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Chromatin is the natural form of DNA in the eukaryotic
nucleus and is the substrate for diverse biological phenomena.
The functional analysis of these processes ideally would be car-
ried out with nucleosomal templates that are assembled with
customized core histones, DNA sequences, and chromosomal
proteins. Here we report a simple, reliable, and versatile method
for the ATP-dependent assembly of evenly spaced nucleosome
arrays. This minimal chromatin assembly system comprises the
Drosophila nucleoplasmin-like protein (ANLP) histone chaper-
one, the imitation switch (ISWI) ATP-driven motor protein,
core histones, template DNA, and ATP. The dNLP and ISWI
components were synthesized in bacteria, and each protein
could be purified in a single step by affinity chromatography.
We show that the ANLP-ISW1I system can be used with different
DNA sequences, linear or circular DNA, bulk genomic DNA,
recombinant or native Drosophila core histones, native human
histones, the linker histone H1, the non-histone chromosomal
protein HMGN2, and the core histone variants H3.3 and H2A.V.
The dNLP-ISWI system should be accessible to a wide range of
researchers and enable the assembly of customized chromatin
with specifically desired DNA sequences, core histones, and
other chromosomal proteins.

In the eukaryotic nucleus, DNA is packaged into a nucleo-
protein complex known as chromatin (1). The chromatin fiber
consists of repeating units of nucleosomes, which comprise
nucleosome cores (~147 bp of DNA wrapped around a core
histone octamer of two copies each of histones H2A, H2B, H3,
and H4) that are connected by about 20-50 bp of linker DNA.
Chromatin is involved not only in the compaction and organi-
zation of the genome, but it is also the substrate for DNA-
utilizing processes such as transcription, DNA replication, and
DNA repair.
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Chromatin is fascinating yet challenging because of its mul-
tidimensional nature. In addition to the core histones, chroma-
tin contains the linker histone H1 as well as non-histone chro-
mosomal proteins such as the high-mobility-group (HMG)?
proteins. There are also different types of core histones: the
canonical S phase—regulated histones as well as S phase—inde-
pendent histone variants with specialized functions. Further-
more, there are many different covalent modifications of the
histones.

A functional analysis of the multifarious components of
chromatin requires the assembly of customized histones and
non-histone chromosomal proteins into nucleosomes (for
reviews, see Refs. 2 and 3). For the assembly of periodic arrays of
nucleosomes onto natural DNA sequences, there are purified
and defined enzyme-driven systems that comprise an ATP-de-
pendent motor protein, such as ACF (ATP-utilizing chromatin
assembly and remodeling factor), Chdl (chromodomain heli-
case DNA-binding protein 1), or RSF (remodeling and spacing
factor), and a core histone chaperone such as NAP1 (nucleo-
some assembly protein 1) (4, 5). These enzyme-driven systems
have been successfully used for the assembly of chromatin, but
they also have some limitations that restrict their more wide-
spread use. For instance, the ACF and RSF motor proteins are
synthesized in insect cells by using baculovirus vectors, and it
would be easier and less expensive to use bacterially synthesized
proteins. On the other hand, Chd1l, which can be made in bac-
teria, cannot assemble histone H1- containing chromatin (6).
NAP1 is widely used as a histone chaperone, but bacterially
synthesized NAP1 is often contaminated with a nuclease that
can degrade the DNA template (7).

To circumvent these problems, we have developed and char-
acterized a simple and reliable method for the ATP-dependent
assembly of periodic arrays of nucleosomes with a bacterially
synthesized ISWTI (imitation switch) motor protein and dNLP
(Drosophila nucleoplasmin-like protein) histone chaperone.
Importantly, we tested the versatility of this ANLP-ISW1I assem-
bly system and found that it can function with circular or linear
DNA templates, human or Drosophila core histones, histone
H1, an HMGN (high-mobility-group, nucleosome-binding)
protein, and core histone variants. Thus, this system should be

