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Sundin and Varshavsky (J. Mol. Biol. 132:535-546, 1979) found that nearly two-thirds of simian virus 40
(SV40) minichromosomes obtained from nuclei of SV40-infected cells become singly nicked or cleaved across
both strands after digestion with staphylococcal nuclease at 0°C. The same treatment of SV40 DNA causes
complete digestion rather than the limited cleavages produced in minichromosomal DNA. We have explored
this novel behavior of the minichromosome and found that the nuclease sensitivity is dependent upon the
topology of the DNA. Thus, if minichromosomes are pretreated with wheat germ DNA topoisomerase I, the
minichromosomal DNA is completely resistant to subsequent digestion with staphylococcal nuclease at 0°C. If
the minichromosome-associated topoisomerase is removed, virtually all of the minichromosomes are cleaved to
nicked or linear structures by the nuclease treatment. The cleavage sites are nonrandomly located; instead they
occur at discrete loci throughout the SV40 genome. SV40 minichromosomal DNA is also cleaved to nicked
circles and full-length linear fragments after treatment with the single strand-specific endonuclease Si; this
cleavage is also inhibited by pretreatment with topoisomerase I. Thus, it may be that the nuclease sensitivity
of minichromosomes is due to the transient or permanent unwinding of discrete regions of their DNA. Direct
comparisons of the extent of negative supercoiling of hative and topoisomerase-treated SV40 minichromosomes
revealed that approximately two superhelical turns were removed by the topoisomerase treatment. The loss of
these extra negative supercoils from the DNA probably accounts for the resistance of the topoisomerase-treated
minichromosomes to the staphylococcal and S1 nucleases. These findings suggest that the DNA in SV40
intranuclear minichromosomes is torsionally strained. The functional significance of this finding is discussed.

Separation of the two strands of DNA during replication
and transcription introduces increasing torsional strain in
topologically closed duplex DNA. In Escherichia coli this
torsional strain is alleviated by the balanced action of
topoisomerase I and gyrase to maintain the genomic DNA in
a negatively supercoiled state (10, 21). Indeed, when the
introduction of negative supercoiling into the E. coli chro-
mosomal DNA is blocked, replication is stalled and the rates
of transcription of several genes are altered (5, 9).
The significance of DNA topology in eucaryotes is less

clear. Eucaryotic DNA is packaged into a chromatin struc-
ture in which the DNA is wrapped around histone protein
cores, forming a nucleosomal fiber. When topologically
relaxed DNA is wrapped around the nucleosome core,
positive supercoils are introduced. DNA topoisomerase re-
laxes these positive supercoils, resulting in a net relaxed
state of the DNA in the nucleosomal fiber. When histones
are dissociated from DNA, the DNA becomes negatively
supercoiled. Thus, so long as the nucleosomal fiber is
maintained intact, the structure is relaxed and the DNA is
not torsionally strained. It is generally believed that the
number of negative superhelical turns in topologically con-
strained DNA is about the same as the number of
nucleosomes in the chromatin structure from which the
DNA was obtained. Measurements of DNA supercoiling in
eucaryotes with trimethylpsoralen intercalation supports the
belief that the genome is in a relaxed state, although low
amounts of negative superhelicity would not have been
detected (30).
Recent reports have suggested that DNA in the eucaryotic

genome may exist in a torsionally strained (supercoiled)
state, rather than being completely relaxed. Luchnik et al.
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(20) treated simian virus 40 (SV40) minichromosomes (cir-
cular viral DNA associated with cellular histones [33]) with
DNA topoisomerase I and found that 2 to 5% of the
recovered DNA had become completely relaxed. Since
topoisomerase I acts only on supercoiled DNA, they con-
cluded that the DNA in some minichromosomes is topolog-
ically supercoiled, probably because the DNA is
unconstrained by nucleosomes. Luchnik et al. (20) also
noted that the amount and sedimentation behavior of such
torsionally strained minichromosomes correlated with the
behavior of the transcriptionally active minichromosomes,
but their results did not eliminate the possibility that local-
ized or extensive dissociation of some minichromosomes
occurred during the isolation or treatment with topoisomer-
ase I.

Ryoji and Worcel (26) have recently examined the pack-
aging of circular DNA into chromatin after injection into
Xenopus laevis oocytes and observed structures which they
term "dynamic chromatin." About half of the newly pro-
duced minichromosomes yield fully relaxed DNA after treat-
ment with topoisomerase I. They proposed that the DNA in
these minichromosomes is topologically supercoiled due to
the presence of an active, energy-driven process (gyrase)
and that DNA may be associated with altered nucleosomes
that do not constrain the coiling of the DNA.

In this paper, we investigate a phenomenon first described
by Sundin and Varshavsky (32). When SV40 minichromo-
somes are treated with staphylococcal nuclease at 0°C, the
digestion pauses after making a single nick or double-
stranded cut in the minichromosomal DNA. We have con-
firmed this finding and shown further that the staphylococcal
nuclease sensitivity is abolished by treatment of the
minichromosomes with topoisomerase I. Furthermore,
treatment of the minichromosomes with topoisomerase I
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removes approximately two negative superhelical turns in
the minichromosomal DNA. These results suggest that there
is a low level of unconstrained negative supercoils (torsional
stress) in virtually all minichromosomes. This torsional
stress is manifested by the creation of staphylococcal nucle-
ase-sensitive sites at one of many discrete locations in the
DNA.

