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FIG. 4. Cutting sites for DNase I in the late strands of HindIII-
SphI *W-S and W reconstituted nucleosomes and DNAs. Cutting
sites are mapped with respect to the SphI 5' end by using as a site
marker the wild-type SV40 HindIII-SphI fragment labeled at the
same end and chemically cleaved at G or G and A residues.
Digestion conditions are as in Fig. 2. The SV40 nucleotide positions
of the late strand are indicated at the left.

features strongly suggest that a specific interaction occurs
between W or S homoduplexes and histone octamers-the
kind of interaction occurring in uniquely phased core parti-
cles in which most sites that are preferentially cleaved in
control DNA are shielded by histones while others, occupy-
ing nucleotides 10, 20, 40, 50, 60, (to a lesser extent, 70 and
90), 100, 120, and 130 from the end (12, 17, 18, 21), are
selectively exposed to DNase I.
The SphI terminal segment of both homoduplexes (from

about nucleotides 80 to 128 [SphI end]), 147 to 1% bases
from the HindlIl site, appeared to be extensively cut by
DNase I. A careful inspection of the upper portion of the
autoradiograms revealed that, as digestion time increased
from 1 to 10 min, DNA fragments tended to accumulate near
the border of the protected region, i.e., to a size the length of
normal core particle DNA, 145 nucleotides. This observa-
tion suggests that the DNA beyond 145 bases from the
HindIlI site, commencing at nucleotide 80, is not protected
by histones but is freely accessible to DNase I and progres-
sively degraded to shorter fragments.
As with nucleosomes reconstituted from W or S

homoduplex DNAs, nucleosomes reconstituted from A
homoduplex DNA (170 bp, Fig. 2) had a highly protected
region spanning from 150 bases and starting from (near) the
HindIlI end. However, internal features of the protected
region in the A nucleosomes differed from those described
for the W and S nucleosomes. Specifically, a direct compar-

ison with W nucleosomes revealed that the DNase I-
sensitive sites in A nucleosomes were displaced with respect
to the labeled 5' end. The major site mapped at nucleotide
5235, with other sites at nucleotides 5195 and 80. Some
nucleotides exposed to DNaseI digestion in W nucleosomes
(5187, 5197, 5227, and -70) were still cleaved in A
nucleosomes, but with a reduced intensity, approaching that
in naked DNA alone. Therefore, their occurrence might
merely reflect the sequence selectivity of DNase I, although
we tend to believe that there are two classes of mono-
nucleosomes formed: a major class phased eight nucleotides
beyond the position in W and S nucleosomes and a minor
class identical to the W and S nucleosomes. In any case, the
pattern of cutting positions inside the protected region
clearly differed from those observed in W and S
nucleosomes. The deletion of the 27-bp palindrome made the
A homoduplex DNA 26 and 25 bp shorter than the W and S
homoduplex DNAs, respectively. Different lengths of DNA
might, per se, account for the differences in nucleosomal
positioning noted above. However, an overview of these and
other data presented below makes the interpretation more
complex (see Discussion).

Phasing of nucleosomes in cruciform DNA: analysis from
the Hindlll end. Figures 2 and 3 also show footprints of
nucleosomes reconstituted from cruciform-containing
heteroduplexes (*W-S and *S-W). In *W-S heteroduplexes
the 5' end label is on the wild-type strand at nucleotide 5176
(Fig. 1 and 2). In *S-W heteroduplexes the 5' end is labeled
on the substituted strand.
For clarity of discussion we will divide the heteroduplexes

into three portions: a "short arm," 54 bp long (from nucle-

Hind III 5176
5190
5210
5230

0/5243 :E
20 _
30 --

40 -_
50 -_

60 -_

70 -_

80 -_

90 -

100 -

110 +-_

SPh I1128

*S-W S

M heteroduplex homoduplex M

-nucleo- DIA nucleo- DNA

some sNsome D

0'1'310', 0 1'310'o 01310O

1---".- a
I

a_ _

II.
a|_ -60

a.-. 4.3 5

U.~~~~~~~_

a
-. & *44

:0
*_1

_* .44

a .1
. a

_ a -
a. * -
. .

_--

:3 -5

_

; w 9..

_.5_.
.I
-

_..:

FIG. 5. Cutting sites for DNase I in the late strands of HindIll-
SphI *S-W and S reconstituted nucleosomes and DNAs. Digestion
conditions are as in Fig. 2. Mapping of cutting sites as in Fig. 4.
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otides 5176 to 5229); a "stem-loop," 13 by 13 (from nucleo-
tides 5230 to 13); and a "long arm" 115 bp long (from
nucleotides 14 to 128).
Nucleosomes reconstituted from both heteroduplexes

(*W-S or *S-W) had identical patterns of DNase I cutting,
except in the region of the stem-loop structures. On the other
hand, the DNase I specificity on naked DNA also differed in
this region.

