
phase of nucleosome rearrangement, either the conformation 
of nucleosomes formed in newly repaired regions differs from 
that of bulk chromatin, or the distribution of repair synthesis 
in nucleosomal DNA is nonuniform, and this nonuniformity 
is “preservedn during the refolding process. Since we have 
shown that histone H1 is present in most or all of these nu- 
cleosomes immediately following the refolding process, the 
differences that exist cannot be explained by a simply a dif- 
ference in histone H1 content in these regions (Smerdon et 
al., 1982a). Furthermore, although staphylococcal nuclease 
digests a larger fraction of newly repaired DNA (to acid- 
soluble form) than bulk DNA following the rapid refolding 
event, the nucleosome repeat length of the repair-labeled DNA 
is the same as that of the bulk DNA following different extents 
of digestion (Smerdon & Lieberman, 1980). This latter ob- 
servation indicates that the linker DNA regions of nucleosomes 
in the nascent chromatin have the same sensitivity to sta- 
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phylococcal nuclease as the linker regions of nucleosomes in 
bulk chromatin. Thus, if the nucleosome structure in newly 
repaired regions of chromatin differs from that in bulk chro- 
matin, the difference most likely resides in the core region of 
these nucleosomes. 

A further clue to the understanding of the difference(s) 
between nucleosomes in newly repaired regions and those in 
bulk chromatin came from the gel profiles of the DNA 
fragments generated by DNase I digests of whole nuclei. As 
mentioned above, following the rapid refolding event, the 
DNase I digestion products from repair-labeled DNA have 
the same -10-base repeat as those from bulk chromatin 
(Smerdon & Lieberman, 1980). However, we noted in that 
paper that the relative areas of the individual peaks in the 
repair-labeled DNA profiles were different than those in the 
corresponding bulk DNA profiles. Since this was true for 
extensive digests of the nuclei by DNase I, the results again 
indicated that the difference(s) between the newly repaired 
DNA and bulk DNA nucleosomes were due to differences in 
the core DNA region. 

In this paper, we have extended the DNase I digestion 
studies to isolated core particles and show that the differences 
in the digestion profiles of repaired and bulk DNA are pre- 
served in these core particle preparations. To determine if 
these differences (and those discussed above) are due to a 
nonuniform distribution of repair patches in nucleosome DNA, 
we have developed a method, using exonuclease 111, to “map” 
the distribution of repair synthesis in homogeneous populations 
of 146-bp core DNA. The results indicate that repair synthesis 
occurring immediately after UV damage has a marked 
preference for the outer -60 bases at the 5’ end and the outer 
-30 bases at the 3’ end of the core DNA. We show that such 
a distribution of repair-incorporated nucleotides in native 
nucleosome structures can account for all the above-mentioned 
differences (and similarities) between newly repaired regions 
of chromatin and bulk chromatin. 

MATERIALS AND METHODS 
Cell Culture and Labeling during Replicative Synthesis. 

Human diploid fibroblasts (strains AG 15 18 and IMR 90) were 
grown in culture as described in Smerdon et al. (1982b). Cells, 
between passage 10 and passage 17, were split 1:3 and pre- 
labeled for 1 week with 25-75 nCi/mL [I4C]dThd (50 
mCi/mmol; New England Nuclear), depending on the ex- 
periment. The medium was then changed with fresh medium, 
and the cells were incubated for 1 more week, at which point 
they were confluent. 

Irradiation and Labeling during Repair Synthesis. Prior 
to irradiation, the confluent cells were treated with either 0 
or 2 mM hdyroxyurea for 45 min. The cells were then irra- 
diated with 12 J/m2 UV light (predominantly 254 nm) at an 
incident dose of 2 W/m2, as previously described (Smerdon 
et al., 1978). Immediately after irradiation, 10 pCi/mL 
[3H]dThd (50-80 Ci/mmol; New England Nuclear) was 
added to the medium, and the cells were incubated for 30 min. 
The cells were then harvested immediately or incubated for 
varying times in conditioned medium, containing 50 pM dThd, 
prior to harvest (chased). Control cells were treated identically 
except the irradiation step was omitted. 

Preparation of Core Particles for DNase I Digestions. For 
the preparation of nucleosome core particles, nuclei were 
prepared as described in Lawson & Cole (1979) [also see 
Smerdon & Lieberman (1981)l and suspended in buffer A 
(50 mM Tris, pH 7.5, 25 mM KCl, 1 mM MgC12, 1 mM 
CaC12, and 0.25 M sucrose). Nuclei [(l-2) X 106/mL] were 
then incubated at 37 “C  with 0.5-1 unit/mL staphylococcal 
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FIGURE 1: Agarose gels of core DNA from the two different core 
particle preparations. (A) Core particles used for the DNase I di- 
gestion studies. Nuclei were digested with staphylococcal nuclease 
in the higher ionic strength buffer (Materials and Methods) and the 
core particles isolated on sucrose gradients. Photograph shows DNA 
from isolated core particles (lane 1) and total digested DNA (lane 
3). (B) Core particles used for the exonuclease Il l  digestion studies. 
Nuclei were digested with staphylococcal nuclease in low ionic strength 
buffer (Materials and Methods) and the core particles isolated on 
sucrose gradients. Photograph shows DNA from isolated core particles 
(lane 1) and total digested DNA (lane 2). In each gel, the marker 
DNA fragments [lane 2 in (A) and lane 3 in (B)] were a Hinfl digest 
of @X 174 RF DNA. The numbers indicate the positon of the 146-bp 
fragments in each gel. 

nuclease (14.9 units/pg; Worthington) until -25% of the bulk 
DNA label ( I4C) was rendered acid-soluble. [Measurements 
of acid-soluble radioactivity were performed as described in 
Smerdon et al. (1978).] The reaction was stopped by addition 
of 10 mM EDTA (final concentration). Samples were then 
centrifuged at  300g for 2 min, and the supernatant was col- 
lected and dialysed vs. dialysis buffer [ 10 mM Tris, pH 7.8, 
1 mM EDTA, and 0.1 mM phenylmethanesulfonyl fluoride 
(PMSF) 1. From 1.5 to 2 mL of the supernatant was layered 
onto a 38-mL 5-20% sucrose gradient containing 2 mM 
EDTA and centrifuged at  49000 rpm in a Beckman VTiSO 
vertical rotor for 3.5 h. The gradients were fractionated, and 
the fractions assayed for radioactivity. The monomer peak 
was then pooled and dialyzed vs. dialysis buffer. These core 
particle preparations were stored at 4 OC until used (usually 
less than 2 weeks). As shown in Figure 1 A, the core particles 
from these preparations contained predominantly 146 bp of 
DNA. We note that we have tried a variety of published 
methods for obtaining core particles of more homogeneous 
DNA size, including selective precipitation [e.g., Simpson 
(1978)l and exonuclease trimming [e.g., Riley & Weintraub 
(1978)l. Unfortunately, none of these methods yielded a 
homogeneous core preparation from human fibroblast nuclei, 
and the above method consistantly gave the most homogeneous 
core particles. Furthermore, as discussed by Prune11 & 
Kornberg (1982), the methods of selective precipitation of 
H 1-containing core particles or trimming of core DNA with 
exonucleases could induce subtle rearrangements of the core 
particle structure. Such rearrangements could alter the dis- 
tribution of repair synthesis in core DNA from that in the 
intact cell. 