MATERIALS AND METHODS

Animal cells and virus. The passage of the monkey cell line
CV-1 and the propagation of SV40 have been described
elsewhere (22). COS cells (11) were grown in Dulbecco
modified Eagle medium supplemented with 10% newborn calf
serum, penicillin, and streptomycin.
Enzymes and reagents. Restriction enzymes were pur-

chased either from New England Biolabs or Bethesda Re-
search Laboratories. Wheat germ DNA topoisomerase I was
a gift of J. Champoux and later was obtained from Omega
Biotec. E. coli DNA gyrase was a gift of N. Cozzarelli. SI
nuclease was from Boehringer Mannheim Biochemicals, and
staphylococcal nuclease was obtained from Sigma Chemical
Co. [methyl-3H]thymidine was obtained from New England
Nuclear Corp.

Preparation of SV40 minichromosomes. Newly confluent
CV-1 cells in 150-mm plates were infected with SV40 virus at
5 PFU per cell; after 24 h [3H]thymidine (5 ,Ci/ml) was
added to the medium. Minichromosomes were harvested
between 38 and 42 h postinfection. After the medium was
removed, the cells were washed twice with ice-cold 10 mM
Tris hydrochloride (pH 6.8)-0.14 M NaCl. All subsequent
operations took place between 0 and 4°C. A 3-ml sample of
lysis buffer (0.25% Triton X-100, 10 mM Tris hydrochloride
[pH6.8], 10 mM sodium EDTA, 0.5 mM phenylmethylsul-
fonyl fluoride) was added to each of 10 plates of infected
cells. The cells were gently scraped with a rubber policeman
and then pelleted at 4,000 x g for 5 min in a Sorval
centrifuge. The pellet, containing the cell nuclei, was washed
once in lysis buffer containing 0.1 M NaCl and then was
suspended in 2 ml of extraction buffer (0.25% Triton X-100,
10 mM sodium HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid] [pH 7.8], 10 mM sodium EDTA, 0.12 M
NaCl, 0.1 mM phenylmethylsulfonyl fluoride) for 10 150-mm
plates. The suspension of nuclei was pipetted up and down
several times and then rocked for 3 h at 4°C. After the
sample was centrifuged for 10 min at 5,000 x g, the super-
natant was loaded onto a 15 to 30% sucrose gradient (in 10
mM sodium HEPES [pH7.5], 1 mM sodium EDTA, 0.1 M
NaCl, 0.1 mM phenylmethylsulfonyl fluoride) and centri-
fuged in an SW41 rotor for 3 h at 37,000 rpm. Fractions (20
to 25) were collected, either from the bottom or top, and the
3H label was detected by scintillation counting.

In some cases, 5,5'-dithiobis(2-nitrobenzoic acid) was
added to all buffers at 0.5 mM to prevent the uncoating of
previrions (3). In those preparations where the endogenous
topoisomerase was removed from the minichromosomes,
the extraction and sucrose gradient centrifugation were
performed in the presence of 0.36 M NaCl.

Topoisomerase I and staphylococcal nuclease treatment of
minichromosomes. SV40 minichromosomes (5 ,ug of
minichromosomal DNA per ml of 10 mM sodium HEPES
[pH 7.8]-0.2 M NaCl-0.2 mM sodium EDTA-0.1 mM
phenylmethylsulfonyl fluoride) were incubated with 0.5 to
2.0 U of wheat germ DNA topoisomerase I (1 U converts 1
,ug of supercoiled pBR322 DNA to the relaxed form in 30 min
at 30°C in the above buffer) at 30°C for 30 min. Mock

digestions were performed with samples that were kept at
30°C for 30 min in the same buffer. Samples of minichromo-
some were digested directly with staphylococcal nuclease,
or they were adjusted to 0.36 M NaCl and repurified in a 15
to 30% sucrose gradient in 0.36 M NaCl to remove the
topoisomerase I. After the topoisomerase I incubation.
samples were cooled to 0 to 1C, and CaCl. was added to 2
mM. Staphylococcal nuclease (2 to 10 ,ug/ml) was added. and
the incubation proceeded for 15 min at 0°C. Varying the ionic
strength between 10 and 240 mM did not affect the extent of
nuclease digestion. The reaction was stopped by the addition
of EDTA to 15 mM and sodium dodecyl sulfate to 0.2%
followed by proteinase K (100 FLg/ml) digestion for 30 min at
37°C. Two extractions with phenol-chloroform were per-
formed at 4°C to prevent formation of cruciforms (4). The
DNA was precipitated with ethanol and suspended in 0.5X
TBE (IX TBE is 89 mM Tris borate [pH 8.31-2.5 mM sodium
EDTA) containing 10% glycerol. Samples of DNA were
resolved in a 1.0% agarose-1X TBE. 20-cm horizontal gel
with 1X TBE as the buffer at approximately 3 V/cm for 18 to
20 h. DNA was visualized by staining with 1 ,ug of ethidium
bromide per ml and viewing through a 254-nm UV light box
and by fluorography (2).
Mapping of the staphylococcal nuclease cleavage sites. After