2 The abbreviations used are: HMG, high mobility group; ACF, ATP-utilizing
chromatin assembly and remodeling factor; Chd1, chromodomain heli-
case DNA-binding protein 1; dNAP1, Drosophila nucleosome assembly
protein 1; dNLP, Drosophila nucleoplasmin-like protein; HMGN, high-mo-
bility-group, nucleosome-binding; ISWI, imitation switch; MNase, micro-
coccal nuclease; RSF, remodeling and spacing factor.
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Figure 1. ATP-dependent assembly of periodic nucleosome arrays with the dNLP-ISWI system. A, purification of recombinant Drosophila dNLP, ISWI, and
S phase-regulated core histones. The proteins were synthesized in E. coli, purified, and analyzed by 10% (left) or 15% (right) polyacrylamide-SDS gel electro-
phoresis and staining with Coomassie Brilliant Blue R-250. The dNLP is the N-terminally His,-tagged version of the protein. The sizes of molecular mass markers
(in kDa) and the positions of the individual histones are indicated. B, DNA supercoiling analysis reveals efficient nucleosome assembly by dNLP and ISWI.
Complete chromatin assembly reactions were carried out with dNLP, ISWI, core histones, ATP, and relaxed plasmid DNA in the presence of purified topoi-
somerase |, an ATP regeneration system, and BSA as a stabilizing agent. Reactions lacking individual components are indicated. The reaction products were
deproteinized, subjected to 0.8% agarose gel electrophoresis, and stained with ethidium bromide. Samples of supercoiled DNA and relaxed DNA were
included as references. The positions of nicked DNA, relaxed DNA, and supercoiled DNA are shown. The black dot corresponds to a minor unknown contam-
inant, which may be supercoiled dimeric plasmid DNA. C, partial MNase digestion analysis indicates the assembly of periodic nucleosome arrays by dNLP and
ISWI. Chromatin assembly reactions were performed as described in B. The reaction products were partially digested with two different concentrations of
MNase, deproteinized, and subjected to 1.3% agarose gel electrophoresis. The resulting DNA fragments were detected by staining with ethidium bromide. The

DNA bands that correspond to mono-, di-, tri-, and tetranucleosomes are shown. The DNA size markers (M) are the 123-bp ladder (Invitrogen).

useful for the preparation of many different types of customized
chromatin for a wide range of specific applications.

Results

ATP-dependent assembly of periodic nucleosome arrays with
dNLP and ISWI

In this work, we sought to establish and characterize a sim-
ple, reliable, and versatile system for the ATP-dependent
assembly of periodic nucleosome arrays. The minimal chroma-
tin assembly process is mediated by a combination of an ATP-
utilizing motor protein, such as ACF, Chd1, or RSF, and a core
histone chaperone, such as NAP1 or dNLP. In our simplified
system, we chose to use the Drosophila ISWI motor protein (8),
which is the ATPase subunit of the ACF assembly factor (9).
ACF comprises ISWIand the Acfl1 protein (10), and ISWI alone
can assemble chromatin in the absence or presence of histone
H1 in conjunction with the NAP1 histone chaperone (6, 10, 11).
Moreover, ISWI can be synthesized in bacteria and purified by
one-step affinity chromatography (11), and thus, the purified
protein can be obtained quickly and inexpensively. Hence,
ISWT is ideally suited for a simplified assembly system because
it can easily be produced in bacteria and can mediate the assem-
bly of chromatin in the presence or absence of histone H1.

For the core histone chaperone, we chose to use the Drosoph-
ila nucleoplasmin-like protein, dNLP (12) (also known as p22
or CRP1 (13, 14)), which has been found to function in chroma-
tin assembly in conjunction with purified ACF (15). In the past,
we extensively used dNAP1 that had been synthesized in Sf9
insect cells with a baculovirus vector (4). In contrast, we found
that bacterially synthesized dNAP1 could be contaminated
with a bacterial nuclease (7) and could also lose its activity upon
long-term storage (e.g. several months) at —80 °C. The use of
dNLP circumvents these problems. Like Xenopus nucleoplas-
min, dNLP is a heat-stable protein (14, 16), and hence, it can be
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heat-treated under conditions that inactivate contaminating
nucleases. In addition, we have found that purified bacterially
synthesized dNLP retains its activity upon long-term storage at
—80°C.