Preparation of Core DNA for Exonuclease III Digestions. 
To obtain large amounts of homogeneous-sized 146-bp core 
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FIGURE 2 (A) Preparative agarose gel of core particle DNA obtained 
from mononucleosomes isolated as in Figure 1 B. Approximately 32 
pg of DNA was added to the preparative well (lane 1 )  and electro- 
phoresed for 3 h. Another 32 pg of DNA was then added, and the 
samples were electrophoresed an additional 8.5 h. A sample of 146-bp 
core DNA, isolated by electroelution from a previous preparative gel, 
was applied to a second well (lane 2) at the time of the first loading. 
The numbers indicate the position of the 146-bp and 166-bp bands 
for each sample loading. (B) Denaturing polyacrylamide gel of 146-bp 
core DNA used for exonuclease Il l  digestion studies. The 146-bp 
DNA was electroeluted from a preparative agarose gel (A), and 1 
pg was denatured and applied to the gel (lane I) .  Lane 2 shows the 
pattern for a Hinfl digest of t#d 174 RF DNA (- IO pg) and can 
be used for comparison of the 146-base core DNA band with ho- 
mogenous-sized fragments in the same concentration range. We note 
that some of the bands in this pattern represent restriction fragments 
that reannealed during the gel run (see Materials and Methods). 

DNA (without inducing structural rearrangements in the 
DNA-histone complex), the following method was developed. 
Nuclei were isolated by the method outlined in Smerdon et 
al. (1 979) and suspended in buffer B3 (1 0 mM Tris, pH 7.8, 
0.1 mM C a Q ,  and 0.25 M sucrose). Staphylococcal nuclease 
digestion of human fibroblast nuclei in this low ionic strength, 
isotonic buffer yields discrete 146- and 166-bp core DNA 
bands without the "smearing- (or intermediate DNA sizes) 
that is observed when a higher ionic strength digestion buffer 
is used (Figure 1B). The nuclei were incubated with sta- 
phylococcal nuclease until 20-25% of the bulk DNA label 
(I4C) was rendered acid soluble, and the nucleosome monomers 
were purified on 5-20% sucrose gradients as described above. 
As shown in Figure 1 B, the resulting monomers consist of a 
mixture of 146- and 166-bp core particles, as well as some cores 
with DNA degraded to "submonomer" sizes. After dialysis 
of the pooled monomer fractions (as above), the sample so- 
lution was concentrated to a volume of 1-3 mL (depending 
on the experiment) with an immersible ultrafiltration unit 
(Millipore, CX-10). [We note that several concentration 
methods were tested and this method gave the highest re- 
coveries of core particles (Le., 75-90%).] At this point, the 
DNA concentration was 3 5 4 0  pg/mL. The core DNA was 
prepared by incubation with 100 pg/mL proteinase K (EM 
Biochemicals) at 37 OC for - 12 h, followed by ethanol pre- 
cipitation (Smerdon et al., 1978; Smerdon & Lieberman, 
1980). The core DNA was then electrophoresed on prepa- 
rative 2.8% agarose slab gels (see below). We routinely used 
30-40 pg of core DNA per loading and usually added a second 
sample to the same gel 2-3 h after the first sample was loaded 
(Figure 2A). The DNA was visualized with ethidium bromide 
(Smerdon et al., 1978), and the 146-bp bands were excised 
from the gel. The agarose slices were then cut into 5-cm 
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lengths (having a thickness and width of 4-5 mm) and placed 
in 7-mm (inner diameter) tubes filled to within -7 cm from 
one end with 1.5% agarose in electrophoresis buffer (see be- 
low). The slices were then covered with additional 1.5% 
agarose, leaving a space of -2 cm at the end of each tube. 
The space was filled with - 1 mL of electrophoresis buffer, 
and the end was sealed with dialysis membrane (Spectrapore 
No. 1, Spectrum Medical Industries, Inc.). The gels were 
subjected to 90 V for -5 h, and the electrodes were then 
reversed for 5 min (to release DNA from the dialysis mem- 
brane). The buffer at the end of each tube, which now con- 
tained the core DNA, was removed with a syringe by first 
punturing the membrane with the syringe needle. The re- 
maining ethidium bromide bound to the DNA was extracted 
with water-saturated isobutyl alcohol (Prunell & Kornberg, 
1977). The resulting DNA fragments were homogeneous in 
size on both native and denaturing gels (e.g., Figure 2) and 
did not contain any internal strand breaks. 

Nuclease Digestions. Whole nuclei were digested with 
DNase I (Sigma; 2045 Kunitz units/mg) as described in 
Smerdon & Lieberman (1980). The DNase I digestions of 
isolated core particles (-40 pg of DNA/mL) were carried 
out at 37” C in either the dialysis buffer plus 2.1 mM CaC12 
or buffer B3. Digestion times were from 4 to 20 min. After 
termination of the digestion with 10 mM EDTA, the DNA 
fragments were purified by proteinase K digestion and ethanol 
precipitation as described earlier. 

Purified 146-bp core DNA was ethanol-precipitated and 
redissolved in 100-300 pL of 60 mM Tris, pH 8, 1 mM 
MgC12, and 1 mM 2-mercaptoethanol at a concentration of 
100-150 pg/mL. The DNA samples were incubated at 37 
“C with Escherichia coli exonuclease I11 (Bethesda Research 
Laboratories), at a final concentration of 1-3 units/pg of 
DNA, for 12-100 min. We note that these digestion conditions 
(i.e., low salt, 37 “C, and low enzyme to DNA ratios) were 
chosen to facilitate a less synchronous and less processive 
degradation of core DNA (Donelson & Wu, 1972; Wu et al., 
1976; Thomas & Olivera, 1978) to yield digestion profiles with 
relatively large “spreads” in the DNA fragment distribution 
about the -70-base maximum (e.g., Figure 7). This latter 
feature allowed for measurements of 3H/’4C ratios to be made 
at DNA fragment lengths of 100-125 bases from the 3’ end, 
depending on the amount of radioactive label in the isolated 
core DNA (see Results). The digestions were terminated by 
addition of 10 mM EDTA, and the samples were incubated 
with proteinase K (as above). In some experiments, the 
samples were denatured and loaded directly onto denaturing 
gels (see below). The profiles from these samples indicated 
that the enzyme liberated mononucleotides during the digestion 
and, therefore, served as a test for the proper action of the 
exonuclease. (The enzyme was also tested for endonuclease 
activity by incubation with supercoiled 4X 174 R F  DNA for 
60 min at 37 OC. We observed no conversion of the supercoiled 
DNA to either relaxed circles or linear DNA forms during 
this time period.) In other experiments the proteinase K 
digested samples were ethanol-precipitated, and the DNA was 
dissolved in sample buffer containing 98% formamide 
(Smerdon & Lieberman, 1980) prior to denaturation and 
loading on the gels. (Under these conditions, the mono- 
nucleotide band is absent.) The resulting gel profiles from the 
two different samples gave identical 3H/14C ratios across the 
gel. 

Electrophoresis. Except during electroelution (described 
above), all agarose electrophoresis was performed on hori- 
zontal, 0.5 X 12.5 X 30 cm slab gels according to Smerdon 
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et al. (1978) with the exception that the electrophoresis buffer 
was 50 mM Tris, pH 8.3, 50 mM acetate, and 10 mM EDTA 
[as suggested by Smith et al. (1983)]. The well size for 
preparative electrophoresis of core DNA was 1.5 X 100 mm. 
All gels were run at 100 V. 

