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Chromatin was reconstituted in vifro using Xenopus oocyte extracts and plasmid
DNA containing UV radiation-induced damage. Damaged DNA was assembled into
minichromosomes with an efficiency similar to that of control, non-irradiated DNA.
Oocyte extracts were competent to carry out DNA repair, which was elicited by nick-
ing damaged templates followed by DNA synthesis during chromatin assembly. Newly
synthesized DNA was efficiently reconstituted into nucleosomes.

The packaging of eukaryotic DNA into nu-
cleosomes and their organization into higher
order chromatin structures adds levels of
complexity to the mechanism of DNA repair.
It is well documented that nucleotide excision
repair, an important DNA repair pathway
(rev. in [1, 2]), is associated with severe rear-
rangements of chromatin structure. Repair-
connected chromatin alterations can be con-
sidered in two aspects: remodeling of nucleo-
somes that facilitates the access of the repair

machinery to the site of damage, and second,
reassembly of repaired DNA to restore the
preexisting chromatin structure (rev. in [3]).
Thus it becomes clear that before we are able
to fully understand DNA repair processes in
eukaryotic cells, we need to know how DNA
damage and repair affect chromatin struc-
ture.

A number of investigators have studied how
DNA lesions affect nucleosome formation.
Most of them utilized UV-irradiation as a
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DNA-damaging agent, that is known to induce
two major forms of damage: cyclobutane py-
rimidine dimers (CPD) and pyrimidine-
pyrimidone (6-4) photoproducts (6-4PP)
(rev. in [4]). The data obtained in such studies
are divergent, probably due to different ex-
perimental systems used for chromatin recon-
stitution and analyses. An octamer exchange
reaction was utilized to reconstitute chroma-
tin from purified histones on two nucleosome
positioning sequences: 5S rDNA [5] and HI-
SAT from the yeast DED] promoter [6]. The
presence of UV-induced damage decreased
histone binding to 58S rDNA, while it did not
affect histone binding to the HISAT sequence.
Furthermore, the presence of preexisting
CPDs affected the nucleosome rotational set-
ting placing the lesion away from histone sur-
face [6, 7). Studies on minichromosomes
formed from plasmid DNA and purified core
histones pretreated with polyglutamic acid
showed that UV-irradiated DNA was less effi-
ciently assembled into nucleosomes, and irra-
diation of the reconstituted chromatin re-
sulted in partial disruption of nucleosomes [8,
9]. Unlike the experiments described above, in
which nucleosomes were reconstituted from
purified components, circular DNA molecules
that contained UV-induced lesions were effi-
ciently assembled into chromatin either after
injection into Xenopus oocyte nuclei [10] or re-
constituted with cell-free extracts from
Xenopus oocytes [11]. It was observed that re-
pair DNA synthesis occurred simultaneously
with a chromatin assembly [10]. More re-
cently, it was shown that a chromatin assem-
bly factor I (CAF-I) was necessary for such re-
pair associated chromatin reconstitution [12,
13].

In the present study I have characterized
minichromosomes assembled in vitro in the
Xenopus oocyte system on a DNA template
containing UV-induced lesions. I have also
aimed to examine whether minichromosomes
purified from this system could serve as tem-

plates for nucleotide excision repair catalyzed
by yeast or human extracts.

MATERIALS AND METHODS

Plasmid templates. Singlesite labeling of
circular DNA utilized the procedure of Shima-
mura and coworkers [14], with some modifica-
tions [15]. Briefly, pUC19 was linearized with
EcoRI restriction enzyme and treated with al-
kaline phosphatase. DNA was then purified by
phenol/chloroform extraction followed by
ethanol precipitation and labeled with [y-
32l"’]ATP using T4 polynucleotide kinase.
DNA circles were generated in a T4 DNA
ligase-catalyzed reaction. The samples of plas-
mid (either labeled or non-radioactive) were
UV-irradiated on ice as 10-20 ul droplets, at
254 nm using a UV-crosslinker (Stratagene).