digestion of the SV40 minichromosomes extracted in 0.36 M
NaCl as described above, the linear DNA was purified by
electrophoresis in low-melting-point agarose gel and elution
from the gel (7). The linear DNA was digested in separate
samples with EcoRI, Bgl,I. and TaiqI endonucleases. The
digestion products were resolved in agarose gel and trans-
ferred to nitrocellulose filters (31). The filters were annealed
with the following purified, 3'P-nick-translated restriction
fragments: (i) 165-base-pair (bp) TcaqI-MboII; (ii) 302-bp
BglI-KpnlI; (iii) 206-bp EcoRI-PstI. The EcoRI-PstI fragment
was annealed to the E(oRI-digested sample, the BglI-KpnI
fragment was annealed to the BgIl digest, and the TaqI-
MboII fragment was annealed to the filter containing the
TaqI digest. Annealing was in 50% formamide, SX SSPE (1X
SSPE is 0.15 M NaCl. 10 mM sodium phosphate, 1 mM
sodium EDTA [pH 7.0]), SX Denhardt solution (OX
Denhardt solution is 200 ,ug of bovine serum albumin [frac-
tion V] per ml, 200 ,ug of Ficoll per ml, 200 p.g of polyvinyl
pyrrolidone per ml), and 100 jig of sonicated unlabeled E.
coli DNA per ml for 16 h at 42°C. Filters were washed six
times for 30 minutes each in 0.2% sodium dodecyl
sulfate-.1X SSPE at 52°C and then exposed to XAR-5 film
with an intensifying screen at -80°C.
The same procedure was used for the mapping of staphy-

lococcal nuclease cleavage sites of SV40 supercoiled DNA.
except that the nuclease concentration was lowered to 0.2
,ug/ml and the entire reaction product was used in the
subsequent restriction digest.

S1 nuclease digestion of SV40 minichromosomes and DNA.
SV40 minichromosomes and supercoiled DNA were di-
gested in 30 mM sodium acetate (pH 4.5)-30 mM NaCl-3
mM ZnCl. for 15 min at 37°C. S1 nuclease concentrations
were 40 to 1,000 U/ml for minichromosomes and 0.2 to 20
U/ml for DNA. The cleavage sites were mapped as described
above for staphylococcal nuclease. When the S1 nuclease
digestion followed topoisomerase I treatment. the mock- and
topoisomerase-treated samples were dialyzed for 6 h into the
appropriate buffer for S1 nuclease digestion.

Analysis of DNA topoisomers by two-dimensional gel elec-
trophoresis. DNA was purified from [3H]thymidine-labeled
SV40 minichromosomes. Several samples of this DNA were
treated with topoisomerase I in the presence of various
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concentrations of ethidium bromide (1 to 5 ,uM) to produce a
population of SV40 DNA having between zero (fully re-
laxed) and the number of superhelical turns in untreated
supercoiled DNA (17). One-dimensional analytical gel elec-
trophoresis was used to determine the number of supercoils
in each sample. DNA samples containing between 0 and
approximately 15 negative supercoils were pooled and used
as markers in two-dimensional gel electrophoresis. SV40
minichromosomes were extracted and purified in 0.36 M
NaCl. One sample was left untreated, and another was
incubated with topoisomerase I under conditions which
render the DNA insensitive to staphylococcal nuclease
digestion at 0°C. DNA was recovered from these two
minichromosome samples; 1 ,ug of each of these DNA
samples was mixed with 0.5 jig of the marker DNA. This
material was subjected to two-dimensional gel electrophore-
sis by the method of Wang et al. (40), with minor modifica-
tions. Samples were loaded such that they were run in the
same line in the first dimension (separated by 7 cm) rather
than side by side so that migration in the second dimension
would be comparable. The gel consisted of 0.9% agarose in
1X TBE and was 30 by 30 cm. The first dimension of
electrophoresis was at 120 V for 24 h. The gel was soaked in
1X TBE containing 3.0 ,uM chloroquine for 7 h. The gel was
turned 90° with respect to the first dimension of electropho-
resis, and second-dimension electrophoresis was in 1X TBE
containing 3.0 ,iM chloroquine (to resolve the more highly
negatively supercoiled species) at 120 V for 28 h. DNA was
visualized by fluorography.

In some instances, the electrophoresis of topoisomers was
in only a single dimension. In these cases, the samples, gel,
and electrophoresis buffer contained chloroquine at 1.28, 10,
or 30 ,uM.

RESULTS
Digestion of SV40 minichromosomes by staphylococcal nu-

clease at 0°C is eliminated by prior treatment with
topoisomerase I. Sundin and Varshavsky (32) observed that
the DNA in SV40 minichromosomes is cleaved only once
with staphylococcal nuclease (micrococcal nuclease) at 0°C;
under these conditions of limited digestion the amount of
nicking and double-strand cleavages of the minichromo-
somal DNA was nearly equal. The sites at which the DNA
was cleaved appeared to be nonrandomly distributed. Such
pausing after a single cleavage in minichromosomal DNA by
staphylococcal nuclease was not observed when naked DNA
was digested at 0°C or when the SV40 minichromosomes
were treated at 37°C. In the latter instance, mono- and
oligonucleosomes were the predominant digestion products.
Does the unusual staphylococcal nuclease sensitivity and