Denaturing gel electrophoresis was performed on 8% poly- 
acrylamide-7 M urea 0.15 X 15 X 25 cm slab gels as described 
by Maniatis et al. (1975) with some modification (Smerdon 
& Lieberman, 1980). Samples were heated to 100 OC for 5 
min and immediately loaded onto prewarmed gels (Garoff & 
Ansorge, 1981). Electrophoresis was carried out at 25 W for 
-2.5 h. Several different DNA size markers were tested on 
these gels [including Hinfl restriction fragments of 4x174 
R F  DNA, HaeIII restriction fragments of pBR 322 DNA, and 
a preparation of ligated linker DNA fragments (8 bases long)], 
and each was found to partially renature at the concentrations 
required for visualization by ethidium bromide (e.g., Figure 
2B). Therefore, the gels were calibrated with fragments from 
a DNase I digest of 146-bp core particles, assuming the 
maximum of each peak to be an integer multiple of 10.4 bases 
(Prunell et al., 1979), and the bromophenol blue marker dye, 
which comigrates with 21-base fragments of DNA on these 
gels (Lutter, 1979; Smerdon & Lieberman, 1980). After 
electrophoresis, the gels were stained with ethidium bromide 
and photographed, and the gel lanes were sliced and solubilized 
as described in Smerdon & Lieberman (1980). The samples 
were assayed for radioactivity on a Beckman LS 7500 liquid 
scintillation counter equipped with a microprocessor. The 3H 
and 14C dpm were determined from the double-label computer 
program developed for this scintillation counting system 
(Beckman) following sample counting times of either 5 or 10 
min per vial, depending on the level of radioactivity present. 
[The maximum error at 80 dpm above background (Le., the 
minimum number of 3H dpm used in these experiments) was 
f18% (95% confidence limits).] Scans of the photographic 
negatives of ethidium bromide stained gels were obtained from 
a Helena Laboratories Quick-Scan R and D gel scanner 
equipped with a Quick Quant I1 integrator. 

Integration of DNase I Digestion Profiles. Integration of 
the gel profile peaks was performed on a Nicolet computer 
using a program designed by Nicolet Technology Corp. 
(Fremont, CA) to integrate individual peaks in a multipeak 
NMR spectrum where the peaks are overlapping. This method 
fits each set of data with a series of peaks, which can be 100% 
Gaussian, 100% Lorentzian, or any linear combination of 
Gaussian and Lorentzian shapes. Furthermore, the 
“background function” (i.e., the functional dependence of 
background label with migration distance) can be constant or 
sloping. Thus the gel profiles were analyzed on a Nicolet 1280 
computer using the NMCCAP program for curve analysis and 
deconvolution. The best fit (or lowest RMS value) was ob- 
tained from a basis spectrum line shape of 75% Gaussion and 
25% Lorentzian. The relative area for each peak was then 
determined from the computed areas of the individual peaks 
in the basis spectrum. [See supplementary material for further 
details (see paragraph at end of paper regarding supplementary 
material).] 

Curve Analysis of the Exonuclease 111 Digestion Data. 
Normalized ratio data obtained from the exonuclease I11 
digestion of core DNA was fit with eq A3 and A4 of the 
Appendix by using an Apple IIe computer and a computer 
program written by C. Trindle for Project Seraphim. This 
program determines the best fit parameters by a nonlinear 
least-squares method (Bevington, 1969). 
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FIGURE 3: Denaturing gel profiles of DNase I digestion products from 
either isoalted core particles (upper panel) or nuclei (lower panel). 
Core particles were isolated from cells harvested immediately after 
the 3 C - d  pulselabeling period. Nuclei were isolated from cells pulse 
labeled for 30 min and chased for 4.75 h prior to harvest. Cells were 
labeled in the presence of 2 and 10 mM hydroxyurea for the core 
particle and nuclei preparations, respectively. In each panel, the solid 
line represents the I4C profile (bulk DNA), and the dashed line 
represents the 3H profile (newly repaired DNA), which has been 
corrected for the contribution of replicative synthesis (see supple- 
mentary material). 

RESULTS 
Analysis of DNase I Digestion Profiles. Core particles were 

prepared from human diploid fibroblasts that were prelabeled 
with [I4C]dThd, grown to confluence, irradiated with 12 J/m2 
UV light, and labeled for 30 min during the early, rapid phase 
of repair synthesis (Smerdon et al., 1978). Following digestion 
of the nuclei with staphylococcal nuclease, the core particles 
were isolated on sucrose gradients (Materials and Methods). 
As shown in Figure 3 (top panel), the digestion of these core 
particles with DNase I resulted in the expected -10-base 
repeat pattern with a reduced background compared to that 
obtained for whole nuclei (Figure 3, bottom panel). Fur- 
thermore, careful inspection of the data in Figure 3 indicates 
that the areas (or mass fractions) for some of the peaks differ 
between the 3H and I4C profiles. For example, the areas for 
the 83- and 94-base peaks are less for the 3H-labeled DNA 
than for the 14C-labeled DNA, whereas the areas for the 
42-base peak are similar for the two labels. The actual 
quantitative differences in the peak areas (relative to the area 
of the 31-base peak) for these profiles are shown in Figure 4, 
which gives the results of the peak area analysis. We note that 
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FIGURE 4: Relative mass.fractions of the peaks in the DNase I 
digestion profiles shown in Figure 3. The areas of each peak (N) were 
determined as described under Materials and Methods and divided 
by the area for the 3 1-base peak. The values for the I4C and ’H peaks 
are denoted by the hatched and open bars, respectively. We note that 
the 14C profiles of the two sets of data differ due to different extents 
of digestion in each case. 
the differences seen in Figure 4 are for one extent of digestion 
in each case. As discussed in the supplementary material, the 
difference pattern seen varied with the digestion extent. 
Furthermore, we note that although these differences are in- 
deed small, they have been reproduced many times and for 
two different human fibroblast cell strains. 

We then wished to determine what distribution(s) would 
be required for the small differences we observed, assuming 
that the nucleosomes in newly repaired regions have a native 
conformation, and would such a distribution be detectable by 
other methods. Therefore, we developed a method of analysis 
(described in the supplementary material) to determine the 
distribution of repair synthesis that would be required to yield 
the observed differences in the DNase I digestion profiles 
assuming the distribution fit one of the two models shown in 
Figure 5. The first model (model I) represents the case where 
repair synthesis occurs at  any position within a region of the 
core DNA (bound by positions R1 and R2) with equal 
probability. The second model (model 11) represents the case 
where repair synthesis occurs at the ends of the core DNA with 
equal probability and extends from the 5’ end to position R1 
and from position R2 to the 3’ end. These models were chosen 
as the two most likely distributions of repair synthesis in a 
population of core particles, on the basis of considerations of 
the average size of “repair patches” (Francis et al., 1981; Th’ng 
& Walker, 1983) and the average separation of these patches 
in UV-damaged DNA (Williams & Cleaver, 1978; Niggli & 
Cerutti, 1982). It should be pointed out that these models do 
not require all repair patches to be the length of the “high- 
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0 R1 R 2  146 

-FIGURE 5: General models for the distribution of UV-induced excision 
repair synthesis in nucleosome core DNA. In each case, the region(s) 
containing repair-incorporated nucleotides is (are) denoted by the 
hatched bar(s) and is (are) bounded by positions R1 and R2. The 
R1 and R2 values given in the text are in bases from the 5' end of 
the core DNA. 

frequency" region (e.g., R2-R1 for model I). They simply 
require that, whatever the repair patch size, the patches occur 
with equal frequency at all sites within the designated region 
and not at all outside of this region. Clearly, these models may 
be oversimplifications of the actual distribution (e.g., repair 
synthesis may occur with a different probability at  each site 
within core DNA); however, they serve to allow the deter- 
mination of those regions of the core DNA that are relatively 
enhanced, and relatively devoid, of repair synthesis. 

