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ABSTRACT The four core histones (H2A, H2B, H3, and H4)
and DNA were assembled into nucleosome-like particles at
physiological ionic strengths either by an extract of chromatin
rich in nicking-closing activity or by the purified nicking-closing
enzyme itself. When histone-DNA complexes were assembled
in vitro from relaxed circular DNA, nearly physiological num-
bers of superhelical turns were induced in the DNA molecule.
Electron microscopy of the complexes assembled by the chro-
matin extract revealed a beaded structure and a reduction of
the contour length compared to free DNA. Micrococcal nuclease
digestion of the histone-DNA complexes yielded 145-base-pair
DNA fragments typical of nucleosome core particles and shorter
subnucleosomal DNA fragments of discrete length.

The reconstitution of chromatin-like structures from histones
and DNA in vitro has required, until recently, the use of high
ionic strengths. These nonphysiological conditions were needed
to neutralize the strong electrostatic interaction between his-
tones and DNA. Chromatin reconstituted by either dialysis or
dilution from high ionic strengths to physiological levels con-
tains nucleosomes as determined by a beaded structure shown
in the electron microscope (1), a repeating pattern along the
DNA revealed by micrococcal nuclease digestion (2), discrete
subnucleosomal DNA fragments produced by digestion with
several nucleases (3), and the induction of superhelical turns
in circular DNA molecules revealed after relaxation of the
chromatin by a nicking-closing activity (4).
The assembly of chromatin in vitro under physiological

conditions of ionic strength and temperature was demonstrated
by Laskey et al. (5). They showed that circular DNA of simian
virus 40 (SV40) was assembled into a chromatin-like structure
when incubated in an extract of Xenopus eggs that was known
to contain a pool of free histones. We felt that chromatin itself
might be a source of the factors or enzymes essential for chro-
matin assembly. Many enzymes that are bound to chromatin
can be released by extraction at various ionic strengths. For
example, the nicking-closing enzyme, which can relax the su-
percoiling induced by nucleosome formation, is readily released
from chromatin by 150mM sodium phosphate (4). In this paper
we show that such a chromatin extract, rich in nicking-closing
activity, and the highly purified nicking-closing enzyme itself
are able to mediate the assembly of histones and DNA into
nucleosome-like structures under physiological conditions.

MATERIALS AND METHODS
Preparation of DNAs, Chromatin Extract, and Histones.

Supercoiled dimer of mini ColE1 DNA (FI) was extracted and
purified from MC100 capR + Escherichia coli (6). After lysis
of the bacteria by lysozyme, supercoiled DNA was purified and

circular relaxed DNA was prepared as described (4, 7). The
chromatin extract was prepared from mouse L cells (8) or
Drosophila melanogaster Kc cells (9) as described (4). Highly
purified nicking-closing enzyme from rat liver was kindly
provided by J. Champoux (10). The four core histones H2A,
H2B, H3, and H4 were purified from D. melanogaster Kc cells
from the low-salt chromatin used to prepare the chromatin
extract as described (11). Triton DF-16/polyacrylamide gel
electrophoresis (12) indicated the histones were intact, not
highly modified, and free of histone H1.

Gel Electrophoresis. Agarose was purchased from MCB and
acrylamide from Bio-Rad. Two gel electrophoresis systems were
used. One percent agarose slab gels in 36 mM Tris/30 mM
NaH2PO4/1 mM EDTA, pH 7.7, were run horizontally at 4-5
V/cm for 5 hr to resolve the superhelical structures of covalently
closed DNA. Mixed 5.5% acrylamide, 0.5% agarose gels were
prepared as described (13) and used to resolve DNA fragments
produced by micrococcal nuclease digestion. As little as 0.16
,g of DNA is detectable on an agarose gel, whereas 0.3-0.4 ,ug
of digested DNA must be loaded on a polyacrylamide/agarose
gel. Gels were stained with ethidium bromide and photo-
graphed with short wavelength UV light.