cleavage pattern reflect the existence of a torsionally
strained or otherwise perturbed DNA structure in
minichromosomes? Since topoisomerase I removes positive
and negative supercoils from DNA, we treated SV40
minichromosomes obtained under physiological salt condi-
tions (0.1 M NaCl) with topoisomerase I to determine
whether the staphylococcal nuclease digestion was altered.
After staphylococcal nuclease digestion of the minichromo-
somes [Fig. 1; MC + (mT) + SN] the amount of linear and
nicked DNA was increased compared with that in an undi-
gested sample [MC + (mT)]. Even 10-fold-longer exposures
of this fluorogram failed to reveal any DNA fragments
smaller than full-length linear SV40 DNA in the nuclease-
treated samples (data not shown). This finding reproduced
the observation reported by Sundin and Varshavsky (32).
When the minichromosomes were incubated with topoiso-
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FIG. 1. Treatment of SV40 minichromosomes with DNA
topoisomerase I inhibits cleavage of the minichromosomal DNA by
staphylococcal nuclease at 0°C. [3H]thymidine-labeled SV40
minichromosomes prepared in 0.1 M NaCl were incubated with or
without 0.5 U of wheat germ DNA topoisomerase I per ,ug of
minichromosomal DNA at 30°C. Half of the untreated and
topoisomerase I-treated samples were then incubated with 2 ,ug of
staphylococcal nuclease per ml for 15 min at 0°C, and the isolated
DNA was electrophoresed in a L.0o agarose gel. DNA was visual-
ized by fluorography. Abbreviations: MC, DNA from minichromo-
somes; (mT), minichromosomes incubated at 30°C in the absence of
topoisomerase; T, minichromosomes incubated with DNA
topoisomerase I; SN, DNA from minichromosomes that had been
digested with staphylococcal nuclease; SC, supercoiled DNA; N,
nicked DNA; L, full-length linear DNA.

merase I before the staphylococcal nuclease digestion (Fig.
1; MC + T + SN), there was a noticeable reduction in the
amount of nicking and double-strand breakages. Note that
the DNA isolated from minichromosomes treated with
topoisomerase I alone (Fig. 1; MC + T) was not appreciably
different from that which was incubated in the absence of
topoisomerase [MC + (mT)]. Both contained primarily
supercoiled and nicked DNA, although each sample also
contained a collection of what appeared to be topoisomers.
Since minichromosome preparations similar to ours have
been shown to contain topoisomerases I and 11 (12, 14, 18,
39, 41), the endogenous topoisomerase may be responsible
for producing the topoisomer ladder in Fig. 1 [MC + (mT)].
This endogenous topoisomerase may also reduce the sensi-
tivity of the minichromosomes to nicking and cleavage by
staphylococcal nuclease.
To circumvent this complication, minichromosomes were

extracted and purified in either 0.1 or 0.36 M NaCl; it had
previously been shown that topoisomerase is removed from
chromatin at the higher ionic strength (16). Accordingly, the
staphylococcal nuclease sensitivity and the effect of
topoisomerase I pretreatment were determined for the two
preparations of minichromosomes (Fig. 2). Comparing the
two preparations incubated in the absence of added
topoisomerase [Fig. 2; MC + (mT)J, it is evident that the
bulk of the DNA in minichromosomes prepared in high salt
is supercoiled and that during the mock topoisomerase
incubation no topoisomers are formed; this result differs
from that obtained with the low-salt minichromosomes, in
which a topoisomer ladder forms. However, the significant
feature of this experiment is that about 70% of the DNA in
the high-salt minichromosomes became nicked or cleaved to
linear DNA after incubation with staphylococcal nuclease
[Fig. 2; compare lanes MC with MC + SN and MC + (mT)
with MC + (mT) + SN]; however, pretreatment of the
high-salt minichromosomes with topoisomerase completely
prevented the formation of nicked or linear DNA [compare
lanes MC + SN or MC + (mT) + SN with MC + T + SN].
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FIG. 2. Action of both endogenous and exogenous DNA
topoisomerase I eliminates the staphylococcal nuclease sensitivity
of SV40 minichromosomes. SV40 minichromosomes were extracted
and purified by sucrose density gradient centrifugation at either 0.1
or 0.36 M NaCl concentration. Both types of minichromosomes
were maintained at either 0 or 30°C in the presence or absence of 2.0
U of wheat germ DNA topoisomerase I per ,ug of minichromosomal
DNA (a fourfold higher level of topoisomerase I than that used in
Fig. 1). Half of each sample was then digested with 2.0 ,ug of
staphylococcal nuclease per ml for 15 min at 0°C, and the DNA was

recovered from the minichromosomes, electrophoresed in an

agarose gel, and fluorographed. Abbreviations are as in Fig. 1.

With higher levels of staphylococcal nuclease (7 versus 2
jig/ml in Fig. 2), virtually all of the high-salt minichromo-
somes were digested to either nicked or linear DNA by
staphylococcal nuclease at 0°C.
Topoisomerase I does not directly inhibit staphylococcal

nuclease. When the minichromosomes were purified by
sucrose gradient sedimentation in 0.36 M NaCl after the
topoisomerase I treatment, the minichromosomes were still
resistant to staphylococcal nuclease digestion (data not
shown). Moreover, topoisomerase I did not inhibit staphy-
lococcal nuclease digestion of SV40 minichromosomal DNA
at 37°C. Under these conditions, minichromosomal DNA
was digested by staphylococcal nuclease to mono- and
oligonucleosomes irrespective of whether the minichromo-
somes had been treated with topoisomerase.

