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The existence of torsional stress in eukaryotic chromatin has been controversial. To determine whether it
could be detected, we probed the structure of an alternating AT tract. These sequences adopt cruciform
geometry when the DNA helix is torsionally strained by negative supercoiling. The single-strand-specific
nuclease P1 was used to determine the structure of an alternating AT sequence upstream of the Xenopus
P-globin gene when assembled into chromatin in microinjected Xenopus oocytes. The pattern of cleavage by P1
nuclease strongly suggests that the DNA in this chromatin template is under torsional stress. The cruciform was
detected specifically in the most fully reconstituted templates at later stages of chromatin assembly, suggesting
that negative supercoiling is associated with chromatin maturation. Furthermore, the number of torsionally
strained templates increased dramatically at the time when transcription of assembled chromatin templates
began. Transcription itself has been shown to induce supercoiling, but the requisite negative supercoiling for
cruciform extrusion by (AT). in oocytes was not generated in this way since the characteristic P1 cutting
pattern was retained even when RNA polymerase elongation was blocked with a-amanitin. Thus, torsional
stress is associated with transcriptional activation of chromatin templates in the absence of ongoing
transcription.

A role for DNA supercoiling in gene activation is sug-
gested by the observations that initiation of transcription is
accompanied by local unwinding of DNA (71) and that such
strand separation is facilitated by negative DNA supercoiling
(reviewed in reference 39). Furthermore, both the formation
of stable initiation complexes and the number of initiated
transcripts have been shown to be greater on negatively
supercoiled than on relaxed templates in vitro (64). How-
ever, although superhelicity has been shown to influence
transcription of a number of prokaryotic genes in vivo (62),
the situation in eukaryotes is much less clear.
Both prokaryotic (88) and eukaryotic (59) chromosomes

appear to be organized as a series of independently super-
coiled loops or domains. In prokaryotes, the supercoiling is
only partially constrained by association with protein (11),
so that partitioning between the writhing and twisting of the
DNA helix can still take place. Two sources of supercoiling
in bacteria are DNA gyrase, which generates negative su-
percoils (23), and the process of transcription, which intro-
duces both negative and positive supercoils (90). The overall
level of unconstrained supercoiling appears to be the result
of the combined effects of transcription, DNA gyrase, and
the relaxing enzyme DNA topoisomerase I (63, 65, 78).
Fluctuations in superhelicity have been shown to affect the
expression of several genes (62).

In contrast to the situation in prokaryotes, it is clear that
the bulk ofDNA in eukaryotic chromatin is not significantly
torsionally strained (74). However, whether local regions of
the chromatin contain torsionally unconstrained supercoiling
is much less clear. The inability to identify a eukaryotic
equivalent of the bacterial enzyme DNA gyrase has made it
seem unlikely that torsional stress can be locally introduced
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into chromatin in a site-specific manner. However, there are
a number of other potential sources of local supercoiling in
eukaryotic chromatin, including the breakdown of higher-
order structure (57), the loss of nucleosomes from nuclease-
hypersensitive sites (32, 69), unfolding of the nucleosome
itself (13, 61), histone acetylation (54), or the passage of
transcribing RNA polymerase (10, 24, 55). To determine
whether torsional stress could be detected in chromatin, we
made use of the extreme sensitivity of alternating AT se-

quences to negative supercoiling.
Tracts of alternating AT exist as interspersed repeats in

the Xenopus laevis genome, and a number have been
mapped in the globin loci (25). A significant feature of these
sequences is the ease with which they adopt cruciform
geometry in negatively supercoiled plasmids (27, 44). The
free energy of formation of these cruciforms is very low
compared with that of other sequences described in the
literature (40, 45, 48). The sensitivity of alternating AT tracts
to DNA supercoiling suggested that their structure in eu-

karyotic chromatin might provide a readily detectable test
for the presence of torsional stress. The formation ofZ-DNA
has been used as an analogous indicator of supercoiling in
whole chromosomes (35, 87). The presence of an (AT), tract
in the promoter region of the Xenopus ,-globin gene raised
the possibility that the structure adopted by this sequence
might enable the supercoil status of a specific gene to be
determined.
Here we describe experiments using P1 nuclease to probe

the structure of the (AT). tract upstream of the Xenopus
,B-globin gene introduced into Xenopus oocyte nuclei by
microinjection. Our results suggest the formation of a cruci-
form by this sequence in chromatin, thereby revealing tor-
sional stress in the DNA. The supercoiling is associated with
the later stages of chromatin assembly and, although not a

consequence of transcriptional elongation, coincides with
transcriptional activation.
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MATERIALS AND METHODS

Internal labelling of DNA. Constructs were linearized with
EcoRI. The 5' termini were 32P labelled by using calf in-
testinal phosphatase and polynucleotide kinase (42). Unin-
corporated label was removed by Sephadex G-50 column
centrifugation prior to recircularization. Part of each sample
was restricted with NcoI to provide an end-labelled fragment
from which A>C and G+A sequencing ladders were gener-
ated (43, 76). Ligations were performed at 1 ,ug ofDNA ml-'
in 50 mM Tris-HCI (pH 7.5)-10 mM MgCI2-20 mM dithio-
threitol (DTT}-1 mM rATP-50 ,ug of bovine serum albumin
ml-18 U of DNA ligase ml-1 at 4°C overnight. Ethidium
bromide (1 ,ug ml-') was added when supercoiled molecules
were to be generated. Samples were extracted with phenol,
butanol, phenol-chloroform-isoamyl alcohol (25:24:1) and
chloroform-isoamyl alcohol (24:1) and then isopropanol pre-
cipitated. 32p label was removed from nonligated molecules
by retreatment with calf intestinal phosphatase. The extent
of religation and the final proportion of supercoiled, closed
circular relaxed, and linear molecules still retaining label was
assessed by agarose gel electrophoresis and autoradiogra-
phy. Supercoiled, closed circular relaxed, and linear mole-
cules for naked DNA digestion controls were isolated by
preparative low-gelling-temperature agarose gel electropho-
resis.