RESULTS
Introduction of Superhelical Turns into Circular Relaxed

DNA. The association of the four core histones with circular
covalently closed DNA was studied under physiological con-
ditions of salt and temperature in the presence of a protein
fraction extracted from chromatin. The extent of the histone-
DNA association was measured by the number of superhelical
turns introduced into an initially relaxed circular DNA. When
DNA wraps around histones to form a nucleosome, a topological
constraint equivalent to the unwinding of one turn of the double
helix is induced into the DNA duplex (4). These constraints
produce a twisted histone-DNA complex, which can then be
relaxed by the action of a nicking-closing enzyme. Such a re-
laxed complex contains a DNA molecule that, after removal
of the histones, possesses superhelical turns. The number of
nucleosomes is directly related to the number of superhelical
turns, which can be estimated by gel electrophoresis of the
deproteinized DNA. The results of nucleosome assembly using
histones isolated by either salt or acid extraction were similar.
The chromatin extract contained an active nicking-closing
enzyme and negligible amounts of histones and was free of
Mg2+-dependent double-strand-specific endonucleases (4).
When the four core histones and circular relaxed DNA (FIr)
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were incubated in the presence of this chromatin extract, the
DNA acquired superhelical turns as demonstrated after de-
proteinization and gel electrophoresis (Fig. 1). The optimal ionic
strength for the induction of superhelical turns was 150 mM
NaCl. Divalent metal ions were not essential for this reaction,
and Mg2+ was not inhibitory (data not shown). Under optimal
ionic conditions, the reaction was complete in 1 hr. The maxi-
mum number of superhelical turns generated was the same as
the physiological number found in SV40 minichromosomes as
determined by electrophoresis in the presence of chloroquine
(14) (data not shown).
The optimal ratio of histones to DNA by weight was ap-

proximately 0.9, which is close to the proportion found in native
chromatin. Smaller ratios of histones to DNA resulted in DNA
molecules containing intermediate numbers of superhelical
turns. When histones were present in excess of DNA, the in-
duction of superhelical turns was markedly reduced, indicating
that either chromatin assembly or the nicking-closing enzyme
itself was inhibited. Control experiments showed that the in-
duction of superhelical turns depended on both the histones and
the chromatin extract. Other basic proteins or polyamines could
not replace histones. For example, neither lysozyme nor cyto-
chrome c in a 1:1 weight ratio induced superhelical turns in the
presence of the chromatin extract. Similar negative results were
obtained with putrescine or spermidine in the range 1-5 mM
(data not shown). Besides histones, the only protein tested that
induced formation of superhelical turns was the histone-like
protein HU, isolated from E. coli (15, 16). This protein required
incubation at lower ionic strength (50 mM NaCl), because its
interaction with DNA is weak.

Formation of a Beaded Nucleoprotein Structure. Electron
microscopy of histone-DNA complexes assembled in the
presence of the chromatin extract revealed a beaded structure
(Fig. 2 b and c) comparable to that of the SV40 minichromo-
some extracted from infected cells (Fig. 2e; ref. 19). The av-
erage number of beads per molecule was 15.6 + 7.8 (+SD) for
the entire population and 21 + 1.2 when only the 50% of the
complexes having the maximum number of beads was con-
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FIG. 1. Assembly of the four core histones and circular relaxed
DNA in the presence of a chromatin extract. Incubations were nor-

mally performed at 370C for 90 min in conical Eppendorf tubes, with
relaxed DNA at 8 ,g/ml and histones at 8 ,gg/ml in 10mM Tris-HCl,
pH 8.0/1 mM EDTA/150 mM NaCl, in the presence of 12 pl of chro-
matin extract (0.1 mg/ml final concentration of protein) or 400 ng
of pure nicking-closing enzyme per pug of relaxed DNA, except that
the concentration of NaCl, the time of incubation, and the amount
of histones were varied as indicated. The depth of the incubation
solution could not exceed the diameter of its surface and the histones
had to be added last. After incubation, the samples were made 10%
sucrose/0.3% sodium dodecyl sulfate/0.05% bromophenol blue and
heated at 60'C for 10 min for direct analysis by agarose gel electro-
phoresis. The markers are supercoiled DNA (FI) and circular relaxed
covalently closed DNA (FIr).

sidered. This distribution of beads is in agreement with the
distribution of the number of superhelical turns observed by
gel electrophoresis (Fig. 1). In this case, too, a fraction of the
DNA became fully supercoiled while the rest had intermediate
numbers of superhelical turns. The average contour length of
the complexes from the population having 21 + 1.2 beads was
2.4 times shorter than naked DNA (Fig. 2a). This contraction
ratio is similar to that found for SV40 minichromosomes ex-
tracted from infected cells and spread in the same conditions
(ratio = 2.6; ref. 17). The diameter of the beads was 120 ± 14
A, similar to that of nucleosomes from SV40 minichromosomes.
Each bead contained an average of 184 + 14 base pairs of DNA
as calculated from the regression line of the total length of the
nucleoprotein complexes as a function of the bead number.
The formation of nucleosome-like structures is dependent

on the presence of both histones and the chromatin extract.
When histone-DNA complexes were formed from supercoiled
DNA in the absence of the chromatin extract, most of the
complexes appeared twisted and only a few beaded structures
were observed (one to five beads, Fig. 2d), but no highly beaded
complexes such as those shown in Fig. 2 b and c were de-
tected.

