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Endogenous topoisomerase II cleavage sites were mapped in the chicken iA-globin gene of 12- to 14-day
embryonic erythrocytes. A major topoisomerase II catalytic site was mapped to the 5' end of the globin gene
which contained a nucleosome-free and DNase I-hypersensitive site and additional but minor sites were mapped
to the second intron and 3' of the gene to a tissue-specific enhancer. Cleavage sites, mapped in situ by indirect
end labeling, were aligned to single-base-pair resolution by comparison to a consensus sequence derived for
vertebrate topoisomerase II catalytic sites. In contrast to embryonic erythrocytes, endogenous topoisomerase
II cleavages were not detected in erythrocytes from peripheral blood of adult chickens; therefore, as the
transcriptional activity of the 3A-globin gene declines during terminal differentiation of erythrocytes, the
activity of topoisomerase II in situ declines as well, despite the fact that DNase I hypersensitivity persists. The
results showed that DNase I-hypersensitive chromatin can be maintained in the absence of topoisomerase II
activity and suggested that topoisomerase II acts at hypersensitive sites because of an inherent attraction to
some preexisting combination of DNA sequence or chromatin structure associated with DNase I-hypersensitive
regions.

The physiological function of eucaryotic topoisomerase II
has been partially established. The enzyme is required for
chromosome segregation in Saccharomyces cerevisiae (8,
19, 50) and presumably in higher eucaryotes as well, since its
activity shows cell cycle fluctuation in both yeast and animal
cells (8, 10, 16a, 47, 51). Additionally, topoisomerase II has
been implicated in transcription on the basis of an associa-
tion with transcriptionally active chromatin (38, 48, 53, 54,
62) and its ability to complement topoisomerase I in a yeast
topoisomerase I deletion mutant (3). A direct demonstration
that the two types of topoisomerase are interchangeable, at
least in the relaxation of plasmid DNA in vivo, comes from
studies showing that either enzyme can substitute for the
other in yeast cells (40).
There has been some speculation that topoisomerase II

may be important in the organization of active chromatin
that is torsionally stressed, as suggested by studies on 5S
chromatin in vivo and in vitro (16, 23, 39); however, the
existence of eucaryotic gyrase and torsional strain in eucary-
otic DNA is controversial (57, 59), and it is not clear whether
eucaryotic cells interconvert torsional twist and axial writhe
like bacteria (12, 25, 62). The similarities between topoisom-
erase II and bacterial DNA gyrase have been noted (26, 41),
but purified topoisomerase II clearly lacks the ability to
decrease linking number (i.e., introduce negative supercoils)
in vitro. The positioning of topoisomerase II at the base of
loop domains in the nuclear matrix-chromosomal scaffold (2,
11) places it at a strategic site for influencing domain
topology (15) and might also implicate topoisomerase II in
DNA replication, as suggested in previous reports (3, 32).
Indeed, the nuclear matrix-scaffold has been reported to
serve as a fixed site for DNA replication, which means that
topoisomerase II is physically located near replication ma-
chinery such as DNA polymerase alpha and primase (21, 58).
We recently derived a consensus sequence for vertebrate
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type II topoisomerases and noted that enhancer sequences
are remarkably enriched in the consensus sequence (42a).
This finding alone suggested that topoisomerase II exerts
some influence over transcriptional activity; however, tran-
scriptional regulatory sequences (promoters, enhancers) can
influence DNA replication (1, 4, 7, 17, 24, 52), which again
implicates topoisomerase II in DNA replication. Topoisom-
erase II could be important in both transcription and repli-
cation if topoisomerase II is involved in establishing or
maintaining DNase hypersensitivity which is common to
both processes. DNase-hypersensitive regions apparently
mark origins of DNA replication (35; for reviews, see
references 12 and 36).
Endogenous topoisomerase II sites have been mapped in

situ at DNase I-hypersensitive sites (38, 61). If topoisomer-
ase II acts at these sites before formation of DNase I
hypersensitivity, a case could be made for proposing that
topoisomerase II and nuclease hypersensitivity are function-
ally related. In this report, we explore the relationships
among identifiable topoisomerase II sites in chromatin and
DNase I-hypersensitive sites in vivo during differentiation of
the chicken erythrocyte. In this system, we can compare the
,BA_globin gene in a DNase I-hypersensitive chromatin struc-
ture in cells that are transcriptionally active (embryos)
versus cells that are inactive (adults).