Oocyte injection and nucleic acid extraction. Isolation and
injection of stage VI oocytes were done as described previ-
ously (85). Oocytes were removed from ovarian follicular
material by treatment with collagenase, gently centrifuged to
bring the nucleus to the surface, and injected with 20 nl of
500-,ug ml-' DNA (containing 1 mg of a-amanitin ml-'
where necessary). Oocytes were incubated at 19°C in mod-
ified Barth's saline for the periods described in the text.
Total nucleic acid (for RNA and DNA analysis) was ex-
tracted from 20 to 30 pooled oocytes. Oocytes were homog-
enized in 300 mM NaCI-2% sodium dodecyl sulfate
(SDS)-50 mM Tris-HCl (pH 7.5)-i mM EDTA-1 mg of
proteinase K ml-'. The homogenate was extracted with
chloroform-isoamyl alcohol, phenol-chloroform-isoamyl al-
cohol, and chloroform-isoamyl alcohol and then ethanol
precipitated. The pellet was washed with 70% ethanol-
diethyl pyrocarbonate-treated H20, dried, and resuspended
in 1 mM EDTA (diethyl pyrocarbonate treated) for storage at
-700C.
Nuclease digestions. P1 nuclease digestions were carried

out in 50 mM Tris-HCl (pH 7.5)-S50 mM NaCl-10 mM
MgCl2-1 mM DTT (8) at 370C for 20 min. Micrococcal
nuclease (MNase) digestions were performed in 5 mM pi-
perazine-N,N'-bis(2-ethanesulfonic acid (PIPES; pH 7.0)-85
mM KCl-1 mM CaCl2-5% (wt/vol) sucrose (20) at 20°C for
0.5 to 5 min. Chromatin from injected oocytes was prepared
for digestion by the standard method (20). Briefly, 25 in-
jected oocytes were homogenized in 225 ,u1 of the appropri-
ate buffer, divided into 45-,u aliquots, and incubated with 5

of the appropriate nuclease (0.375 to 18.75 U of P1; 5 U of
MNase). Naked DNA (20 ,ug ml-') control digestions were
performed in the same buffers but with 1/10 the amount of
nuclease. All reactions were terminated by the addition of an
equal volume of 30 mM Tris-HCl (pH 7.9)-20 mM
EDTA-1% SDS and were treated with proteinase K (50 ,ug
ml-') overnight. Samples were extracted with phenol, phe-
nol-chloroform-isoamyl alcohol, and chloroform-isoamyl al-
cohol and then ethanol precipitated.

Polyacrylamide and agarose gel electrophoresis of DNA.
For high-resolution determination of sites of nuclease cleav-

age, samples were cut with EcoRI at the site of internal
labelling and analyzed on 5% denaturing polyacrylamide gels
(alongside DNA sequencing ladders). For low-resolution
analysis, samples were digested with BglII and electro-
phoresed on a 1% agarose gel (2 V cm-', 18 h) in Tris-
phosphate buffer (30 mM Tris-HCl [pH 7.3], 36 mM
NaH2PO4, 0.1 mM EDTA); 0.8% agarose gels containing
chloroquine (0 to 7.5 ,ug ml-') were electrophoresed (4 V
cm-I, 24 h) in Tris-phosphate buffer for analysis of topoiso-
mer distribution (34). Gels were transferred to nitrocellulose
and hybridized with the NcoI-BgIII ,-globin gene fragment
(*P in Fig. 4B), 32p labelled by random-primed synthesis
(18).

Analysis of RNA. Cap site-specific P-globin gene tran-
scripts in oocyte samples were analyzed by primer extension
(85). Two oocyte equivalents of total nucleic acid were
mixed with 0.1 pmol of a 5'-end-labelled 20-residue oligonu-
cleotide primer from the first exon of the 3-globin gene (10
,ul, final volume) in 400 mM NaCI-10 mM PIPES (pH 6.4).
The mixture was heated briefly to 65°C and allowed to anneal
at 52°C for 2.5 h. Reaction mixtures were transferred into 90
,ul of extension buffer (55 mM Tris-HCl [pH 8.2], 11 mM
DTT, 6.7 mM MgCI2, 27.8 ,ug of actinomycin D ml-', 0.55
mM deoxynucleoside triphosphates), reverse transcriptase
(10 U) was added, and extension proceeded at 42°C for 1 h.
After ethanol precipitation, samples were analyzed on a 5%
denaturing polyacrylamide gel. Total template-derived RNA
was analyzed by RNA dot blot. Two oocyte equivalents of
total nucleic acid were treated with RNase-free DNase (23
U, 37°C, 30 min) and ethanol precipitated. Dried pellets were
resuspended in 30 1.l of 0.1 mM EDTA, and 10 RI of 20x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
and 8 ,ul of 37% formaldehyde were added before heating to
60°C for 15 min. Samples were serially diluted (twofold) with
15x SSC, applied under vacuum to nitrocellulose, and
washed with 6x SSC. Bound RNA was hybridized with
linearized injection template, labelled by random-primed
synthesis (18).

