






BARRIERS TO Bal3l IN SV40 CHROMATIN 607

Ml

'r I

S

I
2 . I111111

\\I

1Z
I

Msp/Bal (5)

g Msp/Bal (7.5)

. M/Bg/Bal (1)

or Msp/Bal ( 10)

I DNA

]CHMl

A ot. Bgl/Bal (10)

M2

% M3

I

72 Tk
Msp I

5100 5200 0 100 200 300 400 bp

FIG. 4. Stop sites for Bal3l digestion in the early direction from the MspI and BglI sites. The top of the figure shows 32P-labeled
supercoiled circular SV40 DNA (purified by centrifugation to equilibrium in CsCl-ethidium bromide) or 32P-labeled SV40 chromatin (CH)
(isolated from a sucrose gradient) digested with either MspI or BgIl for 10 min and then with Bal3l for the times indicated in parentheses (in
minutes). The incubation mixtures were treated as described in the text, digested to completion with NdeI, and fractionated by
electrophoresis in 4% polyacrylamide. Markers are 32P-labeled SV40 DNA digested with NdeI + MspI (Ml), Ndel + BglI (M2), or HaeIII
(M3). The bottom depicts a segment of the SV40 map on which the major stop sites for Bal3l digestion of SV40 chromatin in the early
direction from the MspI and BglI sites are shown. The 21- and 72-bp repeated segments of the SV40 genome are shown by boxes. The SV40
sequence is numbered according to the Buchman-Burnett-Berg system (5).

BaIl3 stop sites in different chromatin subpopulations.
Chromatin fractions recovered from the leading and trailing
edges of the nucleoprotein peak in a sucrose gradient were
subjected to cleavage by MspI followed by Bal3l digestion
(Fig. 6). In a fraction from the trailing edge of the peak
(fraction 10, Fig. 6a), most of the chromatin molecules were
rapidly digested across the nuclease-sensitive region. (Loca-
tions of the stop sites in these experiments were confirmed
by redigesting with restriction enzymes.) By contrast, in a

fraction from the more rapidly sedimenting material (fraction
7, Fig. 6b), Bal3l paused after digestion only a short distance
in either direction from the MspI site. Similar results have
been obtained with BglI-digested chromatin (data not
shown). After 90 min of incubation in this experiment, Bal3l
was able to pass the barriers to its digestion.
The difference in the patterns of Bal3l stop sites between

gradient fractions was not due to the fractionation of materi-
als (e.g., ribosomes) which alter the activity of the exonucle-
ase. Bal3l digestion of MspI-cleaved fraction 7 chromatin
gave the same result even in the presence of an excess of
unlabeled fraction 10 chromatin (Fig. 6c), and MspI-cleaved
fraction 10 chromatin gave the same pattern after Bal31
digestion even in the presence of an excess of unlabeled
fraction 7 (Fig. 6d).
Chromatin from fractions 7 and 10 was also digested with

DNase I, and the frequency of cleavage within the nuclease-
sensitive region was determined as described previously (33,
44). DNase I cleaved preferentially within the 400-bp seg-

ment of the late side of the origin of replication in both
chromatin subfractions; however, the preference was sub-
stantially greater in the more slowly sedimenting chromatin

(ca. 40% of the molecules in fraction 10 were cleaved in this
region as compared with ca. 20% for fraction 7).

DISCUSSION

Major barriers to Bal3l digestion appear to define the
outer borders of the region of SV40 chromatin previously
shown to be preferentially cleaved by endonucleases (7, 8,
31-33, 38-40). These borders appear as clusters of Bal3l
stop sites located between nucleotides 390 and 450 on the
late side (Fig. 5) and between nucleotides 5100 and 5220 on
the early side (Fig. 4). These results are in good agreement
with the region of DNase I sensitivity (mapped to extend
between nucleotides 5212 and 360 [7, 31]) if we suppose that
Bal3l can digest for a short distance into each border of the
nuclease-sensitive region into sequences which are not ac-
cessible to DNase I.

We cannot distinguish whether any given band on a gel
was determined by the preference for the exonuclease to
stop at that DNA sequence (see the control digestions in Fig.
4 and 5), by some feature of the nucleoprotein structure at
these barriers, or more likely, by a combination of both
sequence specificity and nucleoprotein configuration. What
is clear from these experiments is that Bal3l pauses at
positions in the chromatin which it would have passed much
more readily had it been digesting naked DNA. Some aspect
of the chromatin structure in the neighborhood of these stop
sites (if not at the actual location on the sequence) must
account for these observations.