MATERIALS AND METHODS

Cultivation of cells and isolation of erythrocytes. Erythro-
cytes from 12- to 14-day chicken embryos were obtained by
nicking an amniotic blood vessel and recovering the blood
with a 21-gauge needle and 1-cc syringe, followed by wash-
ing with buffer A (10 mM Tris hydrochloride [pH 7.6], 0.15
M NaCl) until all amniotic fluid was removed. Mature
erythrocytes were obtained by wing bleeding adult birds.
MSB-1 cells, a lymphocyte line transformed by Marek's
disease virus, were propagated in suspension culture by
using RPMI 1640 medium supplemented with 10% calf
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serum, and the cells were grown under 5% Co2 tension at
410C.

Detection and isolation of topoisomerase-DNA complexes.
After the cells were washed in buffer A, the final pellet was
suspended in 4 to 6 pellet volumes of buffer B (50 mM Tris
hydrochloride, 1 mM EDTA, 5 mM MgCl2, 0.5% Nonidet
P-40) and incubated on ice for 10 min. Nuclei were released
with five to six strokes with the A pestle of a Dounce
homogenizer, and the mixture was centrifuged for 5 min at
1,500 x g, washed again with five-pellet volumes of buffer B,
and suspended to 5 x 108/ml in buffer B2 (20 mM Tris
hydrochloride [pH 8.0], 1.5 mM CaCl2, 3 mM ATP, 60 mM
KCI, 3 mM P-mercaptoethanol). Topoisomerase II-DNA
covalent complexes were trapped by incubating isolated
nuclei in buffer B2 at 37°C for 30 min, followed by the
addition of sarcosyl to 1% (vol/vol) and rapid mixing. Then,
2 volumes of 9 M NaSCN were added, and the lysate was
layered on a step CsCl gradient (42) which was centrifuged in
an SW41 rotor (33,000 rpm, 18 h) and fractionated into
0.4-ml fractions. The DNA peak was localized by determin-
ing the absorbance at 260 nm, pooled, dialyzed against buffer
C (10 mM Tris hydrochloride [pH 7.6], 1 mM EDTA), and
digested with restriction enzymes as specified. If the topo-
isomerase-DNA complexes were to be analyzed by the
sodium dodecyl sulfate (SDS)-K+ precipitation method (45,
46), SDS was added to 1%, followed by the addition of 0.1
volume of 2.5 M KCI. After 15 min on ice, the precipitate
was deposited by centrifugation (12,000 x g, 2 min). The
pellet was washed three times by suspension in 1 ml of buffer
D (10 mM Tris hydrochloride [pH 7.5], 1 mM EDTA, 100
mM KCl), and the centrifugation step was repeated. The
final pellet was suspended in buffer E (same as buffer D, with
NaCl replacing KCl). The DNA was precipitated with etha-
nol, washed with 70% ethanol, and suspended in buffer E
followed by digestion with proteinase K (50 ,ug/ml) for 30
min at 60°C.
Immunoblot assays. Antigens were either purified topo-

isomerases or fractions from step CsCI gradients, as indi-
cated for each experiment. Gradient fractions were diluted
to a final volume of 0.4 ml in buffer E (to reduce the salt
concentration to less than 0.5 M) and then were applied to a
nitrocellulose filter which had been presoaked in 150 mM
NaCI-15 mM sodium citrate (pH 7.0). Each sample well was
washed with 0.4 ml of 25 mM sodium phosphate (pH 6.5),
after which the filter was air dried. The nonspecific binding
sites were blocked by treatment with 3% gelatin in buffer F
(20 mM Tris hydrochloride [pH 7.5], 0.5 M NaCl). The filter
was incubated with anti-topoisomerase II immunoglobulin G
(a monoclonal antibody provided by W. Earnshaw) diluted
1:600 in buffer F containing 1% gelatin. The filter was then
washed several times with gentle agitation in buffer F,
containing 1% gelatin, and labeled with 2.5 RCi of iodinated
protein A (44).

Analysis of DNA cleavages. Reaction experiments were
carried out in a final volume of 20 ,ul in a cleavage buffer
containing the following final concentrations of solutes: 20
mM Tris hydrochloride (pH 8.0), 3 mM mercaptoethanol, 4
mM MgCl2, 100 mM NaCl, 3 mM ATP, 0.1 mg of bovine
serum albumin per ml. Where indicated, 4'-(9-acridinylami-
no)methanesulfon-m-anisidide (m-AMSA) was added to the
reaction just before the addition of topoisomerase II. The
final concentration of m-AMSA is indicated in each experi-
ment. Reaction mixtures were incubated at 30°C for 20 min
and were stopped by the addition of 2 volumes of 1.5% SDS
followed by digestion with proteinase K as described above.
After the addition of 0.3 volume of 4.5 M ammonium acetate,

the DNA was ethanol precipitated and washed with 70%
ethanol, and the pellet was suspended in buffer E. The DNA
was mixed with 0.1 volume of a dye-glycerol stock (0.05%
bromophenol blue and 50% glycerol) before being loaded on
a 1% agarose gel. Electrophoresis was performed at 2 V/cm
in TAE buffer (40 mM Tris, 25 mM sodium acetate, 1 mM
EDTA [pH 8.3]) containing 0.5 Rg of ethidium bromide per
ml; then the gel was dried and exposed to film.