RESULTS

P1 nuclease cleavage of (AT). is specific for supercoiled
molecules. We and others have previously shown that alter-
nating AT tracts become especially sensitive to single-
strand-specific reagents when present in negatively super-
coiled molecules (27, 44). The negative supercoils induce
unwinding of the primary helix, and the self-complementar-
ity of the melted strands leads to the formation of a cruci-
form (Fig. 1A). The cruciform loops are then preferentially
cleaved by single-strand-specific reagents. Thus, by investi-
gating the structure of alternating AT sequences in chroma-
tin, we hoped to determine whether the requisite unwinding
energy, or torsional stress, was present. With this in mind, it
was important to use a structural probe active under reason-
ably physiological conditions in order to maximize chroma-
tin stability. P1 nuclease is active at physiological pH and
has been shown to recognize altered DNA conformations
(19, 31), including cruciforms (8, 30).
Upstream of the Xenopus ,B-globin gene is an (AT)24

sequence centered on nucleotide -408 with respect to the
start of transcription (9). When naked DNA molecules
containing this sequence were digested with P1 nuclease,
cleavage in the alternating AT tract was observed only in
supercoiled templates (Fig. 1B, lanes SC). Neither closed
circular relaxed, nicked circular, nor linear DNA molecules
were cleaved in this region, even at enzyme concentrations
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FIG. 1. Supercoil specificity of P1 nuclease cutting of (AT)24 in
naked DNA. (A) The internally labelled Xenopus 3-globin gene
construct used in this experiment (pXGPlRH [17]). The thin line
represents pAT153 bacterial vector DNA, and the thick line depicts
Xenopus DNA (EcoRI [R]-HindIII [H]). Filled and open boxes in
the P-globin gene depict exons and introns, respectively, and the
arrow indicates the direction of 3-globin gene transcription. The site
of internal labelling (*R) and the alternating AT tract (AT) are
marked. The alternating AT tract in this construct is (AT)24.
Previous reports have referred to the same sequence as (AT)23 (9,
25). This reflects the tendency of these sequences to undergo small
deletions, presumably as a consequence of slippage during replica-
tion. Beneath the construct diagram are depicted the four topolog-
ical forms (listed below), with cruciform extrusion being supercoil
(SC) dependent. (B) P1 nuclease digestion of internally labelled
pXG,lRH as closed circular relaxed (CCR), nicked circular (NC),
linear (L), and supercoiled (SC) molecules. Samples were incubated
without P1 nuclease (lanes 0) or with increasing amounts of the
enzyme (indicated by horizontal arrows). The pXG(31RH DNA was
extracted and cleaved with EcoRI at the site of internal labelling. P1

FIG. 2. Evidence that MNase digestion patterns of Xenopus
p-globin gene chromatin reconstituted in oocyte nuclei are equiva-
lent in P1 nuclease and MNase buffers. Oocytes injected with
pXGIlRH (Fig. 1A) were homogenized either in MNase buffer or in
P1 buffer and incubated for the time used in P1 digestion but without
P1 nuclease. Oocyte homogenates in P1 buffer were then supple-
mented with Ca2", and both homogenates were immediately di-
gested with MNase for increasing periods of time (indicated by
horizontal arrows). MNase digestion products were detected by
hybridization to the NcoI-BglII ,-globin fragment (*P in Fig. 4B).
The molecular weight size marker (lane M) is a 3'-end-labelled
pAT153 HpaII digest yielding fragment sizes of 634, 494, 407, 244,
240, 219, 205, 192, 162 (doublet), and 149 bp and a number of smaller
bands.

20 times higher than those required to initiate cleavage of
supercoiled DNA (Fig. 1B, lanes CCR, NC, and L). In the
supercoiled molecules it is clear, from the pattern generated
at lower enzyme concentrations, that P1 nuclease preferen-
tially cleaves in the middle of the alternating AT tract. In
agreement with previously reported results with other single-
strand-specific reagents (27, 44), this pattern of cleavage is
indicative of cruciform geometry. The high degree of speci-
ficity for supercoiled molecules meant that P1 nuclease
cutting of (AT)24 was a very suitable assay for the existence
of torsional stress in chromatin.
The Xenopus 0-globin gene is under torsional stress in

chromatin reconstituted in Xenopus oocyte nuclei. DNA in-
jected into Xenopus oocyte nuclei is rapidly converted into
canonical chromatin (20, 91). To determine the structure of
(AT)24 in chromatin, and thereby the torsional state of the
DNA, the Xenopus ,B-globin gene was introduced into
oocyte nuclei by microinjection. After 18 h of incubation to

cleavage sites were identified by polyacrylamide gel electrophoresis
alongside DNA sequencing ladders (lane G+A). Since the chemical
sequencing reactions cause base elimination and leave a 3' phos-
phate, bands produced by cleavage at the same residues as P1
nuclease migrate as if they are 1.5 nucleotides smaller (77). The
alternating AT tract is bracketed.
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FIG. 3. Evidence that P1 nuclease digestion of (AT)24 in inter-

nally labelled Xenopus l3-globin gene chromatin reconstituted in

oocyte nuclei resembles the pattern found in naked supercoiled (SC)

DNA. Samples were incubated without P1 nuclease (lanes 0) or with

increasing amounts of the enzyme (indicated by horizontal arrows).

The pXGI31RH DNA (Fig. 1A) was extracted and cleaved with

EcoRI at the site of internal labelling. P1 cleavage sites were

identified by polyacrylamide gel electrophoresis alongside a DNA

sequencing ladder (lane G +A) and a naked supercoiled sample

(lanes 1 to 4) as for Fig. 1. Migration differences between P1 and

chemical cleavage products are explained in the legend to Fig. 1.