In summary, our procedure for performing the DNase I 
analyses involved correction of the 3H data for the incorpo- 
ration of label by replicative synthesis during the 3H labeling 
period (see supplementary material) and determination of the 
relative areas of both the (corrected) 3H and I4C profiles (as 
above). The relative areas were then analyzed by a computer 
program that determined the correct set of fractions of dif- 
ferent-sized DNA fragments generated by DNase I for a 
particular digestion time using the first-order rate constants 
determined by Lutter (1978) and the best fit of the relative 
peak areas for the 14C profile. Assuming that the same set 
of fractions applies to the 3H-labeled DNA (i.e., that cutting 
frequencies of DNase I within the core particles of newly 
repaired DNA are the same as those of bulk DNA), the 
analysis determines the values of R1 and R2 (Figure 5) that 
yield the best fits to the relative peak areas of the 3H profile. 
The best fits for model I (Figure 5) were for R1 values in the 
range of 0-10 bases and R2 values in the range of 80-90 bases. 
The best fits for model I1 were for R1 values in the range of 
40-50 bases and for R2 values in the range of 80-100 bases 
(supplementary material). Therefore, the best fits of the 3H 
data from this analysis were obtained for distributions where 
some 40-60 bases of each strand of core DNA are devoid of 
repair synthesis. From these results, we conclude that the small 
differences observed in the DNase I digestion profiles could 
reflect significant differences in the levels of repair synthesis 
throughout the core region of the nucleosome. Furthermore, 
such differences in the distribution of repair synthesis should 
be readily detected by a direct measurement of the location 
of repair-incorporated nucleotides within core DNA. 

Exonuclease III Mapping of the Distribution of Repair 
Synthesis in Nucleosome Core DNA. The method we have 
developed to determine the distribution of repair synthesis in 
nucleosome core DNA is schematically outlined in Figure 6. 
Once again, cells were prelabeled with [14C]dThd during re- 
plicatie synthesis, grown to confluence, irradiated with 12 J/m2 
UV light, and labeled for 30 min during repair synthesis. To 
suppress replicative synthesis to very low levels during the 
3H-labeling period, the cells were treated with 2 mM hy- 
droxyurea in most of the experiments (although cells not 
treated with this drug were also examined; see below). Ini- 
tially, we examined core DNA from cells harvested imme- 
diately after the pulse-labeling period. In this case only those 
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FIGURE 6 :  General scheme of the exonuclease 111 digestion experi- 
ments. Cells were labeled with [I4C]dThd during the growth phase, 
grown to confluence, irradiated with UV light, and labeled for 30 min 
(during repair) with ['HIdThd, which is incorporated into a small 
fraction of the total DNA. Nuclei were isolated and digested with 
staphylococcal nuclease in low ionic strength, isotonic buffer producing 
mononucleosomes that are comprised of a large number of core 
particles uniformly labeled with I4C and a small number of core 
particles containing 3H (or newly repaired DNA). The mono- 
nucleosomes were isolated on sucrose gradients, and the 146-bp core 
DNA was isolated by preparative electrophoresis. The core DNA 
was then digested to different extents with exonuclease 111, denatured, 
and electrophoresed on denaturing gels. The gel lanes were cut out, 
sliced, and assayed for radioactivity. The resulting 3H dpm/I4C dpm 
profile across the gel was used as a measure of the distribution of 
excision repair synthesis in nucleosome core DNA. The example shown 
is for a nonuniform distribution where repair label is preferentially 
incorporated into the 5' end of the core DNA. 

regions that had undergone both repair and rearrangement 
back to a nucleosome structure during the labeling period 
would be isolated. Under the conditions used, this represents 
-40% of the total label incorporated by repair synthesis. We 
then examined core DNA from cells pulse labled and chased 
for relatively short times. In this latter case, the core DNA 
included those regions that were repaired during the 30-min 
labeling time and refolded into a nucleosome structure after 
the labeling period (at this point 65-70% of the total repair 
incorporated label is associated with core DNA). 

For these studies, homogeneous-sized, 146-bp core DNA 
was incubated with exonuclease I11 to yield DNA fragments 
containing the original 5' termini and different-sized gaps at 
the 3' ends (Figure 6). The fragments were then denatured 
and electrophoresed on denaturing gels. The amount of I4C 
at a given fragment length is a measure of the total DNA of 
that size, and the amount of 3H is a measure of the amount 
of repair-incorporated nucleotides within the DNA fragments 
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FIGURE 7: Radioactivity profiles for 146-bp care DNA either not di ested (upper panels) or digested (lower panels) with exonuclease I11 and 

the percent of total radioactivity loaded on the gel for each isotope. The numbers in the upper left panel indicate the positions of 20-, 40-, 
60-, and 100-base fragments and can be used as markers for each of the panels since the abscissa values have been normalized to show the 
same length of gel as that in the upper left panel. 

electrophoresed on a denaturing gel. The left-hand panels show the !? H (dashed line) and "C (solid line) dpm, and the right-hand panels show 

of that size. Therefore, the ratio of 3H and 14C across the gel 
profile can be used to determine the distribution of repair 
synthesis in the core DNA (see below). An example of a 
digestion profile for these experiments is shown in Figure 7 .  
The data in the upper two panels is for undigested core DNA 
and shows that all of the 3H-labeled DNA bands with the 
14C-labeled DNA. This result is consistent with recent findings 
from our laboratory'that repair patches are ligated prior to 
folding into nucleosome core structures (Smerdon, 1985). 
Furthermore, as can be seen in the two lower panels, digestion 
with exonuclease 111, as outlined under Materials and Methods, 
results in a broad distribution of DNA fragment sizes with 
a maximum in the distribution at  -70 bases. However, 
sufficient levels of radioactivity (Le., >80 dpm above back- 
ground) were obtained down to fragment sizes of -40 bases 
(for cells harvested immediately after the pulse period) to -20 
bases (for cells chased following the pulse period). Thus, 

depending on the experiment, the level of repair synthesis could 
be determined for all but the 20-40 bases on the 5' end of the 
core DNA. 

It is helpful to plot the scintillation counting data as the 
percent of total radioactivity on the gel (Figure 7, right-hand 
panels). This normalization procedure allows direct graphical 
comparison of the 3H and 14C profiles. As seen in the example 
shown in Figure 7,  the 3H profile in the exonuclease I11 di- 
gested sample is shifted to smaller DNA fragment sizes and 
indicates that the distribution of repair synthesis is indeed 
nonuniform in the core DNA. The ratio of 3H and 14C vs. 
fraction number was measured for profiles such as these and 
compared for different extents of digestion with exonuclease 
111. We consistently obtained slightly lower values for these 
ratio curves for the early digestion times relative to those 
obtained for the late times where digestion was essentially 
complete (data not shown). The maximum shift observed was 
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FIGURE 8: Ratio of 3H and 14C dpm as a function of DNA fragment 
size for exonuclease 111 digested 146-bp core DNA from cells harvested 
immediately after the pulse-labeling period. Different symbols rep- 
resent three different core DNA preparations. Cells were labeled 
during repair synthesis in the presence (0, m) or absence (0) of 2 
mM hydroxyurea. Each value represents the average for either 2 (0) 
or 3 (0, m) different digestion times obtained from profiles such as 
those in Figure 7. The error bars denote & 1 SD of the mean. The 
values were normalized to the 3H/’4C value for undigested core DNA 
in each case to allow direct comparison of the data from the three 
different core DNA preparations. The fit shown is to the solid symbols 
only. The dashed line denotes a random distribution of )H label. 