Since the purification of minichromosomes involves sev-
eral steps and occurs over approximately 8 h, it is possible
that the structure which is cleaved by staphylococcal nucle-
ase at 0°C and is removed by topoisomerase I treatment was
formed in vitro during the preparation. This is unlikely
because minichromosomes contained in a rapid, whole cell
lysate showed the same digestion properties. After the
medium was removed, cells were quick chilled and lysed
immediately by scraping in lysis buffer (see Materials and
Methods) containing divalent cations and no EDTA. Various
amounts of staphylococcal nuclease were added; after only 5
min at 0°C, the DNA was purified and fractionated by gel
electrophoresis. Here, too, the nuclease digestion stopped
after producing a single cut in SV40 DNA with very little
degradation apparent beyond this single cleavage. In this
experiment as much as 70% of the minichromosomal DNA
became nicked or linearized.

SV40 minichromosomal DNA was also sensitive to a
single cleavage by Si nuclease (Fig. 3); the product was
predominantly nicked circles with some full-length linear
DNA. Gel electrophoresis under denaturing conditions re-
vealed that the nicked circles had single cleavages (data not
shown). More significantly, incubation of the minichromo-
somes with topoisomerase I eliminated the S1 nuclease
sensitive structure.
SV40 minichromosomal DNA contains supercoils that are

removed by DNA topoisomerase I. The finding that the
nuclease-sensitive structure was dissipated by topoiso-
merase I suggests that the minichromosomal DNA is torsion-
ally strained-that is, the DNA possesses negative super-
coils that are not compensated by nucleosomes. By this
view, topoisomerase I would remove the extra supercoils,
thereby relaxing the minichromosome and making it insen-
sitive to nuclease cleavage. To test for the existence of extra
superhelical turns in minichromosomal DNA, the following
experiment was performed. SV40 minichromosomes were
either untreated or incubated with topoisomerase I under
conditions which render the DNA insensitive to staphylo-
coccal nuclease digestion at 0°C. DNA purified from these
two samples was mixed with a marker SV40 DNA with
between 0 and 15 negative supercoils. The samples were
subjected to two-dimensional gel electrophoresis (see Mate-
rials and Methods) (40). The presence of chloroquine in the
second dimension lowers the negative superhelical density
of the DNA and allows the resolution of the most highly
negatively supercoiled species (29).
The electrophoretic pattern with the mixture of topoisom-

ers used as markers and the DNA obtained from untreated
minichromosomes is shown in Fig. 4. The number and
spacing of the marker spots indicate a range of topoisomers
with 0 to 14 negative supercoils. The DNA topoisomers
contributed by the untreated minichromosomes ranged in
the number of supercoils between 18 and 30, with only traces
on either side of that distribution. (Each of the topoisomer
species would be better resolved in both shorter and longer
exposures of the fluorograms.) The peak of intensity corre-
sponded to topoisomers with 24 negative supercoils, and
substantial intensities indicate frequent topoisomers with 22
to 26 supercoils; this is precisely the value (24 ± 2) deter-
mined for SV40 DNA by Keller (17).

N-

L-

SC-

FIG. 3. S1 nuclease digestion of the DNA in SV40 minichromo-
somes is also blocked by treatment of the minichromosomes with
DNA topoisomerase I. SV40 minichromosomes that had been
extracted and purified in 0.36 M NaCI were either untreated or
incubated with 2.0 U of wheat germ DNA topoisomerase I per ,ug of
minichromosomal DNA. Both untreated and topoisomerase I-
treated minichromosomes were dialyzed into S1 nuclease digestion
buffer and digested with 100 U of S1 nuclease for 15 min at 37°C.
DNA was recovered and electrophoresed in an agarose gel. Abbre-
viations are as in Fig. 1, plus the following; S1, DNA from
minichromosomes that had been digested with S1 nuclease.
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FIG. 4. Two-dimensional gel electrophoretic analysis of topoisomer distributions in minichromosomal DNA after treatment of SV40
minichromosomes with topoisomerase 1. SV40 minichromosomes extracted and purified in 0.36 M NaCI were treated with (left) or without
(right) topoisomerase I, and the DNA was purified. To create marker samples, samples of SV40 DNA were treated with topoisomerase I in
the presence of 1 to 5 ,uM ethidium bromide. With one-dimensional gel analysis, topoisomer samples with 0 to 15 negative supercoils were

pooled and mixed with a twofold excess of the supercoiled DNA recovered from the topoisomerase I-treated and untreated
minichromosomes. These samples were electrophoresed in a two-dimensional 0.9% agarose gel. The running buffers were identical in both
dimensions, except for the presence of 3.0 F.M chloroquine in the second dimension. DNA was visualized by fluorography. The numbers next
to the DNA spots refer to the number of negative superhelical turns, determined by counting spots in relation to the nicked spot using several
different fluorographic exposures. The arrows indicate the directions of first- and second-dimension electrophoresis.

The DNA obtained from topoisomerase-treated mini-
chromosomes produced a somewhat different population of
topoisomers (Fig. 4). In this case the topoisomer arc was

shifted in the direction of less-negative supercoils. The most
negatively supercoiled molecule visible in the fluorogram is
at position 29 compared with 31 in the untreated
minichromosomal DNA. Intense spots occur as far up the
arc as 16 negative supercoils and perhaps beyond (at that
point they overlap with the topoisomer markers). The peak
of intensity in this distribution of topoisomers is approxi-
mately at 22 negative supercoils. Thus, it appears that
treatment of SV40 minichromosomes with topoisomerase I
alters the linking number of the DNA, consistent with the
removal of about two negative supercoils per DNA mole-
cule.