In both nucleosomes the heteroduplex short arm appeared
to be considerably less protected than the corresponding
homoduplex molecules (cf. the 10-min samples). Little pro-
tection from DNase I is indicative of a loose association or a
lack of interaction between the short arm and core histones.
We stress that the same 54-base DNA segment was strongly
protected in nucleosomes reconstituted from W and S
homoduplexes. This fact is the first indication that a differ-
ence exists between the arrangement of nucleosomes recon-
stituted from heteroduplex and homoduplex molecules.
On the other hand, the DNase I cleavage patterns of the

long arm, compared with those of either the homoduplex
nucleosomes or naked DNA, indicated protection of this
DNA segment. This protection was particularly notable in
the region of nucleotides 60 to 90, although its extent could
not be clearly defined in this experiment. The poor resolu-
tion of bands in the upper region of the autoradiograms did
not allow a detailed analysis of this region when the HindlIl
site was labeled.
Nucleosome phasing in homoduplex DNA molecules: analy-

sis from the SphI site. In the experiments shown in Fig. 4 and
5, the DNA molecules prior to reconstitution were 5' end
labeled at the SphI terminus so that the late strand was the
one monitored in the autoradiograms (Fig. 1B).

Again, nucleosomes reconstituted from W (Fig. 4) and S
(Fig. 5) homoduplex DNAs had similar patterns of DNase I
digestion. The features of these analyses were in agreement
with those of the analyses of the early strand (reported
above).

Specifically, a region strongly protected from DNase I
spanned from the HindIII terminus (top of the autoradio-
grams) down to nucleotide -80. Inside the protected region
only a few sites were accessible to DNase I, and they were
cleaved at a rate usually higher than in the naked DNAs.
These sites mapped at nucleotides 75, 63 to 64, 53, 33, and 22
of W nucleosomes and at nucleotides 75, 65, 55, and 16 and
three other sites closer to the HindIll end of S nucleosomes.
The positions of some of these cutting sites differed slightly
in the two nucleosomes, but in both cases they were regu-
larly spaced from one another by a distance approximating
10 (or a multiple of 10) bases. Again, such periodicity of sites
accessible to DNase I is generally considered as evidence of
a nonrandom interaction between DNA and histones in
native (18) as well as reconstituted (12, 17, 21) nucleosomes.

Adjacent to the protected region, between nucleotides 80
and 100, were a number of cutting sites also present in naked
DNAs, indicating that this segment of DNA is freely acces-
sible to DNase I. Therefore, this 20-bp segment of DNA
defines the border of the protected region, as was observed
above in nucleosomes reconstituted from the homoduplex
molecules labeled at the HindIII end. The last short DNA
segment monitored (from nucleotides 100 to 110) also ap-
peared to be protected, presumably as a consequence of a
nonspecific interaction between the DNA end and histones
(2, 9).
Nucleosome phasing in heteroduplex molecules: analysis

from the SphI end. Figures 4 and 5 also show footprints of
nucleosomes reconstituted from cruciform-containing
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FIG. 6. Cutting sites for DNase I in the early strands of HindlIl-
FokI *W-S, W and A reconstituted nucleosomes and DNAs. Diges-
tion conditions and mapping of cutting sites are as in Fig. 2. Labeled
pBR322 HpalI restriction fragments were used as site markers.

heteroduplexes (*W-S and *S-W) labeled at the SphI site.
This end labeling at the SphI terminus made possible a more
detailed analysis of the DNase I cleavage pattern of the
heteroduplex long arms.

In the long arm most of the sites which were preferentially
cleaved by DNase I in naked DNAs were protected in the
nucleosomes. This protection was either complete, as in the
segment from nucleotides 25 to 55, or partial, again giving
rise to preferential cleavage sites separated by 10 bases.
These sites occurred at nucleotides 83, 75 to 74, 65 to 64, and
55 to 54 of both *W-S and *S-W nucleosomes.
While the long arm was unequivocally protected, the short

arm bands tended to disappear after 10 min of digestion with
DNase, as was also observed above in nucleosomes recon-
stituted from HindIll end-labeled heteroduplexes.
Taken together, these results (Fig. 2 to 5) indicate that

protection by histones in nucleosomes reconstituted from
homoduplexes spans a distance of about 150 bp from (near)
the HindlIl end up to nucleotide 80. On the other hand,
nucleosomes reconstituted from heteroduplexes span a re-
gion from the SphI end over the long arm (115 bp), leaving
the short arm relatively accessible to DNase I.