- 10% and was insignificant relative to the overall change in 
the ratio values (see below). Therefore, we have simply av- 
eraged the values (at a given fragment size) for all the digestion 
times used and the values of 3H/14C represent the mean of 
this average in each case. 

The results for cells pulse labeled in the presence or absence 
of 2 mM hydroxyurea and harvested immediately after the 
pulse period are shown in Figure 8. These data have been 
corrected for the contribution of DNA replicative synthesis 
to the total 3H incorporated during the pulse period (see 
supplementary material). [Such a correction was essential for 
the analysis of core DNA from cells not treated with hy- 
droxyurea [e.g., see Smerdon (1983)l; however, this correction 
could have been omitted for the hydroxyurea-treated cells since 
it yielded only a slight change in the ratio curves.] From these 
data, it is clear that the distribution of repair synthesis in core 
DNA is “weighted” toward the 5’ end, regardless of whether 
the cells were treated with hydroxyurea. Furthermore, the 
data remain at a value of close to 1.0 for fragment sizes in 
the range of - 120 bases to 146 bases and approximates a 
sigmoidal shape in going from 146 bases to smaller fragment 
sizes. This result suggests that repair-incorporated 3H label 
is also located in the 3’ end of the core DNA. Thus, to a first 
approximation, the data in Figure 8 suggest a general dis- 
tribution similar to model I1 in Figure 5. Given this model, 
one can calculate the expected 3H/’4C curves for all values 
for R1 and R2 (see Appendix). Some examples of the curves 
obtained for different values of R1 and a single value of R2 
(1 14 bases) are shown in Figure 9 (solid lines), along with a 
curve representing the case where no 3H label is located on 
the 3’ end (dashed dotted line). (The latter curve demonstrates 
how rapid the data should increase from a value of 1 .O as the 
fragment size decreases from 146 bases when no 3H label is 
located on the 3’ end.) From the theoretical curves shown in 
Figure 9, it can be seen that the distribution in model I1 yields 
normalized ratios that decrease from 1 .O in going to smaller 
DNA fragment sizes from 146 bases until the value of R2 is 
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FIGURE 10: Normalized ratio curves for 146-bp core DNA from cells 
chased for short times after the pulse-labeling period. Cells were 
pulse-labeled in the presence (0) or absence (0) of 2 mM hydroxyurea 
and chased for 2.5 (0) or 4 h (0) prior to harvest. Data represent 
the mean f 1 SD for three different exonuclease 111 digestion times. 
The solid line is a fit to the solid symbols, and the dashed-dotted line 
shows the fit to the solid symbols in Figure 8. 

reached. At this point, the curves bend sharply upward to the 
value at  R1 and then plateau for all smaller fragment sizes. 
Although these curves predict a similar shape to that of the 
ratio data, some quantitative differences should be noted. First 
of all, the data in the 100-146-base region do not decrease 
to the values predicted by the curves yielding the best fit to 
the data in the lower DNA size range. (This deviation may 
be due in part to the large gradient in DNA size vs. migration 
distance in this region of the gel.) Second, it is difficult to 
determine from the data in Figure 8 if the ratio levels off in 
the small DNA size range as predicted by model 11. 

Normalized ratios for core DNA from cells pulse labeled 
in the presence of hydroxyurea and chased for 2.5 h are shown 
in Figure 10 (closed circles). As discussed above, the core 
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DNA from these cells is labeled to a higher 3H specific activity 
and allows determination of ratios down to -20-base frag- 
ments. As can be seen, the dependence of the ratio on DNA 
fragment size is not very different from the fit to the data in 
the Figure 8 (i.e., for cells not chased prior to harvest) and 
plateaus at a value of - 1.6 in the low molecular region of the 
gel. This value is close to the value of 1.54 predicted by the 
fit shown in Figure 9 for an R1 value of 62 bases and an R2 
value of 114 bases. Indeed, the data for five different ex- 
periments were analyzed by computer, using a nonlinear 
least-squares curve-fitting algorithm, the best fit values ob- 
tained for R1 and R2 (varied by 10.4-base increments) were 
62 and 114 bases, respectively. 

Figure 10 also includes data from cells not treated with 
hydroxyurea during the pulse-labeling period and chased for 
4 h (open circle). As can be seen, the normalized ratio values 
for this core DNA are also similar to those obtained for cells 
that were not chased. Therefore, the presence of hydroxyurea 
does not appear to alter the overall distribution of repair 
synthesis in core DNA. Furthermore, the nonuniform dis- 
tribution appears to “persist” in the cell for at least several 
hours after the incorporation of label by repair synthesis. 

DISCUSSION 
These studies stem from a previous observation that, fol- 

lowing the rapid refolding of newly repaired DNA into a 
nucleosome structure, the gel profiles of the repaired DNA 
were different from those of bulk DNA following extensive 
digestion of nuclei by DNase I (Smerdon & Lieberman, 1980). 
Although the DNA from newly repaired regions was cut with 
the same 10.4-base periodicity as bulk DNA, the mass frac- 
tions of each label (i.e., the areas under the peaks) were 
somewhat different. In this paper, we have shown that similar 
differences are obtained from isolated core particles (Figures 
3 and 4 and supplementary material). Thus, the differences 
observed for the digestion of whole nuclei are, at least in part, 
preserved in the nucleosome core region of newly repaired 
DNA. As discussed in the introduction, these differences could 
arise from (1) sublte differences in the nucleosome structure 
of newly repaired regions of chromatin (following the rapid 
refolding event) or (2) a nonuniform distribution of repair- 
incorporated nucleotides in nucleosome core DNA. Analysis 
of the small differences observed in the DNase I digestion 
profiles indicated that they could result from significant dif- 
ferences in the levels of repair synthesis at different sites within 
the core DNA. Indeed, for the two different general distri- 
butions considered (Figure 5), the best fits to the data were 
obtained for a distribution where 40-60 bases of each core 
DNA strand are devoid of repair synthesis. 

We have used exonuclease I11 digestion of homogeneous- 
sized core DNA samples to map the distribution or repair 
synthesis in these regions (Figure 6). We estimate that this 
core DNA represented no more than 70% of the total core 
DNA in the cell. Our samples most likely did not include those 
nucleosomes that are either very resistant to digestion to the 
146-bp core particle by staphylococcal nuclease or degraded 
raplidy to submonomer fragments. Therefore, it should be kept 
in mind that the results from our exonuclease I11 analysis may 
not be representative of all nucleosomes associated with newly 
repaired DNA. 