The alternating AT tract is bracketed.

ensure that chromatin assembly was complete, oocytes were

gently homogenized to extract the chromatin. This method

of chromatin extraction has been shown previously to leave

the chromatin intact (20). To confirm that this was the case

for our experiments and to determine specifically whether

the chromatin would survive homogenization in P1 buffer,

injected oocytes were homogenized in either MNase buffer

or P1 buffer supplemented with Ca2+ and treated with

MNase (Fig. 2). The results show that in the buffer used for

P1 digestion, MNase produced a canonical nucleosomal

ladder with a repeat length of 185 bp. The bulk of the DNA

was converted to nucleosomal bands, showing that the

majority of the templates remained fully reconstituted under

these conditions.

To determine the torsional state of the Xenopus P-globin
gene in chromatin-reconstituted in Xenopus oocytes, a
P-globin plasmid (pXG,lRH; Fig. 1A) internally labelled at
the EcoRI site (see Materials and Methods) was injected into
oocyte nuclei. The oocytes were incubated overnight, during
which time the injected DNA was assembled into chromatin.
After P1 nuclease digestion of the homogenized oocytes,
DNA was extracted and cleaved at the site of internal
labelling. Fractionation by polyacrylamide gel electrophore-
sis revealed cutting in the middle of the (AT)24 tract (Fig. 3,
lanes 5 to 8). This pattern of cleavage is characteristic of the
supercoiled state (Fig. 3, lanes 1 to 4; Fig. 1) and suggests
that the DNA is under torsional stress in this oocyte-
reconstituted chromatin.

In this type of experiment, it is essential to show that the
chromatin is stable and that the P1 nuclease cutting that we
were seeing did not arise from supercoiled DNA released
from minichromosomes during oocyte homogenization and
subsequent incubation. In addition to the MNase digestion
discussed above, the P1 cutting patterns both within the AT
tract and elsewhere in the plasmid suggest that this is not the
case.

First, it is evident from Fig. 3 that at low enzyme concen-
trations, P1 digestion in both the chromatin and the naked
supercoiled DNA samples is confined to the center of the AT
tract, reflecting cleavage of the cruciform loop. However, at
higher enzyme concentrations, the P1 cleavage pattern of the
chromatin samples is in marked contrast to that observed for
naked supercoiled DNA. The absence of cleavage through-
out the lower half of the AT tract (Fig. 3, lane 8) suggests
that the cruciform stem was protected by some feature of the
chromatin structure in this region.

Second, an even more marked difference in P1 cleavage
patterns between chromatin and naked supercoiled DNA
was detected in the ampicillin resistance gene of the plasmid
vector (Fig. 4). Cleavage at (AT)n and within the plasmid
vector was monitored simultaneously by fractionating the
products of P1 digestion on an agarose gel and visualized by
indirect end labelling after secondary cutting with BglII (Fig.
4). In agreement with the results from polyacrylamide frac-
tionation of internally labelled templates (Fig. 3), the major
site of P1 cleavage in the chromatin samples was in the
(AT)24 tract (Fig. 4A, lanes 1 to 3), and this region was
cleaved only in supercoiled naked DNA (lanes 4 to 6), not in
covalently closed relaxed (lanes 7 to 9) or linear (lanes 10 to
12) molecules. The additional site of P1 cleavage in super-
coiled DNA (lanes 4 to 6) maps to the ampicillin resistance
gene in the plasmid vector and has been reported previously
for both SI and P1 nucleases (8, 38, 56, 75). This sequence
retained some sensitivity in relaxed DNA for reasons that
are at present unclear (lanes 7 to 9). However, more impor-
tantly, whereas the ampicillin gene was the major site of P1
cleavage in naked supercoiled DNA (lanes 4 to 6), there was
no preferential cleavage at this site in oocyte homogenates
(lanes 1 to 3; see also Fig. 5B and 6C). Thus, the (AT)24
sensitivity that we detect is not merely a consequence of
supercoiled DNA released from chromatin under the condi-
tions of P1 digestion. Rather, i-t appears genuinely to reflect
torsional stress in the chromatin template.

Torsional stress is generated in the later stages of chromatin
reconstitution. The experiments reported so far were per-
formed on templates reconstituted in oocytes for extensive
periods, thereby ensuring essentially complete chromatin
assembly. To determine the relationship between the kinet-
ics of chromatin assembly and the generation of torsional
stress in the template, the sensitivity of (AT)24 to P1 nucle-
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FIG. 4. (A) The additional site of P1 nuclease cleavage found in
naked supercoiled DNA (SC; lanes 4 to 6) is not found in Xenopus
,B-globin gene chromatin reconstituted in oocyte nuclei (lanes 1 to 3).
Closed circular relaxed (CCR; lanes 7 to 9) and linear (L; lanes 10 to
12) naked DNAs are included for comparison. Samples were incu-
bated with increasing amounts of P1 nuclease (horizontal arrows).
The pXG31RH DNA (Fig. 1 and panel B) was extracted and cleaved
with BglII (B). The linear sample (lanes 10 to 12) was pXGp1 (58),
which differs from pXG01RH only by an extended 3' flank, and was
linearized with BglII prior to P1 digestion. Sites of P1 cleavage were
identified by indirect end labelling (89) using the NcoI-BglII 3-globin
fragment as the probe (*P in panel B). The position of the alternating
AT tract is indicated. The molecular weight size markers (M) are a
3'-end-labelled lambda EcoRI-HindIII digest (lane 13) showing
fragment sizes of 5.1, 4.9, 4.3, 3.5, 2.0, 1.9, 1.6, 1.3, 0.98, 0.83, and
0.56 kb and a 3'-end-labelled lambda BstEII digest (lane 14) showing
fragment sizes of 7.2, 6.4, 5.6, 4.8, 4.3, 3.7, 2.3, 1.9, 1.4, 1.3, and
0.70 kb. R, EcoRI; N, NcoI; H, HindIll.