Figure 5 summarizes the results of a somewhat different
comparison of the range of superhelical densities in DNA
isolated from minichromosomes before and after treatment
with topoisomerase. Here, topoisomers were resolved in
one-dimensional gels, which allowed the determination of
only the relative number of supercoils. In Fig. SA, topoisom-
ers were separated in a one-dimensional agarose gel in the
presence of a low concentration of chloroquine, which
slightly reduced the negative superhelicity of the topoisom-
ers. The results show, first, that the covalently closed SV40
DNA recovered from virus-infected CV-1 cells by the Hirt
extraction method (15) has about the same distribution of
topoisomers as DNA extracted from untreated minichromo-
somes; this means that there has been no substantial change
in the linking number of the DNA during the isolation of the

minichromosomes. More significantly, however, is the
finding that treatment of the minichromosomes with
topoisomerase results in the loss of the most negatively
supercoiled DNA species and a shift toward decreasing
negative superhelicity in the entire distribution.
The change in the linking number after topoisomerase

treatment was quantitated by gel electrophoresis of the DNA
topoisomers in high enough levels of chloroquine to induce
positive supercoiling in all but nicked DNA (Fig. SB). Thus,
in these gels, topoisomers with increasing numbers of nega-

tive supercoils are less positively supercoiled by the
chloroquine and consequently migrate more slowly. Con-
versely, molecules that are less negatively supercoiled move
more rapidly during electrophoresis in this level of
chloroquine. The densitometer tracing of this gel (Fig. 5C)
shows that the peak of maximal intensity has shifted down
by two supercoils, as has the entire pattern including the
least negatively supercoiled species. Thus, in this experi-
ment also, topoisomerase I treatment of SV40 minichromo-
somes appears to remove approximately two negative
superhelical turns from the DNA.
Mapping the sites of staphylococcal and Si nuclease cleav-

age in minichromosomal DNA. Are the staphylococcal and Si
nuclease-sensitive sites in minichromosomal DNA localized
to a specific region of the molecules, or do they occur at
random locations? To answer that question we mapped the
cleavage sites produced in minichromosomal DNA by staph-
ylococcal nuclease at 0°C according to the protocol outlined
in the legend to Fig. 6 and described in detail in Materials
and Methods. After the staphylococcal nuclease digestion,
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FIG. 5. Topoisomerase I treatment removes approximately two negative supercoils from SV40 minichromosomes. SV40
minichromosomes were extracted and purified in 0.36 M NaCl. One-half of the minichromosomes were treated with wheat germ DNA
topoisomerase I, and the others were untreated. DNA was then purified from these minichromosomes. A Hirt extract (15) of SV40-infected
CV-1 cells was also performed, and DNA was purified by CsCl gradient centrifugation. (A) DNA samples were run in an 0.9%o agarose gel
containing 1.28 ,uM chloroquine to decrease the superhelicity of samples. Abbreviations are as in Fig. 1, plus the following: Hirt: DNA
extracted by the Hirt procedure. (B) Samples similar those in (A), but from a different experiment, were electrophoresed in an agarose gel
containing 30 F.M chloroquine to positively supercoil the DNA. (C) A densitometer tracing of samples MC (upper tracing) and MC + T (lower
tracing) in gel (B). Top to bottom in the gels is shown as right to left in the tracings. Arrows indicate the maximum peaks of intensity. The
direction of topoisomers having decreasing negative superhelicity is shown in all panels.

during which almost all of the supercoiled DNA had been
cleaved once, the linear DNA was isolated by gel electro-
phoresis and digested with endonucleases that cleave SV40
DNA once: EcoRI, TaqI, and BglI. After gel electrophoresis
of the individual digests, the samples were transferred to
nitrocellulose (31) and annealed with appropriate 32P-labeled
probes; each probe spanned a short region beginning at the
chosen restriction site and extending in one direction (Fig.
6). The size of the fragments hybridizing with each probe
measures the distance, in one direction, from the unique
restriction endonuclease cleavage site to the different staph-
ylococcal nuclease cleavage sites. A similar procedure was

used to map the Si nuclease cleavages in minichromosomal
DNA.

Figure 7A shows the array of fragments produced by
EcoRI or BglI endonuclease digestion of the linear DNA

produced either by staphylococcal nuclease digestion of
minichromosomal DNA at 0°C or by S1 nuclease. Note that
there are discrete fragments and not a continuous smear in
each double digest. This indicates that the staphylococcal
and Si nuclease cleavages in minichromosomal DNA do not
occur at random sites. Rather, there are a substantial num-