Preparation of oocyte extract and assem-
bly of minichromosomes. Xenopus laevis oo-
cyte extract was prepared according to Shima-
mura and coworkers [14, 16]. Briefly, ovaries
were treated for 3 h with 0.15% collagenase
type II in buffer OR-2 (5 mM Hepes, 1 mM
NagHPO,4, 82 mM NaCl, 2.5 mM KCl, 1 mM
CaClg, 1 mM MgClg, pH 7.6) and washed with
10 changes of OR-2. Small oocytes were dis-
carded and large stage-6 oocytes were mixed
with an equal volume of extraction buffer (20
mM Hepes, 5 mM KC], 1.5 mM MgCl;, 1 mM
EGTA, 10% glycerol, 10 mM f-glycerophos-
phate, 0.5 mM dithiothreitol, pH 7.4) and cen-
trifuged for 90 min at 150000 X g at 4°C, then
the supernatant was collected. Assembly of
circular plasmid into chromatin was done ac-
cording to the protocols of Shimamura and co-
workers [14, 16], in a final volume of 10-100
pl. A 10l reaction mixture consisted of 4 ul
oocyte extract, 20 ng circular DNA (either ra-
dioactive or non-radioactive), 10 ng creatine
phosphokinase and 40 mM creatine phos-
phate, 3 mM ATP, 5 mM MgCly in extraction
buffer. The mixture was incubated for 2 h at
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37°C. To analyze DNA synthesis during the in-
cubation, the non-radioactive plasmid was as-
sembled in the presence of 6.7 nM [a-
2PJdCTP (3000 Ci/mmol).

Analysis of nucleosome formation. Super-
coils introduced into DNA upon nucleosome
formation were analyzed by agarose gel elec-
trophoresis. Aliquots of the assembly reaction
mixture were added to 1/2 volume of stop so-
lution (0.6% SDS, 50 mM EDTA and 6 mg/ml
proteinase K) and incubated for 1 h at 50°C.
Gel loading dye-buffer was added and samples
were then run on 1.5% agarose gels (1 XTEA).
Alternatively, electrophoresis was performed
in the presence of 30 uM chloroguine. Some
DNA samples were electrophoresed in two di-
mensions. After the 1°* dimension, gels were
soaked in chloroquine-containing buffer,
turned by 90° and run in the 2" dimension.
When electrophoresis was completed gels
were fixed in 1% cetyltrimethylammonium
bromide, dried and exposed to X-ray films or
Phosphorlmager screens. To analyze the nu-
cleosomal ladders of minichromosomes,
CaClg (final conen. 3 mM) and mierococeal nu-
clease (final conen. 0.2 units/ul) were added
to the assembly mixture. Digestion proceeded
for 1-90 min at room temperature and was
stopped by adding 1/2 volume of stop solution
(see above). After incubation at 50°C samples
were run on 1.5% agarose gels (1XTEA) and
gels were fixed, dried and exposed as de
scribed above.

Assay of DNA adducts. DNA was assayed
for the presence of UV-adducts according to
the ?P-postlabeling method [17]. Briefly,
DNA was digested to mononucleotides and
photoadduct-containing trinucleotides with
DNase I and snake venom phosphodiesterase.
Samples were dephosphorylated with
prostatic acid phosphatase and then enzymes
were removed by proteinase K treatment and
ethanol precipitation. After evaporation of
ethanol, trinucleotides were *2Plabeled in a
T4 polynucleotide kinase catalyzed reaction,
applied to PEI<cellulose thin-layer plates and
developed by two dimensional-chromato-

graphy. Adduct spots were visualized by auto-
radiography and quantitated by scintillation
counting. In each experiment levels of ad-
ducts were calculated according to the recov-
ery of a synthetic trinucleotide standard con-
taining thymidine dimers.