We therefore tested whether purified bacterially synthesized
ISWTI could assemble chromatin in conjunction with purified
bacterially synthesized dNLP. To this end, we purified ISWI by
a variation of the method of Corona et al. (11), and we gener-
ated and purified an N-terminally His,-tagged version of ANLP
(termed dNLP). Each of the proteins was purified by a single
step of affinity chromatography (Fig. 14). We then carried out
chromatin assembly reactions with ISWI and dNLP along with
purified recombinant canonical (S phase—regulated) Drosoph-
ila core histones, relaxed circular plasmid DNA, and ATP. It
should also be noted that the reactions additionally contained
an ATP regeneration system (pyruvate kinase and phosphoe-
nolpyruvate), purified topoisomerase I to relax DNA superhe-
lical tension, and bovine serum albumin (BSA) as a stabilizing
agent.

Chromatin assembly was monitored by the DNA supercoil-
ing and micrococcal nuclease (MNase) digestion assays. During
nucleosome assembly, the wrapping of the DNA around the
core histone octamer results in a change in the linking number
of about —1 (17, 18). The DNA supercoiling assay monitors the
formation of negative supercoiling in the plasmid DNA as
nucleosomes are assembled in the presence of topoisomerase I.
The extent of nucleosome assembly is revealed by the forma-
tion of negative supercoils in the DNA from the deproteinized
reaction products. As seen in Fig. 1B, we observed the most
efficient nucleosome assembly in the complete reaction con-
taining dNLP, ISWI, core histones, and ATP. More detailed
analyses of different concentrations of ANLP and ISWT in the
chromatin assembly reactions are shown in supplemental Figs.
S1and S2.
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Figure 2. Assembly of native Drosophila and human histones with dNLP
and ISWI. A, purification of core histones from Drosophila embryos and
human Hela cells. The proteins were analyzed by 15% polyacrylamide-SDS
gel electrophoresis and staining with Coomassie Brilliant Blue R-250. The
positions of the individual Drosophila (d) and human (h) core histones (CH) are
indicated. B, DNA supercoiling analysis. Chromatin assembly reactions
were carried out and analyzed, as described in the legend for Fig. 1B, with the
indicated core histones. The positions of nicked DNA (N), relaxed DNA (R), and
supercoiled DNA (S) are shown. C, partial MNase digestion analysis. Chroma-
tin was assembled and analyzed, as described in the legend for Fig. 1C, with
the indicated core histones.

The partial MNase digestion assay reveals whether there are
extended periodic arrays of nucleosomes in the reconstituted
chromatin (19). MNase catalyzes the double-stranded cleavage
of DNA in the linker region between the nucleosome cores. If
the nucleosomes are evenly spaced, then the different DNA
fragments derived from the mono- and oligonucleosomes gen-
erated by partial MNase cleavage will form a ladder that corre-
sponds to mononucleosomes, dinucleosomes, trinucleosomes,
and increasingly larger oligonucleosomes. As seen in Fig. 1C
and supplemental Figs. S1 and S2, we observed the most dis-
tinct pattern of MNase digestion products (“MNase ladder”)
with the complete reaction containing dNLP, ISWI, core his-
tones, and ATP. These experiments revealed that purified bac-
terially synthesized dNLP, ISWI, and core histones can be
assembled efficiently into periodic nucleosome arrays.

The dNLP-ISWI system can assemble chromatin with either
human or Drosophila core histones

We next sought to test the versatility of the dNLP-ISWI
chromatin assembly system. We initially addressed the follow-
ing two issues. First, because the dNLP and ISWTI are Drosoph-
ila proteins, it was important to test whether the factors would
work with human histones, which would be more widely stud-
ied than Drosophila histones. Second, bacterially synthesized
recombinant histones are homogeneous polypeptides, whereas
native histones consist of S phase—regulated histones and their
variants with a variety of different covalent modifications. We
therefore tested the ability of the INLP-ISWI system to assem-
ble chromatin with native core histones. To this end, we puri-
fied native core histones from Drosophila embryos as well as
from human HeLa cells (Fig. 24) and then carried out chroma-
tin assembly reactions with ANLP and ISWI. As shown in Fig. 2,
Band C, both native and recombinant Drosophila core histones
as well as native human core histones are efficiently assembled
into extended periodic nucleosome arrays with dNLP and
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ISWI. The core histones are highly conserved among
eukaryotes. It is thus likely that the ANLP-ISWT system will
function with core histones from many different organisms. In
addition, it is useful to know that the ANLP-ISW1I system can be
used with native core histones as well as with recombinant core
histones, which can be modified specifically as desired.