It is interesting to speculate that the nuclease-sensitive
region may be created by nucleosomes positioned precisely
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at each border. The patterns of Bal31 stop sites observed in
Fig. 4 and 5 (clusters of sites spaced at about 10-bp intervals)
are reminiscent of patterns obtained when exonuclease III
was used to digest bulk nucleosomes from chicken erythro-
cyte chromatin (29, 30). A similar pattern of subnucleosomal
fragments has been seen after Bal31 digestion of bulk
nucleosomes (21; A. Stein, personal communication).
Mapping structural features in SV40 chromatin by exonu-

clease digestion is subject to artifacts due to selection of
subpopulations of molecules which can be cleaved by a
given restriction enzyme (24). It seems unlikely, however,
that the borders of the nuclease-sensitive region which have
been detected in these experiments are the result of this type
of artifact. The clusters of exonuclease stop sites which
define the early and late borders were the same whether BglI
or MspI provided the starting point for Bal3l digestion.
Secondary structure of the DNA may play a dominant role

in the appearance of nuclease-sensitive sites. Weintraub (42)
has suggested that nucleosomes may escape from a region in
which their formation is unfavorable, releasing superhelical
strain. An altered DNA structure may be formed before the
strain is dissipated throughout the entire chromatin mole-
cule. Wasylyk et al. (41) have shown that nucleosomes form
less readily in the nuclease-sensitive region of SV40 than
they do elsewhere. If superhelical tension is required to
produce the nuclease-sensitive region in SV40 chromatin, it
is necessary to explain why the borders of the nuclease-
sensitive region can be identified by Bal3l digestion of
molecules which have been cleaved by restriction enzymes.
It is possible that an altered DNA structure is formed as a
result of supercoil tension and prevents nucleosomes from
entering this region. Once the tension is relieved, nucleo-
somes may only migrate in very slowly.
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Proteins which bind specific sequences may be involved in
formation of the nuclease-sensitive site. SV40 tumor antigen
(T antigen) is a possible candidate for such a protein since it
binds to specific sequences in this region of the viral genome
(25, 34, 36, 37); however, the nuclease-sensitive site is
retained in tsA mutant chromatin after incubation at nonper-
missive temperature (31; J. P. Hartmann and W. A. Scott,
unpublished data). Shalloway et al. (34) used exonuclease III
to locate T-antigen-binding sites on SV40 DNA and found a
barrier to exonuclease III digestion in the early direction
from the MspI site located at nucleotide 118. We have not
detected a baffler at that location to Bal31 digestion of SV40
chromatin; however, the association of T antigen with
chromatin may be different in detail than its association with
purified DNA. Further evidence about the role of DNA
sequence in the definition of these borders will be obtained
when mutants which affect this region have been analyzed
by Bal3l digestion.

Barriers to Bal3l digestion occurred between the BglI and
MspI sites in a substantial portion of the chromatin mole-
cules. This is consistent with observations that only a
fraction of the SV40 chromatin isolated from infected cells
exhibits an open region as seen in the electron microscope
(19, 20, 32) or by sensitivity to endonucleases (32, 33).
Presumably, MspI and BglI are able to cleave some mole-
cules which do not contain an open region, but Bal31 cannot
digest across this region in those molecules. By sucrose
gradient sedimentation, we were able to obtain partial sepa-
ration between molecules that are open and molecules that
contain barriers to exonuclease in this region. We have not
correlated these populations with any known subpopulations
of SV40 chromatin. Chromatin species sedimenting in this
region of the gradient include transcription and replication
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FIG. 5. Stop sites for Bal3l digestion in the late direction from the MspI and BgIl sites. Portions of the Bal3l digest mixtures described in
the legend to Fig. 4 were redigested with EcoRV and fractionated by electrophoresis in 4% polyacrylamide. Markers are 32P-labeled SV40
DNA digested wtih EcoRV + MspI (Ml), EcoRV + BgIl (M2), or BstNI (M3). The major stop sites for Bal3l digestion of SV40 chromatin in
the late direction from the MspI and BglI sites are shown on the map at the bottom.
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FIG. 6. Bal31 digestion of SV40 chromatin subfractions with
different sedimentation properties after cleavage by MspI. 32p_
labeled SV40 chromatin was fractionated by centrifugation into a 5
to 20% sucrose gradient, and the location of nucleoproteins contain-
ing SV40 DNA was determined by electrophoresis of a deprotein-
ized sample from each gradient fraction followed by ethidium
bromide staining. The peak of SV40 chromatin was in fractions 8
and 9 (out of 22 total fractions). Fraction 10, which sedimented less
rapidly than the peak, was mixed with an eightfold excess of the
same fraction from a parallel gradient run on unlabeled chromatin.
(a) shows the mixture incubated with MspI, digested with Bal3l for
the times indicated (in minutes), and fractionated by electrophoresis
as described in the legend to Fig. la. (b) shows fraction 7 from the
gradient containing 32P-labeled chromatin mixed with an eightfold
excess of fraction 7 from the gradient containing unlabeled chroma-
tin and digested with MspI and Bal3l as described above. (c) shows
the same experiment performed on a mixture of 32P-labeled fraction
7 and unlabeled fraction 10; (d) was performed on a mixture of 3-P-
labeled fraction 10 and unlabeled fraction 7. 1, II, and III are