RESULTS AND DISCUSSION

Formation of UV-induced DNA lesions

Plasmid DNA irradiated at different doses of
UV-C was analyzed for the presence of photo-
products using the method of 32P~pnst.labeling
[17]. Figure 1A shows autoradiograms of con-
trol and UV-irradiated DNA samples, and of a
synthetic trinucleotide containing thymidine
dimers (control, non-irradiated samples also
contained small yet detectable amounts of
photoproducts — visible after longer exposure
of plates). In agreement with a previous study
[18], contribution of cyclobutane pyrimidine
dimers to the total number of adducts was
about 80% and was not significantly changed
with inereasing UV doses (not shown). I esti-
mate that at a 100 J/m? dose each plasmid
molecule should possess on average about 1.3
adducts. The amount of total UV-photo
products reached a plateau at a 1 kJ/m? dose
(Fig. 1B). Plasmid DNA irradiated at 5 kJ/m?
should possess about one photoproduct for
every 1000 bp (2.6 lesions per plasmid mole-
cule, on the average), that is values signifi-
cantly lower than numbers estimated from im-
munoassays [8] and T4 endonuclease V cleav-
age [5] (5-20 times less at comparable UV
doses).

Xenopus oocyte extracts efficiently assem-
bled lesion-containing DNA

To study the rate of chromatin reconstitu-
tion I followed the change in the topological
properties of circular DNA. When nucleo-
somes are assembled on circular DNA in the
presence of topoisomerase, the change in link-
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Figure 1. DNA photoproducts induced by UV-irradiation.

Panel A: Chromatograms of control (non-irradiated) and UV-irradiated (at a 100 J/m* dose) plasmid DNA, and a
standard trinucleotide containing thymidine dimers. Panel B: The level of total DNA photoproducts induced at dif-

ferent doses of UV-radiation.

ing number of isolated DNA corresponds to
the number of nucleosomes assembled prior
to deproteinization [19]. Different plasmid to-
poisomers were separated by agarose gel elec-
trophoresis (the use of chloroquine, a DNA in-
tercalating agent, enabled better separation
of negatively supercoiled topoisomers and dis-
tinguished between nicked and relaxed closed
circular forms). Irradiation of DNA at doses
up to 500 J/m? did not affect the distribution

of negatively supercoiled topoisomers, and af-
ter 2 h of assembly with oocyte extracts, cova-
lently closed DNA become fully converted into
negatively supercoiled forms (Fig. 2A and 2B;
lanes 1-5). When DNA irradiated at higher
UV-doses(land 5 kamE) was assembled, less
material was preseni as fully supercoiled
forms, however relaxed forms were also unde-
tectable (lanes 6, 7), as in the case of low UV
doses. To study the rate of chromatin assem-
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Figure 2. UV-damaged DNA is assembled into minichromosomes with Xenopus oocyte extracts.

Plasmid DNA irradiated at different doses of UV (254 nm) was incubated with cocyte extract, then DNA supercoil-
ing was analyzed by agarose gel electrophoresis in the absence (panel A) and presence (panel B) of chloroquine.
Plasmid was labeled at a single specific site (see Methods section) and visualized by means of autoradiography. To
analyze newly synthesized DNA, assembly of non-radioactive plasmid was carried outin the presence of radivactive
precursors and autoradiography was performed. The positions of different DNA circular and linear forms are indi-
cated. MNase digestion pattern of reconstituted minichromosomes is shown in panel C. Lane M represents a
marker 100 bp-ladder.
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Figure 3. Newly synthesized DNA is efficiently assembled into chromatin.