Miscellaneous procedures. Preparation of plasmid DNA
and Southern blot hybridizations were performed by using
procedures described by Maniatis et al. (27). Radioactive
DNA probes were prepared by nick translation as previously
described (27). End-labeled DNA fragments were prepared
by using polynucleotide kinase and [32P]ATP to label the 5'
ends (27, 28).

RESULTS

Optimal conditions for cross-linking topoisomerase II and
DNA in situ. Topoisomerase II was trapped in a covalent
complex with DNA in situ by incubating nuclei under
conditions which favor catalytic activity of the endogenous
enzyme, followed by lysis with a protein denaturant to arrest
the covalent intermediate and produce a double-strand
cleavage; a similar strategy was used previously to cross-link
topoisomerase I (30). Topoisomerase II was more difficult to
trap in a covalent complex with DNA compared with topo-
isomerase I, and it was necessary to use topoisomerase II
inhibitors (5, 31) to facilitate the formation of a cleavable
complex. Optimal conditions for cross-linking topoisomer-
ase II in situ also required a buffer that was different from the
typical reaction buffer used to assay the enzyme in vitro.
Cross-linking was measured by the amount of topoisomerase
II in the DNA peak of the gradient as quantified by immu-
noblotting. Figure 1 (two panels) shows that CaCl2 and ATP
in the presence of m-AMSA or teniposide (VM-26) were
required for the formation of covalent topoisomerase II-
DNA complexes. MgCl2 was a poor substitute for CaCl2
either in the presence or absence of drugs and ATP. In all
cases, ATP stimulated the formation of covalent complexes.
In vitro, calcium has been reported to trap the covalent
topoisomerase 11-DNA intermediate (34), and these findings
were reflected in vivo as well. Figure 1 also shows a typical
CsCl gradient profile of the distribution of free and bound
topoisomerase II. Under optimal conditions (VM-26 or m-
AMSA in buffer B2), about 5 to 10% of the total topoisom-
erase II was trapped in a covalent complex, compared with
25 to 30% with topoisomerase I (latter data not shown).
Mapping topoisomerase II sites in active genes. When

14-day erythrocyte nuclei were incubated under conditions
optimal for topoisomerase II cross-linking in vivo, an m-
AMSA-dependent cleavage was detected in the pA-globin
gene region (Fig. 2). The cleavage site was mapped by
hybridization with a probe derived from the 3' end of the
EcoRI fragment (SmaI to EcoRI, see probe B in Fig. 4). The
results of the indirect end-labeling experiments showed that
(i) cleavage was dependent on the addition of topoisomerase
II inhibitors and in all cases the appearance of the 5-kilobase
(kb) band correlated with the detection of topoisomerase II
in the DNA peak of the CsCl gradients; (ii) the intensity of
the 5-kb band was significantly reduced when DNA from the
CsCl step gradient was not exposed to proteinase K (Fig. 2,
lane 5), compared with the same DNA digested with pro-
teinase K before running the agarose gel (lane 6), suggesting
that a protein is linked to the DNA in the 5-kb fragment
which caused a shift in electrophoretic mobility; (iii) the
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FIG. 1. Conditions for trapping the covalent topc
DNA intermediate. Nuclei were prepared from expon
ing MSB-1 cells as described in Materials and Meth
suspended to 5 x 108/ml in the standard topoisome
(buffer B2, defined in Materials and Methods) or a af
B2, with 1.5 mM MgCl2 replacing CaCl2 (all other solu
The reaction mixtures (containing 2 x 108 nucle
incubated at 37°C for 15 min and treated with sarcosyl
lysates were diluted with NaSCN and centrifuged
gradients. The inset photographs at the top show t
topoisomerase II detected in the DNA peak fraction!
ents as measured by immunoblotting with anti-top
immunoglobulin G. The left inset shows reaction exp
buffer in addition to the following: top row, plus m-i
ml); middle row, plus VM-26 (10 ,ug/ml); bottom roy
(50 ,ug/ml). The right inset shows reaction experimen
B2 containing MgCl2 in place of CaC12. The graph she
of a separate experiment in which nuclei were inc
standard conditions (B2 buffer plus 50 ,ug of m-AMS
were analyzed on the CsCI gradient, followed by Wes
blotting with anti-topoisomerase II immunoglobulin G
antigen in the gradient.

cleavage maps within 200 base pairs 5' of the A.

and additional (but faint) bands were seen (brack
characterized below).