ase was monitored as a function of the time of reconstitution.
The ,-globin gene was injected into oocyte nuclei; oocytes
were homogenized after 15, 30, 60, and 90 min, and the
remainder were left for 18 h to ensure full reconstitution.
Chromatin assembly was monitored by agarose gel electro-
phoresis of extracted templates in the presence or absence of
chloroquine (34), and P1 sensitivity was monitored by indi-
rect end labelling (Fig. 5A and B).
Chromatin assembly in Xenopus oocytes and eggs has

been extensively studied (20, 67, 68). After less than 5 min in
oocyte nuclei, injected templates are relaxed by the action of
endogenous nicking-closing enzymes. Subsequent chroma-
tin assembly introduces constrained supercoils, detected as
distinct topoisomer bands on agarose gels. Each nucleosome

reconstituted onto the template is detected in the extracted
DNA as a topoisomer containing one more negative super-
coil. Even after 15 min, a considerable range of topoisomers
was generated (Fig. 5A, lane 5). As chromatin reconstitution
proceeded to 90 min, the extent of supercoiling increased, as
revealed by an increase in the intensity of the fastest-
migrating band with a concomitant decrease in the number of
closed circular relaxed molecules (lanes 6 to 8). However,
full reconstitution required greater than 90 min (lane 9).

P1 nuclease analysis of this reconstitution time course is
presented in Fig. SB. The virtual absence of (AT)24 cutting in
the 30- and 60-min time points (lanes 7 to 12), followed by the
appearance of cutting at 90 min (lanes 13 to 15), increasing
up to 18 h (lanes 16 to 18), shows that cruciform extrusion
occurred de novo in the oocyte and was not merely present
in the injected template and retained through chromatin
assembly. This conclusion is supported by the results with
internally labelled templates which were injected as relaxed
molecules (Fig. 3). The small amount of residual (AT)24
cutting after 15 min (lanes 4 to 6) probably reflects the slow
relaxation time of the cruciform structure after cleavage of
the injected supercoiled DNA by nicking closing enzymes
present in the oocyte (9, 26). The absence of cutting in the
30- and 60-min time points (lanes 7 to 12), despite significant
nucleosome formation (Fig. SA, lanes 6 and 7), suggests that
the mere wrapping of DNA around nucleosomes is not
sufficient to generate the torsional stress detected.
To further explore the relationship between the extent of

reconstitution and the generation of torsional stress, a mix-
ture of fully and partially reconstituted chromatin templates
was treated with P1 nuclease and the extracted DNAs were
fractionated on agarose gels. Allowing for the lower loading
of the P1-digested samples (Fig. SD, lanes 6 to 8) than of the
undigested sample (lane 5), it is evident that the most
supercoiled species were specifically lost on P1 digestion,
with a concomitant increase in the linear species. The
intensities of the intermediate topoisomers generated by
partial chromatin assembly were unaltered by P1 digestion.
The complete absence of cutting in the partially reconsti-
tuted templates excludes the possibility that the enzyme is
itself inducing cruciform formation. We therefore conclude
that the P1 sensitivity genuinely reflects torsional stress in
the chromatin template and that it is detected only in
templates in which reconstitution is essentially complete.
A dramatic increase in the number of torsionally strained

templates coincides with the major onset of transcription.
P-Globin transcripts were monitored during the reconstitu-
tion time course (Fig. 5C). A small amount of transcription
occurred within 30 min (lanes 1 and 2), probably reflecting
transcription of naked DNA templates immediately upon
injection. However, no further transcription took place up to
90 min (lanes 2 to 4). After overnight incubation, an approx-
imately 20-fold increase in the level of transcripts was
apparent (lane 5), suggesting that the bulk of transcription
takes place at times beyond 90 min. The production of these
transcripts is sensitive to low levels (0.2 pug ml-') of a-aman-
itin (data not shown), indicating that these specifically initi-
ated P-globin transcripts were generated by RNA polymer-
ase II. A lag of approximately 3 h before the major onset of
RNA polymerase II transcription in the oocyte has been
reported previously, and this coincides with the time re-
quired for full chromatin reconstitution (47). Since our
observations show that torsional stress in the DNA is also
associated with full reconstitution (Fig. SD), we decided to
look more closely at the temporal relationship between the
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generation of torsional stress in the template and the onset of
transcription.
Time points of 1.5, 2.5, and 3.5 h were taken in a separate

reconstitution experiment in injected oocytes (Fig. 6). In
agreement with previous studies (47), the topoisomer gel
shows that reconstitution was essentially complete by 3.5 h
(Fig. 6A, lane 6). Primer extension analysis of ,B-globin RNA
shows that a major increase in specifically initiated transcrip-
tion is detected at 3.5 h (Fig. 6B), confirming the previously
reported correlation of RNA polymerase II transcription
with full chromatin assembly (47). P1 nuclease analysis of
these chromatin templates (Fig. 6C) shows that although a
proportion of the molecules was already sensitive in the
AT24 tract after 1.5 h, in agreement with the data in Fig. SB,
a major increase in sensitivity was detected after 3.5 h. Thus,
the major onset of transcription coincides with a major
increase in torsional stress, and both coincide with full
chromatin assembly.
The supercoiling of oocyte chromatin is not a consequence of

transcription. The process of transcription has been shown
to generate supercoiling in Escherichia coli (90) and in yeast
cells (10, 24, 55). The coincidence of ,B-globin transcription
and cruciform extrusion in the AT24 tract, detected in Fig. 6,
suggested that there might be a causal relationship between
transcription and supercoiling in our experiments. To deter-
mine whether the supercoils required for cruciform extru-
sion of (AT)24 were generated by transcription of the adja-
cent 1-globin gene, oocyte injections were performed in the