In all these experiments, the stems of the stem-loop
structures showed an increased relative accessibility to
DNase I in nucleosomes when compared with naked
heteroduplexes, suggesting that in reconstituted nucleo-
somes cruciform structures are exposed to DNase I. This
result was confirmed by restriction analysis of *W-S
nucleosomes. An HaeIII site in the stem of the SV40
wild-type stem-loop was fully accessible to HaeIII (data not
shown).
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FIG. 7. Schematic representation of DNase I cutting positions in W nucleosomes. The canonical cutting pattern, although somewhat
dependent upon the precise nucleotide sequence, would by expected to have major bands on the upper strand at nucleotides 10 (5187), 20
(5197), 40 (5217), and 50 (5227), weak bands at nucleotides 70 (5), 90 (25), and 100 (35), and very weak bands at nucleotides 30 (5207), 60 (5237),
and 80 (15). Although not shown in this figure, weak bands also appeared (Fig. 2) at nucleotides 5, 15, and 35. As expected, major bands on
the lower strand appeared at similarly separated sites but were displaced by three to five nucleotides from those on the upper strand.

Nucleosome phasing with a sub-core-length DNA fragment.
Since in the preceding experiments the nucleosome-
protected region of the heteroduplex molecules was the long
arm, only 115 bp in length, we decided to examine what
effect, if any, shortening of this arm would have. Figure 6
shows footprints of nucleosomes reconstituted from W, A,
and *W-S DNA molecules labeled at the 5' HindIII end and
terminating at the FokI restriction site. Since the latter site is
located at nucleotide 93 of the SV40 sequence (Fig. 1), the
DNA molecules were 35 bp shorter than those utilized in the
experiment in Fig. 2. The footprints of the HindIII-FokI W
homoduplex- and *W-S heteroduplex-reconstituted nucle-
osomes were not significantly different from those of the
HindIII-SphI molecules (cf. Fig. 6 and 2), suggesting that the
80-bp long arm is still strongly preferred to the 54-bp short
arm for histone interaction.

Curiously, the nucleosomes formed from the A homo-
duplex DNA differed dramatically from those shown in Fig.
2. Specifically, these nucleosomes had a digestion pattern
nearly identical to those of nucleosomes formed from the W
and S homoduplex DNAs. On reexamination of Fig. 2, it can
be seen that all of the bands corresponding to cleavage sites
of the W homoduplex nucleosomes were present in reduced
amounts in the A homoduplex nucleosomes. Thus, the
homoduplex nucleosomes may adopt two different
nucleosomal arrangements. The shorter DNA used in Fig. 6
might shift the equilibrium, accounting for the fact that the
DNase I pattern is now identical to those of W and S
homoduplex DNAs.

DISCUSSION

Nucleosomes reconstituted from linear homoduplexes. The
data clearly demonstrate that fragments of the SV40 ori
region associate in vitro with core histones in a nonrandom
arrangement, i.e., the nucleosome is phased with respect to
the uniquely labeled ends.

Reconstitution in vitro of nucleosomes with specific,
uniquely end-labeled DNA fragments has been reported in
the past by several groups using different cloned DNA
fragments (2, 12, 17). The consensus from such analyses has
been that the DNA fragment adopts a single preferred
position with respect to the histone octamer and therefore
that specific DNA sequences might play a role in driving the
specific positioning of the histone octamer along the DNA
fragment.
Our analyses of nucleosomes reconstituted from the linear

homoduplexes reported above extend the study of DNA-
histone interactions in uniquely phased nucleosomes. The
DNase I footprint of nucleosomes reconstituted from the
SV40 wild-type, 196-bp ori fragment (W) clearly indicates a

unique positioning of the histone octamer along the DNA
segment. The distribution of DNase I-sensitive sites in Fig. 2
and 4 is schematically represented in Fig. 7. (Only sites
cleaved at a rate higher than in control DNA are considered
so as to minimize the influence of the sequence selectivity of
DNase I and to simplify our analysis.) Taken together, Fig.
2 and 4 indicate that the majority of nucleosomes formed
from the wild-type DNA are protected from DNase I diges-
tion only in the region from nucleotides 5176 to -75, i.e., the
sequences from nucleotides 75 to 128 lie outside of the
protected region. If we take nucleotides 5176 (the HindIIl
end) and 75 to be terminal nucleotides of the core DNA, the
organization of the wild-type core particle appears to be
perfectly symmetric. That is, the digestion patterns pro-
duced from the two DNA strands are identical. There is a
central segment 38 bp long (from nucleotides 5227 to 22) that
is resistant to DNase I digestion on either strand. There are
two lateral segments, 51 and 53 bp long, that are cleaved on
opposite strands at positions separated by approximately 10
bases. The sensitivities of the five symmetrically distributed
sites are not precisely comparable at sites 4 and 5 (Fig. 7)
but, interestingly, both sites 3 are rather resistant to DNase
I. This latter finding, along with the resistance of the central
segment (which contains the 27-bp palindrome), recalls the
"canonical" pattern of DNase I cutting of native random
sequence core particles (6, 11, 18, 20). On the other hand,
there was a large difference between the behavior of the two
DNA strands of the reconstituted core particles analyzed by
Simpson and Stafford (17) as well as by Ramsay et al. (12).
Does the presence of a HindIIl end play any role in