Topoisomerase II cleavages in different tissue
chicken erythrocytes, the 3A-globin gene is tr
12- to 14-day embryos but not in other tissues o
cytes taken from the peripheral blood of adult b
(We refer to the latter as adult erythrocytes.)
topoisomerase II cleavage sites were not detec
erythrocytes or embryonic brain cells (Fig. 3).
embryonic erythrocytes clearly showed the n

pendent bands that flank the 5' and 3' regions c
sequence of the PA-globin gene (sites labeled .
A3). The most prominent cleavage (site Al) m;
nuclease hypersensitivity region identified by M
(29). The autoradiogram shown in Fig. 3 was ov(
reveal minor bands that might exist in either a(
nuclei. Additional tissues and different gene
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FIG. 2. m-AMSA induced double-stranded cleavages in nuclei.
Nuclei were prepared from erythrocytes taken from embryos ap-
proximately 12 to 14 days into development. The nuclei were
incubated and lysed with detergent to induce covalent complexes,
followed by CsCl gradient centrifugation and collection of the
DNA-containing fractions. The DNA was dialyzed and digested

- with EcoRI and analyzed by Southern blotting, using probe B shown
-2C in Fig. 4. Lanes: 1 to 4, nuclei were incubated in B2 buffer

containing either 0, 1, 5, or 10 ±g of m-AMSA (respectively) per
; crano II reaction; 5 and 6, reaction experiments were carried out exactly as

described for that in lane 4 except that after restricting with EcoRI,
)isomerase II- the DNA was divided into two fractions, one was treated with
entially grow- proteinase K (+PK) (50 ,ug/ml for 30 min at 600C) and the other was
ods and were not treated with proteinase K (-PK).
rase II buffer
riodified buffer evaluated. In MSB-1 cells for example, we did not detect theites identical). m-AMSA-dependent cleavage sites in the adult PA-globin-i each) were
(1% final); the gene region; however, we did find them in another active
in step CsCl gene, cytochrome C (V. Mehta and M. Muller, unpublished
he amount of data). The prominent site in cytochrome C mapped consid-
s of the gradi- erably further 5' of the gene than did the PA-globin site in
Qoisomerase II embryonic erythrocytes and was also near a prominent
riments in B2 DNase I-hypersensitive site (data not shown).
ApMSA (50VM To further characterize the topoisomerase II cleavage site,

itS in modified several control experiments were performed to show that the
ws the results cleavages were actually mediated by topoisomerase II. As
ubated under shown in Fig. 4A, the formation of the 5-kb fragment (site Al
A per ml) and in Fig. 3) was reduced by the addition of 0.5 M NaCl before
stern immuno- adding detergent. Similarly, adding EDTA before sarcosyl
to localize the lysis resulted in a decrease in the yield of cleavage products

(data not shown). Both treatments can reverse formation of
a cleavable topoisomerase II-DNA complex (26, 41, 45, 48).

-globin gene, To rule out the possibility that topoisomerase I is responsible
cet by lane 6, for a double-stranded cleavage event (for example, topo-

isomerase I sites on opposing strands generating a double-
settings. In stranded cleavage), the topoisomerase II inhibitor was re-

anscribed in placed with the topoisomerase I inhibitor, camptothecin
Ir in erythro- (20), in a reaction experiment carried out under conditions
irds (37, 43). which trap topoisomerase I complexes (30). In contrast to
Endogenous m-AMSA and VM-26, the topoisomerase I inhibitor did not
cted in adult stimulate cleavage or formation of any secondary bands.
Nuclei from Parenthetically, topoisomerase I is active in the pA-globin
n-AMSA-de- gene in 12-day erythrocytes (M. Muller, and D. Trask,
f the coding unpublished observations); however, the topoisomerase I
Al, A2, and intermediates contain single-stranded nicks (30). Collec-
apped to the tively, the data strongly suggest that topoisomerase II was
IcGhee et al. responsible for double-stranded cleavages under conditions
erexposed to defined in these assays.
dult or brain Additional confirmation that there was a difference be-
s were also tween topoisomerase II catalytic activity in embryonic ver-
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FIG. 3. Mapping topoisomerase II sites in different tissues. The
in situ assay for topoisomerase II cleavage sites was performed as

described in the legend to Fig. 2. Southern blots were hybridized to
probe B (Fig. 4). Nuclei were prepared from adult erythrocytes
(lanes 1 and 2), 12- to 14-day embryonic brain cells (lanes 3 and 4),
or 12- to 14-day embryonic erythrocytes (lanes 5 and 6) and were
incubated in the presence or absence of m-AMSA as indicated. The
restriction map shows the positions of cleavage sites (marked Al to
A3), and the DNase-hypersensitive sites (HSS) are marked.