FIG. 5. Evidence that cruciform extrusion occurs de novo during
chromatin assembly and only in fully reconstituted templates. (A)
Agarose gel analysis ofDNA extracted from Xenopus 3-globin gene
chromatin reconstituted for 0.25 to 18 h in Xenopus oocyte nuclei.
The Xenopus ,B-globin construct used in this experiment was
pXG,3lRHEO6-1 (86), which contains a simian virus 40 enhancer/

c (AT) origin segment located 3' to the 1-globin gene fragment. This
construct behaves identically to pXG,3lRH in Xenopus oocytes (not
shown). Oocytes were injected with pXG13RHEO6-1 DNA; after
0.25 to 18 h, DNA was extracted and fractionated on 0.8% agarose
gels. Topoisomers of the injected template were identified by
hybridization to the NcoI-BglII 3-globin probe (*P in Fig. 4B).
Linear (L), nicked circular (NC), closed circular relaxed (CCR), and
supercoiled (SC) DNAs were included to aid interpretation of the

nat n gels. (B) P1 nuclease analysis of Xenopus 1-globin gene chromatin
reconstituted for 0.25 to 18 h in oocyte nuclei and comparison with
naked supercoiled (SC) DNA. Chromatin samples from the oocytes
in panel A were incubated with increasing amounts of P1 nuclease
(increasing left to right for each bracketed sample). The template
DNA was extracted and linearized with BglII. Sites of P1 cleavage
were identified by indirect end labelling (89) using the NcoI-BglII a
globin fragment as a probe (*P in Fig. 4B). The position of the
alternating AT tract is indicated. (C) Primer extension analysis of
Xenopus 1-globin gene transcription during chromatin reconstitu-
tion in oocytes. Total nucleic acid from injected oocytes was
analyzed for ,B-globin cap site-specific transcripts by primer exten-
sion (see Materials and Methods). O/N, overnight (18 h). (D) P1
nuclease analysis of fully and partially reconstituted Xenopus

3w 1'-globin gene chromatin. Chromatin was assembled under condi-
tions of DNA excess to ensure that some partially reconstituted
templates were present. Samples were incubated without P1 nucle-

7 8 ase (0; lane 5) or with increasing amounts of enzyme (lanes 6 to 8).
DNA was extracted and fractionated on a 0.8% agarose gel run in
the presence of chloroquine (2.5 gLg ml-'). Topoisomers of the
injected template were identified by hybridization to the NcoI-Bglll
,B-globin probe (*P in Fig. 4B). Linear (L), nicked ciicular (NC),
closed circular relaxed (CCR), and supercoiled (SC) naked DNAs
were included to aid interpretation of the gel.
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FIG. 6. Evidence that cruciform extrusion coincides with the major onset of Xenopus P-globin gene transcription. (A) Oocytes were

injected with pXGPlRHEO6-1 (see legend to Fig. 5). DNA was extracted after the indicated times and fractionated on 0.8% agarose gels.
Topoisomers of the injected template were identified by hybridization to the NcoI-BglII ,-globin probe (*P in Fig. 4B). Linear (L), closed
circular relaxed (CCR), and supercoiled (SC) DNAs were included to aid interpretation of the gels. (B) Transcriptional analysis of the
reconstitution in panel A. Total nucleic acid from injected oocytes was analyzed for Xenopus ,B-globin cap site-specific transcripts by primer
extension (see Materials and Methods). (C) P1 nuclease analysis of the reconstitution in panel A. Chromatin samples were incubated with
increasing amounts of P1 nuclease (increasing left to right for each bracketed sample). The template DNA was extracted and linearized with
BglII. Sites of P1 cleavage were identified by indirect end labelling (89) using the NcoI-BglII 1-globin fragment as a probe (*P in Fig. 4B). The
position of the alternating AT tract is indicated. The marker (M) is a 3'-end-labelled lambda BstEII digest (lane 1) showing fragment sizes of
7.2, 6.4, 5.6, 4.8, 4.3, 3.7, 2.3, 1.9, 1.4, 1.3, and 0.70 kb.

presence of oa-amanitin (28), an inhibitor of elongation by
eukaryotic RNA polymerases (41, 66).
The Xenopus P-globin gene was injected into oocytes in

the presence of ca-amanitin at a concentration (20 ,ug ml-')
previously shown to inhibit RNA polymerases II and III
(28). To confirm that transcription was inhibited, RNA was
assayed by primer extension to detect specifically initiated
,-globin transcripts (Fig. 7A). RNAs initiated at the P-globin
cap site (labeled mt), and those initiated upstream (85), were
detected only in the absence of ai-amanitin, confirming that
transcription in the ,-globin promoter region had been
blocked by a-amanitin. This result is consistent with the data
of Bendig and Williams (3), who showed that both cap site-
and upstream-initiated transcription from Xenopus P-globin
gene templates injected into Xenopus oocytes is catalyzed
by RNA polymerase II. However, both RNA polymerases II
and III have been shown to initiate transcription on eukary-
otic repetitive sequences and even on bacterial vector DNAs
injected into Xenopus oocytes (46). Furthermore, transcrip-
tion by RNA polymerase I is not inhibited by a-amanitin (41,
66). Since any of these activities could generate supercoiling,
it was important to monitor the transcriptional activity of all
three polymerases outside the P-globin gene 5' end. There-
fore, dot blot analysis using the whole injected template as
the probe was performed (Fig. 7B). The results confirm that
a-amanitin dramatically reduced RNA production from all
parts of the injected template.
To determine the structure of the (AT)24 tract in chromatin