Micrococcal Nuclease Digestion of Histone-DNA Com-
plexes Yields Discrete Sized DNA Fragments. When the
histone-DNA complexes assembled in the presence of the
chromatin extract were digested to various extents with mi-
crococcal nuclease, a pattern of discrete DNA fragments was
produced (Fig. 3 c and d). These fragments were similar in
length to the subnucleosomal DNA fragments from native
chromatin (Fig. 3b; refs. 13 and 20). The largest discrete DNA
fragment was 145 base pairs long, which is similar in length to
the DNA in a nucleosome core particle (21, 22). Quantitation
of the microdensitometer scans of Fig. 3 indicated that at least
50% of the input DNA had been packaged into a nucleosome-
like structure. Micrococcal nuclease digestion of the histone-
DNA complex assembled in vitro did not generate the 200-
base-pair periodicity chracteristic of the digestion of chromatin
in nuclei (21, 23, 24). Instead, the DNA fragments longer than
145 base pairs were more heterogeneous and smaller in size than
the fragments obtained by digestion of chromatin in nuclei (Fig.
Sa). This result suggests that the nucleosome core particles as-
sembled in vitro were less regularly and more closely spaced
along the chromatin fiber than in native chromatin. The ab-
sence of histone H1 or specific nonhistone proteins in the as-
sembly reaction may account for this difference. When chro-
matin is assembled in more complex extracts, such as from
Xenopus eggs or Drosophila embryos, the 200-base-pair re-
peating pattern can be obtained by micrococcal nuclease di-
gestion (ref. 5; unpublished results).
The formation of DNA resistant to micrococcal nuclease is

dependent upon the presence of the chromatin extract during
assembly. When the four core histones and circular relaxed
DNA were incubated in the absence of extract, no discrete
micrococcal nuclease-resistant DNA fragments were generated
(Fig. 3 j and k). Instead, a broad distribution of DNA fragments
extended throughout the gel. The conditions of nuclease di-
gestion used were similar to those used in Fig. 3c except that
the amount of micrococcal nuclease 1/2 to 1/8. Because the for-
mation of nucleosomes induces superhelical turns in a DNA
molecule, we felt that the use of a supercoiled DNA might favor
a spontaneous assembly reaction. When the four core histones
were incubated with supercoiled DNA in the absence of the
chromatin extract, again no discrete DNA fragments were
formed upon micrococcal nuclease digestion (Fig. 3 g, h, and
i).
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Purified Nicking-Closing Enzyme Mediates Chromatin
Assembly. We thought that the chromatin extract might con-

tain several factors involved in chromatin assembly. In attempts
to fractionate this activity, we found that a purified nicking-
closing enzyme (10) by itself induced superhelical turns in a

relaxed DNA in the presence of histones. Fig. 4 shows that this
homogeneous enzyme induced superhelical turns in a relaxed
DNA under the conditions found optimal for the chromatin
extract. An assembly reaction with the chromatin extract is also
shown for comparison. The relative amounts of nicking-closing
activity necessary for nucleosome assembly were much greater
than the amount necessary to relax the same amount of super-
coiled DNA. Indeed, the relative ratios of the assembly and
relaxing activities were the same for both the chromatin extract
and the homogeneous enzyme. Fig. 4 shows that 20 times more
chromatin extract was needed for assembly of histones and
relaxed DNA than for relaxation of the same amount of su-

FIG. 2. Electron microscopy of (a)
SV40 FIr DNA alone; (b and c) SV40
FIr DNA and calf thymus histones as-

sembled in the presence of a chromatin
;.X; extract; (d) complexes of FI DNA and

histones formed in the absence of chro-
Britain-,- matin extracts; (e) SV40 minichromo-

rS,:"T -Z: _ .= somes extracted from infected cells (17).
The bar corresponds to 200 nm. Ali-
quots ofan incubation mixture prepared
as described for Fig. 1 were diluted 1:50
with 10 mM Tris-HCl, pH 7.5/1 mM
EDTA and applied to carbon-coated