Plasmid DNA (either control or UV-irradiated at 500 and 5000 J/ mz} was incubated with oocyte extract for 10, 30
or 120 min. DNA supercoiling was analyzed by agarose gel electrophoresis in the absence (panel A) and presence
(panel B) of chloroquine, in either total or newly synthesized DNA (as in Fig. 2). Supercoils in a plasmid irradiated
at 100 J/m” and assembled for 1 h (in either total or newly synthesized DNA) were analyzed by two-dimensional
electrophoresis (panel C). Marked are supercoils of different topoisomers.
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bly, DNA topoisomers were analyzed after 10,
30 and 120 min of incubation (Fig. 3A and 3B:;
lanes 1-11). Control, non-irradiated DNA and
plasmid irradiated at a 500 J/m? dose were as-
sembled into nucleosomes at similar rates.
The presence of the photoproducts affected
the electrophoretic mobility of topoisomers
that was clearly visible in samples irradiated
at 500 meE, or even resulted in loss of dis-
crete electrophoretic bands that caused a
smear of topoisomers in samples irradiated at
5 kJ/m? (visible also in Fig. 2). Lesioninduced
changes of electrophoretic mobility of topoiso-
mers seem not to be specific for UV-photo-
products since similar effects were observed
in samples damaged with N-acetoxy-
acetylaminofluorene (not shown). This em-
phasizes that analysis of data from DNA su-
percoiling assays could lead to misinterpreta-
tions in the case of damaged DNA. To verify
that supercoiling of the plasmid was due to
chromatin reconstitution, samples assembled
for 2 h were digested with micrococcal nucle-
ase (MNase), which cleaved linker DNA and
generated a characteristic ladder (Fig. 2C).
The analysis of the MNase ladder showed that
the size of the protected mononucleosome
DNA was close to 146 bp, as expected for core
particles, whereas oligonucleosomes exhib-
ited repeat lengths of about 160 bp. MNase di-
gestion of minichromosomes assembled on ei-
ther control DNA or plasmid irradiated at
100, 500 and 5000 J/m? generated similar nu-
cleosomal ladders. This confirms that
Xenopus oocyte extracts were competent to re-
constitute DNA containing UV-induced photo-
products into nucleosomes.

DNA synthesis occurs during chromatin as-
sembly and newly synthesized DNA is effi-
ciently reconstituted into nucleosomes

Since nucleotide excision repair can be ana-
lyzed by means of associated DNA synthesis,
the incorporation of labeled nucleotide into
damaged templates was studied during incu-
bation with oocyte extracts. To quantitate the

rate of radioactive precursor incorporation,
DNA was linearized after deproteinization,
run on agarose gels and then radioactivity
was calculated using ImageQuant software
(Molecular Dynamics) from Phosphorlmager
screens (not shown). Incorporation of radioac-
tive nucleotides during incubation with oocyte
extracts was detected in control, non-
irradiated samples. Incubation of UV-
irradiated DNA resulted in a further increase
of incorporated label, that was in proportion
to UV doses. However, the increase of radioac-
tivity in UV-irradiated samples over the “back-
ground” level of a control was relatively small
(1.06, 1.15, 1.21, 1.43, 1.69 and 1.80 fold in-
crease at 10, 50, 100, 500, 1000 and 5000
J/m?, respectively). When the rate of label in-
corporation into control and UV-irradiated
plasmid was compared, faster incorporation
into irradiated DNA was detected after
shorter times of incubation (2.9 and 1.8 fold
higher as compared to control after 10 min
and 2 h, respectively, for DNA irradiated at
5kJ/m>). The relatively high rate of DNA syn-
thesis in control, non-irradiated samples was
probably due to repair of nicks that were intro-
duced into DNA during the procedure of tem-
plate preparation (see below). The compari-
son of total and newly synthesized DNA re-
vealed similar distributions of topoisomers
(Fig. 2, lanes 1-7 and 11-17; Fig. 3, lanes
3-11 and 12-20), suggesting that repaired
DNA was assembled into nucleosomes with an
efficiency similar to that of total DNA. How-
ever, newly synthesized DNA was detected
only as negatively supercoiled but not as cova-
lently closed relaxed circles {(compare lanes
3-5 and 12-14 in Fig. 3B). To more carefully
compare the distribution of topoisomers in to-
tal and newly synthesized DNA, appropriate
samples were run on two-dimensional agarose
gels (Fig. 3C). The analysis showed similar
linking numbers of the most abundant topoi-
somers of total and newly synthesized DNA
(-11 and -10, respectively). This confirmed
that the repaired DNA was assembled into nu-
cleosomes at similar (yet slightly slower) rates
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as compared to total DNA. The assembly of
newly synthesized DNA into chromatin was
verified by MNase digestion {Fig. 2C). Since
the radioactive label was present in mononu-
cleosomes, it could be concluded that repaired
DNA was reconstituted also into core parti-
cles.