from oocytes in which transcriptional elongation had been
blocked by a-amanitin, oocyte homogenates were incubated
with P1 nuclease (Fig. 8). The P1 cleavage pattern found in
the absence of a-amanitin (lanes 1 to 5) was unaltered by the
presence of the drug (lanes 6 to 12). Thus, the supercoiling

revealed by the sensitivity of (AT)24 to P1 nuclease, which
coincides with the major onset of transcription (Fig. 6B and
C), is not a consequence of transcriptional elongation, but
rather reflects a structural feature of transcriptionally acti-
vated chromatin templates.

DISCUSSION

We describe experiments to determine the structure of the
supercoil-sensitive sequence, (AT)24, when in chromatin.
The results presented for DNA templates introduced into
Xenopus oocyte nuclei show that the pattern of digestion
with P1 nuclease is that of DNA under torsional stress. The
appearance of torsional stress in these templates coincides
with full chromatin assembly and the onset of transcription.

Relevance of the oocyte as an in vivo model. Xenopus
oocyte microinjection, like tissue culture transfection, has
been used extensively as a cellular assay for transcription (3,
28, 47, 85). The principal advantage of the Xenopus oocyte
system is the ease with which chromatin structural analysis
can also be performed (20, 47, 67, 68).

In the experiments reported here, it was important to
show that the torsional stress reflected in (AT)n cutting did
not arise from supercoiled DNA released from minichromo-
somes under the conditions used for P1 digestion. The
generation of a canonical nucleosome ladder upon MNase
digestion showed that any chromatin disruption was minimal
(Fig. 2). In addition, the patterns of P1 digestion on chroma-
tin templates and naked supercoiled DNA were clearly
distinct. The additional sites of P1 cleavage detected in
vector sequences in naked supercoiled plasmids were not
seen in oocyte chromatin (Fig. 3 to 6 and 8), suggesting that
these sites were protected by some feature of the chromatin
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FIG. 7. Blockage of transcriptional elongation by coinjection of
the template with a-amanitin (20 ,Lg ml-'). Total RNA was extracted
from oocytes injected with pXGIRHEO6-1 (see legend to Fig. 5) or
an equivalent volume of injection buffer (uninj.) and analyzed by
primer extension (A) or dot blot hybridization (B). (A) Primer
extension was performed on two oocyte equivalents of RNA, using
a 5'-end-labelled oligonucleotide from the first exon of the f-globin
gene. The 3-globin gene in pXGPlRHEO6-1 has been marked by
insertional mutagenesis (4), giving rise to a different-size mRNA
(mt) distinguishable from the wild type (wt) by primer extension.
Total cytoplasmic RNA (100 ng) from Xenopus erythroblasts (in
vivo; lane 1) was used as a control. Cap site-initiated transcripts are
indicated by arrowheads; smaller products probably result from
premature termination by reverse transcriptase, and larger species
reflect the upstream initiations characteristic of RNA polymerase II

genes injected into Xenopus oocytes (reference 85 and references
therein). (B) Dot blot analysis was performed on a twofold dilution
series of one oocyte equivalent of RNA (lanes 6 to 8) or of 100 ng of
total cytoplasmic RNA from Xenopus erythroblasts (in vivo; lane 5).
The filter was hybridized with the whole of the injected construct as
probe. X, a failed sample loading.

structure. Thus, it seems likely that cleavage by P1 nuclease
at the center of (AT)24 is genuinely revealing torsional stress
in P-globin gene chromatin assembled in oocytes.
Obviously it will be important to determine the torsional

state of the endogenous 3-globin gene in Xenopus erythroid
cells, in which it is transcriptionally active, and to compare
it with the situation in nonerythroid cells. However, thus far
we have been unable to obtain P1 nuclease digestion of these
nuclei for reasons that are at present unclear. S1 nuclease,
which gives results qualitatively similar to those obtained
with use of P1 nuclease with oocyte chromatin (not shown),
will digest chromatin in intact nuclei, but this enzyme also
recognizes other features of chromatin structure, such as
nucleosome-free regions (36), making detection of the super-
coil-dependent (AT)24 cutting difficult (not shown).

It is likely that the formation of a cruciform would occur
only if the (AT)24 tract was positioned in linker DNA (12, 52,
53), which implies that the nucleosomes are phased relative
to this sequence. There is now much evidence for the

(AT)
24 ?p& i I*09

Lx/
FIG. 8. Evidence that cruciform extrusion in Xenopus 3-globin

gene chromatin is unaltered by coinjection with ca-amanitin (20 ,ug
ml-'). Chromatin samples from the oocytes analyzed in Fig. 7 were
incubated without P1 nuclease (0; lanes 1 and 6) or with increasing
amounts of the enzyme (indicated by horizontal arrows; lanes 2 to 5
and 7 to 12). The pXG,BRHEO6-1 DNA (see legend to Fig. 5) was
extracted and cleaved with EcoRI at the site of internal labelling. P1
cleavage sites were identified by polyacrylamide gel electrophoresis
alongside a DNA sequencing ladder (lane G+A). Migration differ-
ences between P1 and chemical cleavage products are explained in
the legend to Fig. 1. The alternating AT tract is bracketed.

existence of phased nucleosomes on a variety of genes both
in vivo (5, 80, 81) and in vitro (33, 72, 73), and preliminary
results suggest that specific phasing of nucleosomes does
occur in the Xenopus ,B-globin gene promoter region (36a).
However, deletion of the (AT)24 tract does not affect tran-
scription of the Xenopus ,B-globin gene in oocytes, suggest-
ing that cruciform extrusion is not itself the source of
phasing in such episomal chromatin.