sus adult erythrocytes was achieved in the following exper-
iment. Covalent DNA-protein complexes were isolated from
embryonic or adult nuclei by using the SDS-K+ method (45,
46) and then were characterized by Southern blotting to
determine whether the DNA fragments contained features of
a topoisomerase II cleavage intermediate. The experiment
was quantitative because the concentrations of nuclei were
identical in the two reaction mixtures and the relative
concentration of covalent DNA-topoisomerase II complexes
was measured in the same experiment. The DNA was

purified, and after digestion with EcoRI, DNA fragments
were fractioned into SDS-K+ precipitable DNA (to recover
protein-bound DNA complexes) and supernatant (protein-
free) DNA. A Southern blot analysis of these DNAs (Fig.
4B) revealed that embryonic DNA (lane 1) contained cova-
lent complexes with characteristics of topoisomerase II

(sites Al, A2, and A3 in Fig. 2), whereas DNA from adult
erythrocytes (lane 4) was missing these bands. Longer
exposures of the blot did not reveal additional bands from
adult tissue. As noted above, conditions for trapping topo-
isomerase II in embryonic erythrocytes (Fig. 1) also trap
topoisomerase I which is acting in this gene region (Muller
and Trask, unpublished); thus, the SDS-K+ precipitate
additionally contained DNA fragments that were covalently
coupled to topoisomerase I (lane 1), and these DNA frag-
ments are all parental size because type I topoisomerase
makes single-stranded nicks in the DNA intermediate.
DNase I hypersensitivity in the P1A-globin gene. DNase I

FIG. 4. Recovery of topoisomerase-DNA complexes by SDS-
K+ precipitation. Nuclei were prepared from either 14-day embry-
onic or adult erythrocytes and were incubated under conditions
described below before being cross-linked with detergent and CsCl
gradient purification of the DNA. The DNA was digested with
EcoRI and analyzed by Southern blotting, using probe B shown in
the map (SmaI to EcoRI). (A) Nuclei (2 x 108) from embryonic
erythrocytes were incubated (15 min at 37°C) in the presence of
(from left to right) 0, 5, 10, or 20 jig of m-AMSA per reaction. The
lane labeled "+NaCl" was a reaction experiment incubated with 20
,ug of m-AMSA per ml, and NaCl was added to a final concentration
of 0.5 M before the addition of detergent. Lane CAMP was a
reaction experiment incubated with 250 jig of camptothecin (lactone
form per ml) for 15 min at 37°C. (B) Identical numbers of nuclei (2 x
108) from either 14-day embryonic erythrocytes (lanes 1 and 2) or
adult erythrocytes (lanes 3 and 4) were incubated in buffer B2
containing 10 ,ug of m-AMSA and then were lysed with detergent.
The DNA was purified from the CsCl gradient, restricted with
EcoRI, and subjected to SDS-K+ precipitation as described in
Materials and Methods. The SDS-K+ precipitates and supernatants
were ethanol precipitated and then digested with proteinase K (50
,ug/ml for 1 h at 60°C). In each sample, the entire SDS-K+
precipitate was loaded on a 1% agarose gel. The supernatant DNA
(10% of the total) was loaded in adjacent lanes of the same gel.
Lanes 1 and 2, 14-day embryonic nuclei, SDS-K+ precipitable
DNA, and supernatant DNA, respectively; lanes 3 and 4, adult
erythrocyte DNA, supernatant, and SDS-K+ precipitable DNA,
respectively.