ber of preferred cleavage sites, but generally only one per
minichromosome. The preferred sites of staphylococcal and
Si nuclease cleavages in minichromosomes are summarized
in Fig. 7C. They are clearly distributed around the entire
SV40 DNA; in some, although not all, instances the staph-
ylococcal and Si nuclease cleavage sites coincide. The size
of the most intense bands indicates that many of the nuclease
cleavages of minichromosomal DNA occur in the early
region of the genome. Interestingly, the exposed non-
nucleosomal region (28, 35, 36), which has been localized to
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FIG. 6. Strategy for mapping the sites of staphylococcal nuclease cleavage of minichromosomal DNA. Double-stranded staphylococcal
nuclease cleavage sites were mapped by purifying linearized SV40 DNA and digesting with a restriction enzyme which cleaves once in the
SV40 genome. The digest products were electrophoresed, transferred to a nitrocellulose filter, and hybridized with a short 32P-labeled DNA
fragment which has one of its ends at the site of the unique restriction cleavage. In this way the staphylococcal nuclease sites could be mapped
by their distance from the restriction site in the direction determined by the small DNA probe. The 302-bp BglI-Kpnl SV40 DNA fragment
was hybridized to the BglI-digested samples, and the 206-bp EcoRI-PstI fragment was hybridized to the EcoRI-digested samples. Along with
the two restriction enzyme digests shown, staphylococcal nuclease-linearized SV40 DNA was also digested with TaqI, and the resulting
digestion pattern was probed with the 165-bp TaqI-Mboll DNA fragment.

the region between the beginnings of the early and late
regions (36) in about 20% of intranuclear minichromosomes
(27, 38), is not particularly sensitive to staphylococcal or Si
nuclease cleavage.

Figures 7B and C summarize the results obtained after
parallel digestions of supercoiled SV40 DNA with staphylo-
coccal and Si nucleases followed by EcoRI and Bgll endo-
nuclease digestion. Single cleavages of supercoiled DNA
occur at only a limited number of locations with Si nuclease,
a point noted previously (1); however, staphylococcal nucle-
ase makes multiple cleavages in supercoiled SV40 DNA.
With either nuclease, most of the cleavages occur in the
early region; Si nuclease cleavages occur predominately at
the locations described earlier (1), whereas staphylococal
nuclease cuts are more widespread.
The data summarized in Fig. 7C indicate that several

regions seem to be preferred sites for staphylococcal nucle-
ase cleavage of torsionally strained minichromosomes and
for Si nuclease cleavage of torsionally strained
minichromosomes and free supercoiled SV40 DNA (regions
A, B, C, D, E, and F). Regions G and H contain sites at
which both staphylococcal and Si nucleases cleave
minichromosomal DNA, but not free supercoiled DNA. This
being the case, it may be that the staphylococcal and Si
nuclease cleavage sites in minichromosomes occur in re-

gions that are unwound or have some otherwise unusual
secondary structure (e.g., cruciforms) induced by the addi-
tional supercoiling that is removable by topoisomerase I.

DISCUSSION
We have found that the DNA in SV40 minichromosomes

appears to be torsionally strained rather than relaxed. This
strain derives from approximately two negative supercoils
which are not constrained by nucleosomes and can be
relaxed by DNA topoisomerase I treatment. Staphylococcal
nuclease cleaves the DNA in SV40 minichromosomes only
once at 0°C; however, this occurs only when torsional strain
exists. Thus, the staphylococcal nuclease sensitivity of
nucleosomal DNA is lost when the minichromosomes are
treated with topoisomerase I. The sites at which staphylo-
coccal nuclease cleaves the DNA are nonrandom, but they
occur at various sites throughout the SV40 genome. Since
the single strand-specific Si nuclease also cleaves the DNA
of torsionally strained minichromosomes, often at the same
regions cleaved by staphylococcal nuclease, it seems likely
that the torsional strain causes specific loci in the genome to
become underwound relative to relaxed B-form DNA and
the remainder of the genome. Some of the sites at which
staphylococcal and Si nucleases cleave minichromosomal
DNA overlap with sites at which Si nuclease cleaves
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FIG. 7. Mapping the sites of staphylococcal and S1 nuclease
cleavages in SV40 minichromosomal DNA and in free supercoiled
SV40 DNA. (A) SV40 minichromosomes were digested with either
staphylococcal or S1 nuclease. Full-length linear SV40 DNA was
purified and digested with either EcoRI or BgIl. The digest products
were electrophoresed in an agarose gel, transferred to nitrocellulose
filters, and hybridized with a 32P-labeled DNA fragment which maps
to a position immediately adjacent to the single-cut restriction
enzyme used (Fig. 6). Tracks from the resulting autoradiograms are
shown. Numbers to the right of panel A denote the positions of
DNA size markers. (B) Free supercoiled SV40 DNA was digested
with 0.2 ,ug of staphylococcal nuclease per ml at 0°C for 15 min
(SN-0) or with 10 U of S1 nuclease. The total reaction product of the
staphylococcal nuclease digestion was treated with EcoRI, and
full-length linear SV40 DNA was purified from the S1 nuclease
digestion and treated with either EcoRI or Bgll. These samples were
electrophoresed, transferred, and hybridized as described above.
All of the lanes in (A) and (B) were derived from one gel. The lanes
were reordered and different exposures were used to equalize total
intensities. The lane DNA + SN-0 + EcoRI is a composite of two
different exposures to reveal the smaller fragments seen only upon
longer exposure. Abbreviations are as in Fig. 1 and 3. (C) The
positions of the nuclease cleavage sites, as determined from the

supercoiled SV40 DNA. This suggests that the DNA in
torsionally strained minichromosomes may absorb the tor-
sional strain by unwinding the DNA duplex in specific
preferred loci. However, some of the staphylococcal nucle-
ase cleavage sites in minichromosomes are not cut by Si
nuclease, nor are they staphylococcal nuclease cleavage
sites in supercoiled DNA. It may be, therefore, that DNA-
protein interactions play a role in the creation of some of the
nuclease-sensitive sites.