described in the legend to Fig. 1. U, Sample of chromatin before
digestion with MspI or Bal3l. M, Size standard generated by
digestion of 32P-labeled SV40 DNA with BgIl + Taql.

intermediates (which are only present as small components
of the nucleoprotein population [9, 23, 35]) and certain early
assembly intermediates (26).
The major barriers to Bal3l within the nuclease-sensitive

region lie at each border of the 72-bp repeated sequences. It
would be of particular interest to find a nucleoprotein
structure in which Bal3l is prevented from crossing into the
72-bp repeated sequences, since this might lead to the
isolation of a nucleoprotein complex involved in the function
of that region as a transcriptional enhancer (2, 16). To
determine whether these barriers occur on the same nucleo-

protein molecules, we incubated SV40 chromatin with a
mixture of Bgll and MspI and analyzed the products after
Bal3l digestion. Twenty percent of the chromatin was
cleaved by both enzymes; however, the 354-bp fragment
generated by double digestion was quickly reduced to frag-
ments too small to detect when incubated with Bal3l (data
not shown), suggesting that the barriers were not preserved
in the double-digest nucleoprotein product. One possible
explanation for this result is that molecules which contain
barriers to Bal3l at the borders of the 72-bp repeated region
cannot be cut by both restriction enzymes. This might be the
case if, for example, these molecules contained nucleosomes
in this region spaced at 200-bp intervals. If the barrier to
Bal3l digestion from the MspI site at nucleotides 250 to 300
were defined by a nucleosome, an adjacent nucleosome on
the early side would obscure the BglI site. Likewise, if Bal3l
digestion in the late direction from the BglI site reached a
nucleosome at nucleotides 50 to 100, an adjacent nucleo-
some on the late side would block the MspI site. The only
molecules cut by both restriction enzymes would be those
which had a region free of nucleosomes. Consequently, the
double-digest product would be degraded by Bal3l. Mole-
cules which have two additional nucleosomes might sedi-
ment more rapidly than those which lack nucleosomes in this
region, explaining the results in Fig. 6. Since only those
molecules which are cleaved by a restriction enzyme are
degraded by Bal3l, there would be a strong selection for a
particular nucleosome distribution in the situation described
above. Consequently, it is not necessary to postulate strict
phasing of nucleosomes to obtain the observed results.
At face value, the results in Fig. le and f suggest that a

subset of SV40 chromatin molecules has nucleosomes which
are phased with respect to the BamHI site, and another
subset has nucleosomes which are phased with respect to the
Bcll site. The existence of such phasing is not proven by this
experiment since it is also possible that those molecules
which are cleaved by BamHI (or by BclI) represent a
selected subpopulation in which the BamHI site lies in a
restricted portion of the internucleosomal DNA (24). If this
were the case, nucleosomes would lie, on the average, a
certain distance on either side of the restriction site in those
molecules which have been cut by that restriction enzyme,
even if the nucleosomes were randomly distributed in the
total chromatin population. The next nucleosome would be
ca. 200 bp farther away on each side, giving the impression
of nucleosome phasing.
The demonstration of barriers to Bal3l degradation from

more than one restriction site provides evidence for structur-
al discontinuities at discrete locations in the SV40 genome.
We can use these features to identify chromatin subpopula-
tions in our attempts to relate structural heterogeneity to
specific chromatin functions.
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