hypersensitivity is usually correlated with transcription (55);
however, hypersensitive sites can be detected in genes that
are transcriptionally quiescent (43, 56, 60), such as the
3A_globin gene in adult erythrocytes of mature birds. Al-
though this gene is transcriptionally inactive, it nonetheless
has DNase I-hypersensitive sites presumably reflecting tran-
scription of the gene at an earlier stage in development.
DNase I-hypersensitive sites were mapped in 5'- and 3'-end
flanking regions of the pA_globin gene in embryonic (12- to
14-day) and adult erythrocytes (Fig. 5), and the two patterns
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FIG. 5. DNase I hypersensitivity of the PA-globin gene. Nuclei
were prepared from either 14-day embryonic or adult erythrocytes
and were suspended to 7.5 x 107/ml in buffer B. Lanes 1 to 5 contain
embryonic nuclei and were digested with 0, 30, 70, 140, or 200 ng of
DNase I (Sigma) for 12 min at 37°C, respectively. Lanes 6 to 10
contain adult nuclei digested with 0, 30, 70, 140, or 200 ng of DNase
I (12 min at 37°C), respectively. Reaction experiments were termi-
nated by adding EDTA to 0.5 M followed by ice quenching, adding
detergent, and DNA purification (proteinase K digestion, phenol
extraction, and ethanol precipitations). The ethanol precipitation
was repeated, and after digestion with EcoRI, the digestion products
were analyzed by Southern blotting. The in situ assay for topoisom-
erase II sites was performed as described in the legend to Fig. 2,
except VM-26 was used as the inhibitor (30 ,ug/ml). Lane 11, nuclei
without VM-26; lane 12, with VM-26, quenched with 0.5 M NaCl
before the addition of detergent; lane 13, with VM-26. After lysis
with detergent and DNA purification, the samples were digested
with EcoRI. The Southern blot was hybridized with probe B (Fig. 4).

were similar if not identical. In this experiment, DNase I
activity was titrated against the same number of nuclei from
the two tissues under conditions that were optimal for
DNase I (buffer B, see legend to Fig. 5). Under these
conditions (MgCI2, no ATP or drugs), we were unable to
generate topoisomerase II-DNA covalent complexes; this
was verified by performing immunoblot experiments across
the step CsCl gradients to detect the presence of topoisom-
erase II (as in Fig. 1). A low level of endogenous nuclease is
cutting at the 5' site in both tissues (compare Fig. 5, lanes 1
and 6); however, it is clear that the intensity of hypersensi-
tive bands increases after the exogenous addition of DNase
I, which indicates that the hypersensitive sites detected by
DNase I and the endogenous nuclease are identical. In
addition, the major hypersensitive site we mapped in the
3A-globin gene chromatin in adult and embryonic nuclei is

identical to the results published previously (22, 29). The
cleavages which produced the various lower-molecular-
weight bands (labeled Dl to D4) were not due to topoisom-
erase TI since they were not inhibitor dependent. Further-

more, the addition of high salt (0.5 M) before lysis by
sarcosyl did not reverse the cleavages. For comparison,
topoisomerase II-induced cleavages were mapped in the
same experiment, this time using VM-26 instead ofm-AMSA
(Fig. 5, lanes 11, 12, and 13). Parenthetically, the results of
topoisomerase II mapping were the same for VM-26 and
m-AMSA. In reaction experiments in which topoisomerase
cleavages were mapped (lanes 11 to 13), assay conditions
were different from those in reaction experiments containing
DNase I (buffer B, lanes 1 to 10). It is clear that the
topoisomerase II conditions (buffer B2 containing CaCl2, see
Materials and Methods) promote the activity of the endoge-
nous nuclease (lane 11). Note, however, that the formation
of lower-molecular-weight bands was significantly stimu-
lated by VM-26 and was reversible by the addition of 0.5 M
NaCl.

In vitro cleavages of the PA-globin gene with purified
topoisomerase II. Active chromatin structure around the
pA_globin gene in 12- to 14-day erythrocytes has been
characterized by Felsenfeld and associates (13, 18, 22, 29). A
nucleosome-free region contiguous to the 5' hypersensitive
site has been reported (29) as well as a 3' enhancer (18) and
in vivo footprints which identify sequences recognized by
trans-acting factors (13, 14, 22). An in vitro analysis of
topoisomerase II cleavage sites was carried out to catalog
potential sites of catalytic activity. To improve resolution of
cleavage products, we concentrated only on the 5' half of the
gene. A uniquely end-labeled fragment was prepared (from
EcoRI at -820 to HindIII at + 1060) (9) and was subjected to
cleavages with purified chicken topoisomerase II (from adult
erythrocytes; for details of the purification procedure, see
Muller et al., Biochemistry, in press. The resulting cleavages
were mapped by electrophoresis in native agarose gels so
that only double-stranded cleavages were detected. The
more prominent cleavages were cataloged along with several
representative weaker sites (Fig. 6), and their positions and
intensities are shown on the map in Fig. 7. An intense
cleavage (site 2) was detected in the second intervening
sequence of the PA-globin gene, and weaker sites were
detected at positions as marked.
Comparison of hypersensitive sites and topoisomerase II

sites. The various sites in relationship to known features of
the gene and its active chromatin structure are summarized
(Fig. 7). We have attempted to assign cleavage sites with
higher resolution than that attainable by Southern blotting
(to single bases) by examining the sequence for homology to
a topoisomerase II cleavage consensus sequence. A topo-
isomerase II consensus sequence which is applicable to type
II enzymes from vertebrates was recently derived (42a). The
sequence is as follows:

-10 -9 -8 -7 -6 -5 -4 -3 -2 - 1 +1 +2 + 3 +4 +5 + 6 +7 + 8

5' A/G N T/C N N C N N G T/C N G G/T T N T/C N T/C 3'

where N is any base, and cleavage by topoisomerase II
occurs between -1 and +1. The strongest topoisomerase II
cleavage site in vitro (site 2, Fig. 6 and 7) showed a 90%
identity to the above consensus sequence, whereas other
cleavages showed 70 to 80% matches to the consensus. The
5' in vivo cleavage site (labeled Al, V1 in Fig. 7) matched the
consensus at the 80% level, although this site was relatively
weak in vitro (compared with a 90% match at site 2). The
consensus sequence can predict sites in naked DNA; how-
ever, when the homology was in the 70 to 80% range, the
intensity of cleavage was not always proportional to the
degree of match to the consensus. This can be seen by
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FIG. 6. In vitro cleavages of the 5' end of the PA-globin gene.
The DNA fragment was uniquely end labeled at the EcoRI site that
is 5' of the PA-globin gene to generate a DNA substrate extending
from EcoRI (-820) to HindIll (+1060). Cleavage reaction experi-
ments were carried out with purified chicken topoisomerase 11 (30
ng) and 10 ng of end-labeled fragment. Lanes: 1, the intact fragment
(no topoisomerase or drugs) control; 2 through 5, fragment plus 5 to
40 ,ug of m-AMSA/ml as indicated.

comparing cleavages 3 and 5 (Fig. 6) which both match at
80%. In contrast, matches at 90 to 100% generally exhibited
strong cleavages in vitro. In 2.8 kb of sequence from the 5'
EcoRI site (-820) to the end of the 3' enhancer (+2100), two
sites showed a 90% match to the consensus sequence shown
above: Site 2 in the second intron and a site 3' of the gene in
the enhancer region (Fig. 7). The enhancer site (labeled V3,
A2) aligned with topoisomerase II cleavages mapped in vivo
with VM-26 and m-AMSA (Fig. 3 and 5). A second and more
prominent cleavage site in the enhancer was detected in vivo
(V4, A3) and has a 70% match to the consensus. The intron
site (V2) was seen only with VM-26 in vivo and was a
relatively minor site.

DISCUSSION
Endogenous topoisomerase II cleavages have been

mapped in situ, as established by the following criteria.
First, addition of a protein denaturant (sarcosyl or SDS) was
required to trap the intermediates and induce cleavage. If
nuclei were exposed to excess NaCl (0.5 M) before deter-
gent, the cleavages were repaired, showing that the reaction
was reversible. Second, the cleavages in nuclei required the
addition of drugs that stabilize the topoisomerase II-DNA
cleavable complex (26, 31, 38, 41, 49, 61). Third, the
topoisomerase I inhibitor camptothecin (20) did not produce
a double-stranded cleavage; thus, the cleavages were not
due to topoisomerase I acting on opposing strands (Fig. 4A).
Fourth, it has been reported that CaCl2 promotes trapping of
the covalent topoisomerase II-DNA complex in vitro with
purified topoisomerase 11 (34). CaCl2 also stimulated cleav-
ages in erythrocyte nuclei and enhanced the formation of the
topoisomerase II-DNA covalent complexes; therefore, topo-
isomerase II is likely to be responsible for the double-
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stranded cleavages in nuclei. Fifth, the cleavage products
were precipitated with SDS-K+ (45, 46). If the SDS-K+
precipitable DNA was not digested with proteinase K, its
mobility was altered relative to free DNA, which further
verifies the presence of a covalently linked polypeptide (data
not shown). Sixth, the topoisomerase II sites mapped in
nuclei aligned with sites that were homologous to a topo-
isomerase II consensus sequence that is applicable to verte-
brate enzymes that have been tested (42a).