Another concern with this approach is the possibility that 
exonuclease I11 may selectively degrade those core DNAs 
containing the repair-incorporated label. Such a selection 
might result from the preferential repair of specific sequences 
in DNA [e.g., in long pyrimidine tracts (Brunk, 1973)l. If 
these sequences are more rapidly degraded by exonuclease 111, 

the smaller DNA fragments on our gels would be enriched 
in repair-incorporated label following low extents of digestion. 
Indeed Linxweiler & Horz (1982) have reported that, under 
certain conditions, exonuclease I11 cleaves cytosine residues 
most rapidly and guanine residues the slowest. These authors 
also reported that adenine-rich strands are digested about twice 
as rapidly as thymidine-rich strands. These results may explain 
the small, yet reproducible, increase in the 3H/14C ratio we 
observed following increasing times of digestion (see Results). 
However, this small change in the data is in the opposite 
direction predicted for the selective degradation of repair 
patches to small fragment sizes (above). Furthermore, the 
3H/14C ratio of the 146-base band remairted constant with 
increasing extents of exonuclease I11 digestion (unpublished 
results; however, see Figures 8 and 10). This ratio should have 
decreased relative to the undigested core DNA, with increasing 
digestion by exonuclease I11 if indeed the repair patches were 
selectively degraded. Finally, we have observed a decrease in 
the 3H/14C ratio (Le., a randomization) in core DNA isolated 
from cells exposed to long chase times following the pulse- 
labeling period (see below). It is difficult to imagine how the 
selective digestion of newly repaired DNA sequences could 
explain this time-dependent change in the 3H/14C ratio curves. 
Thus, the possibility that our results can be explained by a 
sequence bias in the DNA fragment population produced by 
exonuclease I11 is unlikely. 

The most likely explanation of our exonuclease I11 digestion 
results is that the distribution of repair-incorporated label is 
nonuniform in nucleosome core DNA. This is the case for cells 
harvested either immediately after a 30-min pulse-labeling 
period (Figure 8) or following a short chase period prior to 
harvest (Figure 10). Furthermore, similar results were ob- 
tained for cells labeled in the presence or absence of 2 mM 
hydroxyurea (Figures 8 and 10). The shape of these curves 
indicates that the core DNA contains repair-incorporated label 
at both the 5’ and 3’ ends and is approximated best by model 
I1 in Figure 5. Analysis of the data, for this general distri- 
bution model, yielded values of 62 bases and 114 bases for R1 
and R2, respectively. Thus, for this model, the data are best 
fit by a distribution where repair-incorporated label extends 
62 bases into the core DNA from the 5’ end and from 114 
bases to the 3’ end with a gap in the distribution between 
positons 62 and 114. It is interesting to note that these values 
are not very different from those obtained from our analysis 
of the DNase I digestion profiles for the distribution in model 
I1 (Le., R1 = 50 and R2 = 90 bases). This result indicates 
that the small differences in the DNase I digestion profiles 
of core particles and nuclei can essentially be accounted for 
by this nonuniform distribution. 

Given the above distribution and the assumption that linker 
DNA regions contain the same leves of repair-incorporated 
nucleotides as the ends of the core DNA, we can calculate the 
expected relative nuclease sensitivity of repaired DNA (Le., 
the ratio of the fraction of repaired DNA that is nuclease- 
sensitive to the fraction of bulk DNA that is nuclease-sensitive; 
see the introduction) once these regions are folded into nu- 
cleosomes. Clearly, if the nuclease sensitivity of the linker and 
core DNA in these newly repaired regions is the same as in 
bulk chromatin, the relative nuclease sensitivity will be greater 
than 1.0 since the linker DNA is “weighted” more by re- 
pair-incorporated label. The fraction of bulk DNA that is 
nuclease-sensitive can be approximated by the average linker 
length (47 bp) divided by the average nucleosome repeat length 
(193 bp) for these cells (Smerdon et al., 1978), or 0.24. The 
fraction of repaired DNA that is nuclease-sensitive will be 
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47/( 193 - 52) or 0.33. Thus, the predicted relative nuclease 
sensitivity is 0.3310.24 or 1.4. This value is within the range 
measured for the relative nuclease sensitivity immediately 
following the rapid phase of rearrangement (see the intro- 
duction) and, therefore, can also account for this observation. 

One can also calculate the fraction of repair synthesis in 
the core region of nucleosomes that is expected for the above 
distribution, following the rapid phase of rearrangement. The 
total amount of nucleosome DNA containing repair label 
(again, assuming linker DNA contains the same level of repair 
synthesis as the core DNA ends) is 193 bp - 52 bp = 141 bp. 
Therefore, the fraction of total repair-incorporated label as- 
sociated with nucleosome core particles will be (146 - 52)/141 
= 0.67. This value should be close to the value obtained for 
cells chased for a short time after the pulse-labeling period 
(i.e., where the rapid phase of rearrangement is complete and 
very little of the slow phase has taken place). Therefore, we 
determined this fractional value for the core DNA from cells 
chased for 2.5 h after the 30-min pulse-labeling period (Figure 
10). This calculation (using eq B6 of the supplementary 
material) yields a value of 0.65. [Note that 0.65(193/146) 
= 0.86 is the value of the ratio discussed in the introduction.] 
Once again, the distribution obtained from our exonuclease 
I11 analysis yields a predicted value (0.67) that is very close 
to the measured value (0.65). Furthermore, this result rules 
out the possibility that repair synthesis (at early time after 
damage) is uniform and our results are due to a very slow 
re-formation of those nucleosomes repaired in the 52-base 
central region. In this case, following a 2.5-h chase period, 
the fraciton of total repair synthesis in core DNA should be 
close to (146 - 52)/193 = 0.49, a value that is significantly 
different from the value measured. Thus, most, if not all, of 
the quantitative differences observed between bulk chromatin 
and regions of chromatin repaired immediately after DNA 
damage (and following the rapid phase of rearrangement) can 
be accounted for by the nonuniform distribution of repair 
synthesis in nucleosome core DNA reported in this paper. 

One obvious explanation for this nonuniform distribution 
of repair-incorporated nucleotides is a nonuniform distribution 
of UV-induced lesions in the DNA of nucleosomes. However, 
consideration of data in the literature does not support this 
possibility (Williams & Friedberg, 1979; Snapka & Linn, 
1981; Niggli & Cerutti, 1982). Snapka & Linn (1981) re- 
ported that the level of pyrimidine dimers in the nucleosome 
core DNA of SV40 minichromosomes, irradiated in vitro with 
254-nm light, is - 1 .%fold greater than that of free DNA 
following low UV doses (i.e., <40 J/m2). At higher UV doses, 
these authors found comparable levels of pyrimdine dimers 
in the core particle and free DNA samples. In a study using 
conditions more like those of our present study, Niggli & 
Cerutti (1982) examined the concentration of cis-syn-cyclo- 
butylthymine dimers in nucleosome core particles and total 
DNA from UV-irradiated human fibroblasts. These authors 
found identical levels of thymine dimers in core particle and 
total DNA for three different doses of 254-nm light. If thy- 
mine dimers were uniformly distributed in the 141 bases of 
nucleosomal DNA (Le., core plus linker) that contain re- 
pair-incorporated label and absent from the 52 bases of DNA 
devoid of repair label, the concentration of thymine dimers 
in core DNA should be 12% less than that of total DNA [Le., 
94/146 vs. (94 + 47)/193]. Given the small amout of error 
in the HPLC analysis of Niggli & Cerutti (1982; see discussion 
on p 1220 of that paper), these authors should have detected 
such a difference between the core DNA and total DNA 
populations. Of course, the above distribution for pyrimidine 
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FIGURE 11: Correlation between the predicted distribution of UV- 
induced repair synthesis in nucleosome core DNA (dashed lines) and 
the DNase I cutting frequencies ( k )  obtained by Lutter (1978) for 
isolated core particles in vitro. The arrows on the dashed lines denote 
that repair synthesis is in a 5’ - 3’ direction. Redrawn (with per- 
mission), with modifications, from Figure 5 of Lutter (1978). 