Since the additional negative supercoils can be removed
by topoisomerase I, they may take the form of a writhing of
the DNA. DNA in the core nucleosome is not likely to be
free to writhe, whereas the linker DNA between nucleo-
somes may be far more topologically pliable. If two negative
supercoils were distributed over the entire 5,243 bp of SV40
DNA, the net superhelical density of the minichromosome
would be only -0.004. However, if these two supercoils
were confined to a single DNA segment between adjacent
nucleosomes (an average of 70 bp for SV40) the superhelical
density in that one region would be -0.299. This density
appears to be unusually high; therefore, the supercoils may
reside in longer internucleosomal segments, or the torsional
stress may be relieved by local denaturation.

In some experiments, virtually all of the minichromosomal
DNA can be cleaved once, and only once, by the nuclease.
This cutting can be completely relieved by pretreatment with
topoisomerase I. Therefore, it is likely that the extra
supercoiling is present in all minichromosomes in vivo. If
this is so, one wonders why topoisomerases I and II, which
are present in nuciei, do not remove the torsional strain. A
possible explanation is that the extra supercoils are not
susceptible or available to topoisomerase in vivo because of
protein interactions or DNA folding that is lost in vitro.
Another possibility is that supercoiling of minichromosomal
DNA is constantly being maintained by an active supercoil-
ing activity.
The loss of nucleosomes in the exposed region of the SV40

minichromosome, which spans about 400 bp between the
beginning of the early and late regions, could account for the
two unconstrained negative supercoils in minichromosomes.
An argument against this view is the fact that only approx-
imately 20% of minichromosomes possess the nucleosome
gap (27, 28; unpublished data), but all of the minichromo-
somes display a topology-dependent nuclease cleavage.
Another possible explanation to account for the torsional

strain stemming from two superhelical turns per DNA mol-
ecule is that they are a consequence of higher-order folding
of the SV40 minichromosome. For example, it is possible to
devise a model of higher-order folding in which the forma-
tion of a solenoid structure could introduce two to three
negative supercoils (6). An argument against this view is that
both compact minichromosomes, such as those which exist

autoradiograms in (A) and (B) and several other experiments with
Taql as well as EcoRI and BglI restriction digests are shown in
relation to the SV40 genome. The approximate boundaries of the
early and late regions and the direction of transcription are indicated.
Symbols: +. staphylococcal nuclease cleavage sites in
minichromosomes at 0°C: A,. staphylococcal nuclease cleavage sites
in supercoiled DNA: A. Si nuclease cleavage sites in
minichromosomes: A. Si nuclease cleavage sites in supercoiled
DNA. The boxes A through H indicate regions in which
staphylococcal and SI nuclease cleavage sites in minichromosomes
are in close proximity.
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at high ionic strengths in the presence of histone Hi (24, 34),
and extended minichromosomes, which occur in low-ionic-
strength solutions, are cleaved equally efficiently by staph-
ylococcal nuclease at 0°C.

Rather than assuming that the extra negative superhelical
turns result from the loss of nucleosomes or from the
presence of higher-order folding, we have considered the
possibility that the additional unconstrained supercoils result
from the activity of an as yet undiscovered mammalian DNA
gyrase. Although evidence for the existence of a mammalian
DNA gyrase is elusive, we have found that E. coli DNA
gyrase can introduce additional negative supercoils into
SV40 minichromosomes which had been treated with
topoisomerase I and also partially restore the sensitivity to
staphylococcal nuclease at 0°C (data not shown). We have
also observed, in preliminary experiments, that treatment of
SV40-infected cells with the type II topoisomerase inhibitor
novobiocin decreases the sensitivity of the minichromo-
somal DNA to staphylococcal nuclease cleavage; however,
the loss in nuclease sensitivity is never complete and only
occurs at high novobiocin concentrations. In this connec-

tion, Villeponteau et al. (37) have recently found that an

actively transcribed chicken P-globin gene in chromatin is
sensitive to cleavage by DNase I and that this sensitivity is
lost after novobiocin treatment of the cells. They propose

that the active chromatin structure is maintained by an

ATP-dependent, novobiocin-sensitive supercoiling activity.
At present, the function of the torsional strain in

minichromosomes is obscure. Although virtually all
minichromosomes possess a torsionally strained genome,

only about 1% of SV40 minichromosomes appear to be
transcriptionally active (8, 13, 19). Therefore, it is unlikely
that torsional strain is a feature peculiar to only those
minichromosomes engaged in transcription. Perhaps the
extra supercoiling is necessary for the production of tem-
plates capable of being transcribed or replicated. Two neg-

ative supercoils unconstrained by nucleosomes could favor
both replication and transcription, since approximately 21 bp
of duplex DNA could be completely unwound without
introducing additional strain in the remainder of the mote-
cule in the form of positive supercoiling.

This small degree of unconstrained DNA supercoiling may
not be unique to extrachromosomal DNA circles. Since
chromosomes are organized into large, topologically closed
DNA loops (25) and transcriptional units appear to be
precisely arranged with regard to the positioning of a loop on
the chromosome scaffold (23), it is possible that gene expres-

sion could be regulated, in part, by selective alteration of the
DNA topology in specific chromosomal loops.
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