Previous studies have reported that endogenous topoisom-
erase II sites sometimes align closely with DNase I-hyper-
sensitive regions in active chromatin (38, 61). These findings
raised the interesting possibility that topoisomerase II cata-
lytic sites are involved in some aspect of DNase I hypersen-
sitivity, for example through the introduction of torsional
stress in DNA (16, 23, 25, 39). The fact that not all topo-
isomerase II sites align with hypersensitive sites (Fig. 7)
further suggests that topoisomerase II activity is unrelated to
DNase I hypersensitivity; however, one cannot rule out the
possibility that multiple topoisomerase II sites that flank the
hypersensitive region could, either alone or in concert with
other transcription factors (13, 14), collectively propagate
DNase hypersensitivity. Our results argue against this be-
cause the 5' DNase I-hypersensitive site maps identically in
both embryonic and adult erythrocytes; however, there are
no detectable topoisomerase II sites in the latter. Therefore,
topoisomerase II activity and DNase I hypersensitivity
appear as two independent phenomena, at least in the cell
lineage in this study, since the altered chromatin state can
persist in the absence of topoisomerase II activity in the gene
region.
These results do not eliminate the possibility that topo-

isomerase II is necessary for active transcription of the
3-globin gene in embryonic erythrocytes, possibly as related

to the interplay between topoisomerase II and loop domains
in the nucleus (2, 11, 15). Adult erythrocytes are not only
transcriptionally inactive but also lack a nuclear matrix-
associated loop domain structure found in most cell types (6,
33). The absence of DNA loops (6) and topoisomerase II
cleavage sites in adult erythrocyte nuclei might indicate that
these cells simply do not contain any cellular topoisomerase
II; however, in the purification of topoisomerase II, we used
adult erythrocytes as a starting source because large num-
bers of cells can easily be obtained and these cells are low in
protease activity. Thus, the adult erythrocyte contains topo-
isomerase II activity (Muller et al., in press) although the
levels are much lower than those in tissue culture cells
(Muller and Mehta, unpublished data).
A tissue-specific factor conferring DNase hypersensitivity

on the chicken PA-globin gene has been identified and
partially purified (13, 14). DNase I footprinting experiments
have been carried out with the hypersensitive factor(s) and
globin gene in vitro (14), and the results closely correlate
with in vivo footprinting results (22). Our data indicate that
topoisomerase II is also recognizing the 5' region of the
globin gene; given the extensive protection by the hypersen-
sitive factor (-136 to -163 and -175 to -200) (22), we
questioned whether topoisomerase II might not be excluded
from this region, i.e., it seemed unlikely that topoisomerase
II and the hypersensitive factor(s) would compete for iden-
tical sites. The 5' endogenous topoisomerase II site in
embryonic cells (site 5 in Fig. 7) maps approximately in
between the two regions protected by the erythrocyte hyper-
sensitivity factor (at -175) (14) on the basis of homology to
the topoisomerase II consensus sequence. Thus, topoisom-
erase II and the hypersensitive factor(s) do not compete for

the same sequence. Although speculative, we propose that
topoisomerase II activity is detected at DNase-hypersensi-
tive sites after they form, which is to suggest that DNase
hypersensitivity is probably not initiated or maintained by
topoisomerase II.
From this work, there is reasonable evidence to indicate

that topoisomerase II and eucaryotic enhancers are function-
ally related. A major topoisomerase II recognition site was
mapped in situ to the simian virus 40 regulatory region (61)
near nucleotide 270, and on the basis of a match to the
topoisomerase II consensus sequence (42a), the cleavage
actually is between nucleotides 273 and 274. This places the
site within the GTIIA region of the simian virus 40 enhancer
as defined by the elegant studies of Chambon and associates
(64). A search of published enhancer sequences in the
GenBank and European Molecular Biology Laboratory data
bases reveals that the topoisomerase II consensus sequence
is enriched in these sequences compared with those of other
sequences selected at random (42a). Finally, we demonstrate
in the present work that endogenous topoisomerase II rec-
ognizes sites in the 3' enhancer of the P-globin gene. The
mapping data in situ (in simian virus 40 and the 3-globin
gene) strongly implicate topoisomerase II action with en-
hancer activity. At present, the in vivo functions of topo-
isomerase II might be linked to both transcription and DNA
replication, because enhancers are probably important in
both processes and because topoisomerase II catalytic sites
are enriched in enhancers both in vivo and in vitro. Another
common feature between replication and transcription is
DNase hypersensitivity; as noted above, our data argue
against an involvement of topoisomerase II in this aspect of
chromatin structure. Additional experiments will be directed
toward understanding the relationship between cis-active
sequences and topoisomerase II.
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