FIGURE 12: Correlation between the predicted distribution of UV- 
induced repair synthesis in nucleosome core DNA (hatched bars) and 
the generalized model of Mirzabekov (1980, 1981) for the symmetrical 
arrangement of core histone binding sites along both strands of core 
DNA. Redrawn (with permission), with modifications, from Figure 
1 of Mirzabekov (1981). 

dimers represents an extreme, and the possibility that lower 
levels of pyrimidine dimers (as well as other UV photopro- 
ducts) are produced in the 52-base central region of the core 
DNA cannot be excluded since the methods used to measure 
these lesions may not have been sensitive enough to detect such 
small differences. In any event, this explanation would require 
that one of the DNA strands have enhanced photolability in 
the same region that the complementary strand does not (Le., 
the -30 bases of DNA between positions 34 and 62 from the 
5’ end; see Figure 12). 

An alternative explanation of our results comes from the 
comparison of the distribution of repair synthesis that we 
obtain to the DNase I cutting frequencies obtained by Lutter 
(1 978) for isoalted core particles and the proposed histone- 
DNA binding pattern of Mirzabekov (1980, 1981). As shown 
in Figure 11, the regions predicted to contain high levels of 
repair synthesis also contain all of the high-frequency DNase 
I cutting sites, and conversely, the 52-base central region devoid 
of repair synthesis contains six of the seven lowest frequency 
cutting sites. This correlation may reflect a similarity between 
the constraints placed upon the endonucleolytic action of 
DNase I in vitro and the process of excision repair in intact 
cells. Indeed, since excision repair is initiated by an endo- 
nucleolytic cut in the damaged DNA strand, the distribution 
of repair synthesis may be dictated by constraints placed upon 
the repair endonuclease. In this case, the “mode of constraint” 
would be the same as that of DNase I in vitro. Figure 12 
shows the alignment of the predicted regions of high and low 
levels of repair synthesis with the histone-DNA binding 
pattern proposed by Mirzabekov (1980, 1981). As can be seen, 
the 52-base central region devoid of repair synthesis includes 
the only “internal” locations where two (rather than one) 
histones interact with a 10-base segment of each DNA strand 
(Le., segments 70-80 and 90-100). Furthermore, the -25- 
base “overlap” region, which has reduced repair synthesis on 
both strands of the helix, contains the only segment in this 
pattern with two histones binding each of the DNA strands. 
Thus, the presence of strong histoneDNA interactions in the 
62-1 14-base central region may inhibit the unfolding of DNA 
from this region of the core particle and present a block to 
repair polymerases and/or exonucleases. In fact, such a block 
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Table I: Reported Amounts of UV Damage Removed during the 
Rapid Phase of Excision Repair in Human Cells 

cells“ (Jlm2) methodb removedC ref 
dose ’% rapidly 

HDF 12.5 ESS 62 Paterson et al. (1973) 
HDF 10-20 TLC 74 Amacher et al. (1977) 
HDF 10 ESS 70-75 Kantor & Setlow (1981) 
HeLa 10 RIA 73 Mitchell et al. (1982) 
HDF 10 RIA 70 Clarkson et al. (1983) 

bAbbreviations for 
methods used to monitor UV damage: ESS, endonuclease sensitive 
sites; TLC, thin-layer chromatography; RIA, radioimmunoassay. ‘The 
percent of UV damage rapidly removed was determined from the ex- 
trapolation of the data in the slow-phase portion of the rate curves to 
zero time. 

may be an important factor in “containing” the repair synthesis 
event to a small region of the genome. Regardless of the 
mechanism, this “structural constraint” hypothesis requires 
that DNA damage be removed from the ends of the core DNA 
more rapidly than from the central 52-base region. Fur- 
thermore, the distribution of repair synthesis occurring at long 
times after damage should be different from that obtained in 
this paper for repair occuring immediately after damage. 
Studies examining these possibilities are currently under way. 

It is intriguing to speculate that the well-documented rapid 
and slow phases of excision repair of UV damage in mam- 
malian cells (Cornelis, 1978; Williams & Cleaver, 1978; 
Konze-Thomas et al., 1979; Zelle & Lohman, 1979; Klocker 
et al., 1982; references in Table I) reflect the differential repair 
between the central core region and the remainder of the 
nucleosome DNA. If the two phases were entirely due to this 
effect, -73% of the UV damage should be removed rapidly 
in human cells and the remaining -27% of the UV damage 
should be removed slowly. From the studies referenced above, 
those reporting on the damage of either human diploid fi- 
broblasts or HeLa cells (which should remove -72% of the 
UV damage during the fast repair phase for a nucleosome 
repeat length of 186 bp; McGhee et al., 1983) and using a UV 
dose of 10-15 J/m2 (i.e., similar to this paper) are listed in 
Table I. As can be seen, the values obtained by four different 
laboratories using three different techniques to measure UV- 
induced lesions fall in the range of 62-75% with a mean of 
70%. This value is remarkably similar to the 73% predicted 
by the nonuniform distribution reported here. Clearly, ex- 
amination of the nucleosomal distribution of repair synthesis 
occuring at late times after UV damage should indicate 
whether the two different rates of UV-induced repair are 
indeed controlled by structural constraints at the nucleosome 
level. 

Finally, it is important to note that in this paper we have 
examined the distribution of repair sythesis in nucleosomes 
only for short times after the refolding event (i.e., following 
short chase periods). These studies do not address the question 
of stability of nucleosome placement at the repair patches 
during long times after repair. That is, do nucleosomes move 
along the DNA during longer time periods causing a ran- 
domization of the nonuniform distribution of repaired DNA. 
Such a nucleosome movement could be caused by long-range 
perturbations in the nucleofilament resulting from repair taking 
place at distant sites, or a constitutive process involving nu- 
cleosome motion as a normal process within chromatin. 
Furthermore, such a randomization could explain the slow 
phase of nucleosome rearrangement discussed in the intro- 
duction. We are presently examining this possibility by 
measuring the distribution of repair synthesis in nucleosome 
cores from cells chased for long periods of time after the 

HDF represents human diploid fibroblasts. 