determining the unique association of SV40 wild-type
homoduplex DNA with histones? A partial answer can be
found in Fig. 2 by comparing footprints of nucleosomes
reconstituted from the wild-type and deletion mutant DNAs.
The A homoduplex DNA (170 bp) differs from the W
homoduplex DNA only by the elimination of the 27-bp
palindrome. Again, the protected region lies toward the
HindIII end of the molecule, and the SphI end is readily
accessible to DNase I digestion. However, the sites exposed
to DNase I are different than in the W core particle. Major
cleavage sites are now found at nucleotides 5195 and 5235
instead of 5187, 5197, and 5227 (Fig. 2 and Results). Since
the sequence from the HindIII end to nucleotide 5229 is
exactly the same in the W and A homoduplexes, we conclude
that the HindIII end per se does not play a major role in
phasing.
Nucleosome phasing by the SV40 ori sequences is cer-

tainly influenced by (i) the 27-bp palindrome, which is
contained in the 38-bp central resistant region of the wild-
type core DNA (since its deletion causes a redistribution of
sites exposed to DNase I), and (ii) the DNA sequence

Hind m 5'
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between the FokI and SphI restriction sites (since its ab-
sence reverses the effect of the deletion of the palindrome
and redistributes the sites exposed to DNase I back to the
positions that they occupied in the W nucleosome [Fig. 6 and
Results]). These two sequences, however, appear to be only
partially responsible for the phasing process, since their
deletion does not disrupt the basic, nonrandom organization
of the core particle.

Footprint analyses of nucelosomes reconstituted from
cruciform-containing heteroduplexes. We have reconstituted
nucleosomes by using DNA heteroduplexes in which the
cruciform structure is intercalated between two linear DNA
segments of different lengths, a short arm of 54 bp and a long
arm of 115 bp. If the cruciform structure of such molecules
prevented their association with core histones (as suggested
on the basis of experiments previously reported [10]), only
the longer of the two arms would have the length necessary

for nucleosome reconstitution (21), the short arm being left
as a protein-free DNA tail.
The results demonstrate that this is indeed the case; when

nucleosomes were reconstituted from such cruciform-
containing heteroduplexes, the short arms were freely acces-
sible to DNase I, whereas the long arms were protected by
their association with core histones. The pattern of protec-
tion observed in Fig. 4 and 5 is indicative of a nonrandom
DNA-histone association within the core particles, although
the occurrence of paired cutting sites suggests the possible
existence of two preferred nucleosomal arrangements rather
than of a uniquely phased core particle (e.g., in Fig. 4 *W-S has
prominent bands at nucleotides 75 to 74, 65 to 64, and 55 to 54).
Most importantly, each of the preferred DNA-histone

arrangements protects the heteroduplex DNA segment from
nucleotide 80 to the SphI end. The SphI end per se does not
direct any preferred arrangement of the nucleosomes, since
there is no protection of this region against nuclease diges-
tion in the nucleosomes reconstituted from the homodu-
plexes. Rather, it appears likely that the cruciform structure
is responsible for the shift to the long arm. This segment,
being shorter than the typical core DNA length (145 bp),
might associate with core histones in two or more preferred
configurations rather than a unique one as a consequence of
its incomplete binding to the histone octamer (2). However,
it appears to be long enough to assemble with core histones
and be phased with respect to the labeled end by the
cruciform secondary structure.

Implications. Data reported in the literature suggest the
occurrence of nucleosome phasing at the SV40 regulatory
region (15, 16, 23, 24), although the molecular basis of this
process is obscure. Our results provide the first experimental
evidence suggesting that there is a preferred phasing of the
histone octamers within the ori region of SV40. Further-
more, the synthetic heteroduplex molecules provide a pos-
sible model of how nucleosome phasing might occur if
cruciform structures exist in vivo.
The palindrome studied is essential for SV40 DNA repli-

cation (5) and contains a specific binding site for T antigen
(22). Accomplishment of these functions might require par-
ticular interactions with histones controlled by either pri-
mary or secondary DNA structures or both.
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