Lesion-containing DNA is nicked during in-
cubation with oocyte extracts

Because of uncompleted ligation during
preparation of the template a portion of the
plasmid existed as nicked and linear forms
{about 29% and 3%, respectively). UV-rra-
diation of the plasmid hardly increased the
contribution of these forms (about 34% nicked
and 4% linear DNA, at the highest 5 kJ/m?>
dose; see lanes 1 and 2 in Fig. 3B). Thus UV-
irradiation by itself did not introduce signifi-
cant amounts of single- and double-strand
breaks into DNA. When plasmid irradiated at
doses higher than 100 J/m® was incubated
with Xenopus oocyte extracts, the proportion
of nicked (but not linear) form increased sig-
nificantly (32%, 39%, 47% and 68% at 100, 500,
1000 and 5000 J/m?> UV, respectively; see also
Fig. 2A). Analysis of newly synthesized DNA
revealed similar increases in the contribution
of nicked circles. However, while at low and
moderate UV-doses (up to 500 mezj slightly
less of nicked circles was detected in newly
synthesized DNA as compared to total DNA,
at high doses the number of molecules that
carried single-strand breaks was higher (79%
at 5 kJ/m?). The introduction of single-strand
breaks into lesion-containing DNA during in-
cubation with Xenopus oocyte extracts proba-
bly resulted from “incision/excision” step of
nucleotide excision repair.

Xenopus oocyte extracts are proficient to re-
pair UV-induced DNA photoproducts

Cell-free extracts from Xenopus oocytes were
able to carry out repair synthesis upon UV-
damaged DNA templates, in agreement with

earlier data obtained for Xenopus egg extracts
[12] and injected oocytes [10]. Furthermore,
the formation of single-strand breaks was ob-
served during incubation of damaged DNA
with such extracts. Thus, one can conclude
that nucleotide excision repair occurs in cell-
free Xenopus oocyte extracts. However, the
presence of unsealed nicks in DNA undergo-
ing repair suggested that the ligation step was
less efficient as compared to the incision/exci-
sion steps. Repair in these extracts (in the
given experimental conditions) apparently
could not be fully completed when there was
one UV-photoproduct per every 1-2 kb (that
means > 1.5 nM concentration of UV-
photoproducts in the reaction mixture).
Therefore, analysis of nicks introduced into
circular DNA might be considered to reflect
the incision/excision steps in systems that are
able to carry out nucleotide excision repair in
vitro. UV-damaged DNA was efficiently assem-
bled into nucleosomes when incubated with
cellfree extracts from Xenopus oocytes or
eggs ([10-12], this study), in opposition to the
experiments in which chromatin was reconsti-
tuted from purified histones [5, 8, 9]. This was
probably due to repair processes occurring in
such cell-free extracts. On the other hand, be-
cause of this repair activity, minichromo-
somes reconstituted on damaged DNA in
Xenopus oocyte extracts might not be recom-
mended as chromatin templates for subse-
quent study of their repair in yeast or human
cell extracts. Rather, minichromosomes as-
sembled on non-damaged DNA, purified from
the extracts (e.g. by means of centrifugation
in suecrose gradient) and subsequently ex-
posed to DNA damaging agents, could be a
suitable model for further studies. Cyclobu-
tane pyrimidine dimers (major UV-induced
DNA damage) form in similar amounts per
nucleotide in the nucleosome core and linker
DNA [20]. Thus, UV-radiation can be poten-
tially used in such a study, vet possible forma-
tion of UV-induced cross-links should be con-
sidered.
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