!,, grids activated by glow discharge in

ij;. amylamine vapor (18). The samples
were stained with 2% aqueous uranyl

LIZ '~ acetate and the grids were rotary shad-

owed with platinum/palladium (80:20)
at an angle of 80. Photographs were
taken-with Siemens Elmiskop 101 elec-

tron microscope at X16,000. Length and
size measurements were made' on X10

photographic enlargements. The rela-

tive increase in diameter by metal de-
position was deduced from the size

measurements of naked DNA.

percoiled DNA. Nucleosome assembly with the homogeneous
nicking-closing enzyme also required 20-fold more enzyme
than the relaxation reactions. On a molar basis about one mol-
ecule of nicking-closing enzyme was present per nucleosome
formed. In the absence of histones; even this large amount of
nicking-closing enzyme did not affect the relaxed state of the
DNA, indicating that the supercoiling reaction is dependent
upon histone-DNA association.

Micrococcal nuclease digestion of the histone-DNA com-

plexes assembled in the presence of the purified nicking-closing
enzyme resulted in DNA fragments of discrete size (Fig. 3 e and
f). These fragments were similar in length to those obtained by
digestion of either native chromatin (Fig Sb) or DNA-histone
complexes assembled in the presence of the chromatin extract
(Fig. 3 c and d). These results indicate that the homogeneous
nicking-closing enzyme itself was sufficient to assemble histones
and DNA into a nucleosome-like structure. This conclusion is
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FIG. 3. Micrococcal nuclease digestion of histone-DNA com-
plexes assembled in the presence of a chromatin extract (c and d) or
a homogeneous nicking-closing enzyme (e and f) as described for Fig.
1. After assembly the complexes were incubated at 230C in the pres-
ence of 50 units of micrococcal nuclease (Worthington) per ml and
1 mM CaCl2 for 5 min (c and e) and 15 min (d and f). After digestion,
the samples were made 10 mM EDTA/0.3% sodium dodecyl sulfate,
and extracted with phenol and then with ether before being precipi-
tated with cold ethanol. DNA was then resuspended in 10mM Tris.
HCl, pH 8.0/1 mM EDTA/10% sucrose/0.05% bromophenol blue for
analysis by polyacrylamide/agarose gel electrophoresis. DNA frag-
ments from nuclei digested with micrococcal nuclease to two different
extents as described (ref. 13; a and b). Control experiments, in which
supercoiled DNA was incubated with histone in the absence of
chromatin extract and then digested for 5 min with 5, 12, or 25 units
of micrococcal nuclease (g, h, and i, respectively) per ml. FIr DNA was
also mixed with histones in the absence of extract and the resulting
complexes were digested with 6 or 25 units of micrococcal nuclease
(j, k) per ml.

reinforced by the fact that the same relative amount of nick-
ing-closing activity was necessary for assembly whether the
chromatin extract or the pure nicking-closing enzyme was used.
However, the copurification of a highly catalytic assembly
activity with the nicking-closing enzyme cannot be ex-

cluded.

19 3s 1 55 19 6 Fl 2 1 0.5 0.05 0.015
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FIG. 4. Assembly of histones and FIr DNA (160 ng) in the pres-
ence of indicated amounts of the nicking-closing enzyme or the
chromatin extract in the assembly reactions as described for Fig. 1.
FI DNA (160 ng) was incubated in the presence of the nicking-closing
enzyme or the chromatin extract in the relaxation reactions under
ionic conditions identical to those for the assembly reaction. The
chromatin extract was t 1 mg/ml in protein. DNA was then analyzed
by gel electrophoresis as described for Fig. 1. The double bands in the
two right slots are due to the presence of both negatively and positively
supercoiled DNA molecules resolved under the conditions of elec-
trophoresis.

DISCUSSION
We have shown here that the assembly of histones and DNA
to form a nucleosome-like structure can be mediated by either
a chromatin extract or a highly purified nicking-closing enzyme
isolated from rat liver (10). These agents assemble chromatin
at physiological ionic strength (150mM NaCl), at physiological
rates, and with equal amounts of DNA and histone by weight.
The characteristics of the complexes formed satisfy most of the
important criteria defining chromatin structure at the level of
the nucleosome. The circular DNA extracted from the com-
plexes is supercoiled, indicating that the initially relaxed DNA
acquired superhelical turns during complex formation. The
number of superhelical turns is in good agreement with the
number of beads observed by electron microscopy. This rela-
tionship of one nucleosome to one superhelical turn is charac-
teristic of chromatin (4). The digestion of the complexes with
micrococcal nuclease generates a series of discrete DNA frag-
ments, the largest of which is 145 base pairs in length. DNA
fragments of this size are associated with histones in a complex
called a nucleosome core particle, which is a major intermediate
in the digestion of chromatin from many sources (21, 24). In the
electron microscope the complexes appear as a chain of
nucleosomes with a diameter of 120 A, each containing about
180 base pairs of DNA as determined by the length reduction
of the DNA molecule. These data for nucleosome-like particles
assembled in vitro agree with the values established for
nucleosomes in native chromatin (21).
The assembly of histones and DNA into a chromatin-like