pulselabeling period. Our results indicate that after long chase 
periods the distribution of repair-incorporated nucleotides in 
core DNA is indeed more random than the distribution ob- 
tained following short chase periods (K. Nissen, S .  Lan, and 
M. Smerdon, unpublished results). From the present study, 
however, our data suggest that the refolding of newly rapaired 
DNA into a nucleosome structure must involve the placement 
of core histones in a position that is at least close to their 
original position along the DNA helix (Le., prior to UV 
damage). Clearly, if the core particles re-formed at any 
position along the newly repaired DNA, then the distribution 
would be randomized. Thus, the fact that we obtain a non- 
random distribution following the refolding event suggests that 
at least some of the initial distribution is “preserved” during 
the refolding process. [One might imagine that the adjacent 
nucleosomes (Le., those on each side of a repair patch) con- 
strain the replacement of histone-DNA contacts to their or- 
iginal positions following the excision repair event.] This 
conclusion differs from that of Zolan et al. (1 982), who found 
that repair patches incorporated into regions damaged by 
angelicin become associated with staphylococcal nuclease 
resistant DNA at the same rate as repair patches incorporated 
at UV-damaged sites. Since angelicin adducts were prefer- 
entially located in linker DNA and UV-induced pyrimidine 
dimers are randomly distributed (see earlier discussion), these 
authors concluded that nucleosome cores do not re-form at 
their original positions after DNA is repaired. However, the 
demonstration that angelicin adducts were associated with 
DNA preferentially digested by staphylococcal nuclease does 
not establish that these adducts are located exclusively in linker 
DNA, nor does it establish that repair patches inserted during 
repair of angelicin adducts are confined to linker DNA. 
Repair synthesis may initiate within linker DNA, or at the 
ends of core particles, and extend into the core region. This 
possibility seems more likely when one considers the fact that 
linker DNA in human cells varies from a maximum of about 
50 bp to essentially 0 bp in length and the average repair patch 
size appears to be 1 3 5  bases in length (Francis et al., 1981; 
Th’ng & Walker, 1983). Furthermore, our results indicate 
that repair patches inserted immediately after UV damage are, 
in effect, preferentially located in linker DNA and are more 
nuclease-sensitive than bulk DNA following their refolding 
into nucleosomes. Since the nuclease sensitivity of repair 
patches inserted after angelicin damage was identical with that 
of UV-induced repair synthesis following nucleosome forma- 
tion (and, therefore, not randomly distributed; Zolan et al., 
1982), the distribution of angelicin-induced repair synthesis 
may, in fact, be the same as reported here. 
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APPENDIX 
This section shows the development of the equations used 

to fit the normalized ratio data assuming the distributions given 
in Figure 5 .  

Consider the distribution in model 11. If we let X represent 
the distance (in bases) from the 5’ end of the core DNA and 
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a = R2 - R1, then the ratio of the amount of jH label in a 
fragment X bases long (3Hx) and the total amount of label 
in the core DNA (3HEOrJ is 

X/(146 - C Y )  X < R1 
R1/(146 - CY) R1 < X < R 2  ( A l )  
(X- a)/(I46 - CY) X > R2 

Furthermore, the ratio of the amount of 14C label in a fragment 
X bases long (14Cx) and the total amount of 14C label in the 
core DNA (14Cc0r,) is 

14Cx/14Cc0re = X/146 (A21 

for all X .  Therefore 

146/(146 - CY) X < R1 
146Rl/[X(146 - ~ l j ]  R1 < X < R2 (A3) 

This equation yields the dependence of the normalized ratio 
on R1, R2, and the DNA fragment size ( X  bases long), for 
model 11. Similarly, for model I 

146(X-~~)/[X(146-~u)]  X > R2 

3 H ~ / 1 4 C ~  

3Hcore/14Ccore 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Details of the method of analysis of the DNase I gel profiles 
and the method for correction of the 3H data for the contri- 
bution of DNA replicative synthesis including six figures (1 9 
pages). Ordering information is given on any current masthead 
page. 
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ABSTRACT: The energy of hydrolysis of phosphate compounds varies depending on whether they are in solution 
or bound to the catalytic site of enyzmes. With the purpose of simulating the conditions a t  the catalytic 
site, the observed equilibrium constant for pyrophosphate hydrolysis (Kobsd) was measured in aqueous mixtures 
of dimethyl sulfoxide, ethylene glycol, or polymers of ethylene glycol. The reaction was catalyzed by yeast 
inorganic pyrophosphatase a t  30 O C .  All the cosolvents used promoted a decrease of Kobsd. Polymers of 
ethylene glycol were more effective than dimethyl sulfoxide or ethylene glycol in decreasing KOM. The higher 
the molecular weight of the polymer, the lower the value of Kobsd. A decrease in Kobd from 346 M (AGOou 
= -3.5 kcal mol-') to 0.1 M (AGOohd = 1.3 kcal mol-') was observed after the addition of 50% (w/v) 
poly(ethy1ene glycol) 8000 to a solution containing 0.9 mM MgC12 and 1 mM Pi at pH 8.0. The association 
constants of Pi and pyrophosphate for H+ and Mg2+ were measured in presence of different ethylene glycol 
concentrations in order to calculate the Kq for hydrolysis of different ionic species of pyrophosphate. A 
decrease in all the K was observed. The results are interpreted according to the concept that the energy 
of hydrolysis of phosaa te  compounds depends on the different solvation energies of reactants and products. 

I n  aqueous solutions the hydrolysis of pyrophosphate, ATP, 
or an acyl phosphate residue is accompanied by a large change 
in free energy (George et al., 1970; Haynes et al., 1978). In 
contrast, during the catalytic cycle of enzymes involved in 
energy transduction, there are steps in which the hydrolysis 
of these compounds is accompanied by only a small energy 
change. This includes the yeast inorganic pyrophosphatase 
(Janson et al., 1979; Springs et al., 1981; Cooperman, 1982), 
myosin (Bagshaw & Trentham, 1974; Trentham et al., 1976), 
Fl-ATPase of mitochondria and chloroplasts (Boyer et al., 
1973, 1977, 1982), the Ca2+-ATPase of sarcoplasmic reticulum 
(Masuda & de Meis, 1973; Kanazawa, 1976; de Meis & 
Vianna, 1979), the (Na + K)ATPase of plasma membrane 
(Post et al., 1975; Taniguchi & Post, 1975), 3-phospho- 
glycerate kinase (Nageswara et al., 1978), and pyruvate kinase 
(Nageswara et al., 1979). At present, it is not known why the 
Kq' for hydrolysis of these compounds varies depending on 
whether they are in solution or on the enzyme surface. This 
phenomenon appears to be crucial to the mechanism of energy 
transduction in the living cell. 

A large decrease in the Pi concentration required for the 
spontaneous formation of an acyl phosphate residue at the 
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catalytic site of the CaZ+-ATPase has been observed when 
organic solvents such as dimethyl sulfoxide and glycerol are 
included in the assay medium (de Meis, 1981; de Meis et al., 
1980, 1982; Dupont & Pougeois, 1983; Chiesi et al., 1984). 
This has also been shown for the spontaneous synthesis of 
"tightly" bound ATP at the catalytic site of F,-ATPase (Sa- 
kamoto & Tonomura, 1983; Yoshida, 1983; Cross et al., 1984; 
Sakamoto, 1984). These findings raise the possibility that 
solvent structure might be involved in the decrease of the Kq 
for hydrolysis of phosphate compounds (de Meis, 1981, 1982, 
1984). Water possesses the most cooperative structure of all 
common solvents, but it is destroyed by organic cosolvents. 
The chemical reactivity of water molecules is scarcely affected 
by cosolvents. However, reactions that depend on solvent 
structure change markedly with cosolvent addition (Arnett & 
McKelvey, 1966; Arnett, 1967; Tan & Lovrien, 1972; Amis 
& Hinton, 1973). 

The aim of this study was to ascertain whether or not a 
change of solvent structure might lead to a large change in 
the energy of hydrolysis of a phosphate compound. For this 
purpose, inorganic pyrophosphate was chosen. In the con- 
ditions prevailing in the cytosol, the AGOoM of pyrophosphate 
hydrolysis is about -4.0 kcal mol-' (de Meis, 1984; Flodgaard 

Abbreviations: Kow, observed equilibrium constant; Kw, equilibrium 
constant; AGOohd, observed standard free energy; PEG, poly(ethy1ene 
glycol); MOPS, 3-(N-morpholino)propanesulfonic acid; MES, 2-(N- 
morpho1ino)ethanesulfonic acid; Tris-HCI, tris(hydroxymethy1)amino- 
methane hydrochloride. 
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