Potential sources of the supercoiling. The cruciform extru-
sion that we observe is taking place even in the presence of
endogenous topoisomerases. Similarly unrelaxed torsional
strain has also been inferred in yeast cells from the altered
topoisomer distribution of recovered templates (55) and in
mammalian cell nuclei with use of anti-Z-DNA antibodies
(87). In order for the supercoils to survive in the presence of
topoisomerases, the required supercoiling energy would
need to be continually regenerated. An alternative possibil-
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ity would be that the torsional stress was generated by a
transient event, and a DNA structural transition, such as
Z-DNA formation or cruciform extrusion, acts as a sink.
Such a structure could be stabilized by binding of a protein
(6, 16), such as HMG1 in the case of a cruciform (7). It
should be noted, however, that if such protein binding
occurs, it must take place in a manner that allows access by
P1 nuclease to the cruciform loop. Interestingly, in chroma-
tin but not in naked supercoiled DNA, the stem of the
cruciform appears to be protected from processive P1 nucle-
ase digestion (Fig. 3 and 8).
Formation of a cruciform by (AT)24 requires a superhelix

density (number of supercoils per base pair) of -0.033 within
the AT tract (40) in addition to a twist change (number of
supercoils introduced) of -4 (45). Furthermore, it is likely
that the supercoiling detected by cruciform extrusion must
be transmitted through one or more nucleosomes, and it is
not yet clear from available evidence to what extent such
propogation can occur (21, 49, 50). An attractive idea is that
a site-specific DNA gyrase-like enzyme continually gener-
ates the supercoiling observed, perhaps as a consequence of
template attachment to the nuclear matrix (37, 51, 59), which
contains topoisomerase II as a major component (14, 15, 22).
Clearly a DNA gyrase-like activity could generate the req-
uisite twist change and superhelix density; however, evi-
dence for such an enzyme in eukaryotes is not yet compel-
ling.
Another regenerating source of supercoiling is the process

of ongoing transcription, which has been shown to generate
supercoils in E. coli (82, 90) and yeast cells (10, 24, 55), and
we have found that this is also the case in Xenopus oocytes
(not shown). Furthermore, in our experiments, cruciform
extrusion coincides with the major onset of transcription
(Fig. 6). However, the supercoiling required for cruciform
extrusion is still apparent when transcriptional elongation is
inhibited by a-amanitin (Fig. 7 and 8). Thus, although
transcription results in additional supercoiling, it is not
responsible for the torsional stress that induces cruciform
extrusion in our experiments.
We have examined the relationship between torsional

stress in the template and chromatin assembly, and it is clear
that the supercoiling arises in the later stages of reconstitu-
tion. When a mixture of fully and partially assembled tem-
plates was treated with P1 nuclease, only those nearing their
full complement of nucleosomes were sensitive to digestion
(Fig. 5D). Thus, it is possible that the torsional stress we
detect is generated by one or more of the processes involved
in chromatin maturation (1) which precede transcriptional
activation. A number of chromatin modifications could re-
sult in the transient release of supercoils.

First, histone acetylation is associated with transcription-
ally active chromatin (60) and has recently been shown to
alter the linking number change per nucleosome particle
(54). This change in linking number could result in a super-
helix density in adjacent linker DNA equal to that required
to induce the structural transition in (AT)24 (40). Further-
more, the requisite twist change of -4 (45) could be attained
by hyperacetylation in 18 of the -30 nucleosomes present on
the constructs used here, although transmission of the su-
percoiling through the nucleosomes to the (AT)24 tract would
also be required.

Second, unfolding of the core histone octamer, whether or
not as a consequence of acetylation (83), is associated with
transcriptional activation (13, 61) and would be expected to
release additional supercoiling.

Third, a DNase I-hypersensitive site is detected in the

Xenopus P-globin promoter in oocytes (36a), and the (AT)24
tract is positioned one nucleosome away from its upstream
boundary (9). DNase I-hypersensitive site formation in-
volves nucleosome loss (32, 69), thereby releasing one
negative supercoil (73). However, while the adjacent linker
DNA could transiently experience the superhelix density
required for cruciform formation by (AT)24, the necessary
twist change would not be available from the loss of a single
nucleosome (40). Thus, if hypersensitive site formation is
involved, it is not by itself sufficient for cruciform extrusion.

Fourth, protein binding can lead to changes in DNA twist
and writhe (2, 29, 70), and in our experiments, the transcrip-
tionally competent templates presumably contained bound
transcription factors even when elongation was blocked by
a-amanitin. Although difficult to quantitate, it is evidently
possible that protein binding and protein-protein interactions
(79) could also contribute to the supercoiling that we ob-
serve. In support of this notion, a eukaryotic transcription
factor has recently been shown to cause promoter melting,
even in the absence of RNA polymerase (84).
Whatever the cause of the supercoiling, its generation in

the vicinity of the ,-globin promoter during the later stages
of chromatin assembly in oocytes coincides with transcrip-
tional activation and is independent of transcriptional elon-
gation. The formation of stable initiation complexes and the
number of initiated transcripts is greater on supercoiled
templates in vitro (64). The data presented here are consis-
tent with a role for supercoiling in facilitating strand separa-
tion (71) and stable initiation complex formation in eukary-
otic chromatin in vivo.
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