structure can be facilitated by a heat-treated, trypsin-resistant,
acidic protein of 29,000 moleular weight isolated from Xenopus
eggs (25). This protein interacts with the core histones and then
the complex attaches to DNA to form a nucleosome. Treatment
of our chromatin extract with even limited amounts of trypsin
led to the simultaneous inactivation of both assembly and re-
laxing activities (data not shown).
The nicking-closing enzyme used in this work was purified

by J. Champoux and is homogeneous as determined by sodium
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dodecyl sulfate gel electrophoresis and by gel filtration ''Is
(10). This enzyme can relax both positive and negative su-
perhelical turns in a circular DNA molecule by a mechanism
involving a single-strand scission of the DNA and a covalent
linkage of the polypeptide to the DNA (26, 27). This activity
has been shown to be catalytic, because 1 molecule of enzyme
is able to relax more than 100 molecules of SV40 DNA (10).
Under our conditions for nucleosome assembly one molecule
of the nicking-closing enzyme is present per nucleosome
formed. We do not know whether the pure enzyme plays a
stoichiometric or catalytic role in assembly in vitro. Because
similar large amounts of nicking-closing activity are required
for assembly with the chromatin extract, this enzyme is prob-
ably the principal factor present in the extract that mediates
assembly.

There are several possible mechanisms whereby nicking-
closing enzyme could mediate the assembly of histones and
DNA into nucleosomes. The simplest is that histones and DNA
associate spontaneously, and the nicking-closing enzyme simply
relaxes the nucleoprotein complexes. Results from nuclease
digestion and electron microscopy make this mechanism un-
likely. Micrococcal nuclease digestion of the complexes formed
in the absence of nicking-closing enzyme showed only small
amounts of 145-base-pair DNA fragments. This material may
represent a small amount of spontaneous assembly. However,
even the use of DNA that was already supercoiled did not in-
duce nucleosome formation. In another possible mechanism
the nicking-closing enzyme might directly facilitate the proper
folding of the DNA around the histone core by acting as a
swivel. A swivel might also be needed to allow the DNA to
maintain a relaxed conformation throughout chromatin as-
sembly in vitro. The large amount of enzyme required suggests
that the enzyme might act by coating the DNA and preventing
the rapid nonspecific associations that occur when histones and
DNA are mixed at physiological ionic strength. The enzyme
would then be displaced only when the DNA had properly
folded around the histone core. The enzyme might also actively
fold the DNA or serve as a nucleation site for histone association.
Our current results favor mechanisms in which the nicking-
closing enzyme interact first with DNA, because better as-
sembly was observed when these components were preincu-
bated prior to addition of histones.
The formation of nucleosome-like structures in vitro can be

mediated: by the nicking-closing enzyme, which interacts with
nucleic acids as described here; by an acidic protein from
Xenopus eggs that associates with histones (25); or by non-
physiological ionic strengths (1). All these mechanisms involve
a reduction or a competition of the strong electrostatic inter-
action between histones and DNA. In these reactions, neither
histones nor DNA is in a state comparable to that found in vivo.
Core histones are known to be modified after synthesis, pri-
marily by acetylation, and then deacetylated after association
with DNA (28, 29). The use of acetylated histones in these re-
actions may result in different mechanisms of assembly. The
DNA molecules used in these assays were present as long regions
of free nucleic acid. In vivo, most of the DNA is associated with
histones in the form of chromatin or with enzymes involved in
DNA metabolism. Perhaps the assembly of chromatin in vivo
usually involves the displacement of enzymes such as the
nicking-closing enzyme, by histones to form nucleosomes. Our
data suggest that the nicking-closing enzyme may have two
distinct functions in chromosome replication, one relaxing the
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topological constraints imposed during replication and chro-
matin assembly and the other facilitating the association of
histones and DNA to form nucleosomes.
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