The dNLP-ISWI system can assemble chromatin onto different
DNA templates

We then examined the ability of the dNLP-ISWTI system to
assemble chromatin onto different DNA templates. First, as
shown in Fig. 3, A and B, we found that the ANLP-ISWI system
is able to assemble chromatin onto relaxed circular DNAs con-
taining sequences from the adenovirus E4 promoter (3 kb), bac-
teriophage T4 (7 kb), and the Drosophila Antennapedia gene (8
kb). Thus, the assembly factors function with both prokaryotic
and eukaryotic DNA sequences. Second, we observed that
dNLP and ISWI can assemble chromatin efficiently onto linear-
ized plasmid DNA (Fig. 3C). Third, we also tested the ability of
the dNLP-ISWI system to assemble chromatin with high-mo-
lecular-weight (mostly >12 kb; see supplemental Fig. S3) bulk
genomic DNA. These experiments revealed efficient assembly
of extended periodic nucleosome arrays with the high-molecu-
lar-weight genomic DNA from calf thymus (Fig. 3D). It thus
appears that the ANLP-ISWI system can be used for the assem-
bly of chromatin with a wide range of linear and circular DNAs.

Assembly of histone H1- containing chromatin with the dNLP-
ISWI system

In metazoa, histone H1 is a major component of chromatin
with a stoichiometry that generally ranges from 0.5 to 0.8 mol-
ecules per nucleosome (20) (for reviews, see Refs. 21-23). It is
thus important to include histone H1 in the analysis of chroma-
tin structure and function. We therefore tested whether the
dNLP-ISWI system could be used to assemble histone
H1- containing chromatin. To this end, we purified native his-
tone H1 from Drosophila embryos as well as recombinant
human histone H1 variant H1.0 (Fig. 4A4). We then carried out
chromatin assembly reactions in the absence or presence of
histone H1. Because dNAP1 and ACF can assemble histone
H1- containing chromatin (4), we used these factors as a refer-
ence. As seen in Fig. 4, B and C, chromatin is assembled in the
presence of histone H1, and the incorporation of histone H1
into chromatin results in an increase in the nucleosome repeat
length, as seen previously in the assembly of histone H1-
containing chromatin with crude or purified systems (4, 6, 24,
25). We further analyzed the histone H1- containing chroma-
tin by extensive MNase digestion into mononucleosomes fol-
lowed by native gel electrophoresis (Fig. 4D). In these experi-
ments, we found that the H1l-containing chromatin yields
chromatosomes (mononucleosomes + H1), as seen previously
with chromatin isolated from cells or assembled in vitro with
ACF and dNAPI1 (6, 26, 27). Some differences can be seen
between chromatin that is assembled with Drosophila H1 rela-
tive to human H1.0, effects, which are likely due to the different
properties of the different H1 molecules. Importantly, histone
H1- containing chromatin that is assembled with ANAP1-ACF
is similar to that assembled with dNLP-ISWI. These results
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Figure 3. Assembly of various DNA templates with the dNLP-ISWI system. A, DNA supercoiling analysis shows the efficient assembly of three different
plasmid DNAs. Chromatin assembly reactions were carried out with three plasmid DNAs: pGIE-0 (3 kb) (50), which contains sequences from the adenovirus E4
promoter; pJH187 (8 kb), which contains sequences from the Drosophila Antennapedia gene; and pLA4 (7 kb) (51), which contains sequences from bacterio-
phage T4. Chromatin assembly and analysis were performed as described in the legend for Fig. 1B, except that native Drosophila core histones were used
instead of recombinant Drosophila core histones. B, partial MNase digestion analysis reveals the assembly of periodic nucleosome arrays on three different
plasmid DNAs. Reactions were performed as described in A, and the samples were analyzed as described in the legend for Fig. 1C. C, chromatin can be
assembled with either circular or linear DNA. Reactions were performed as described in A, with relaxed circular or linearized pLA4 (7 kb), and the resulting
samples were subjected to partial MNase digestion analysis. D, the dNLP-ISWI system can be used for the assembly of genomic DNA into periodic nucleosome
arrays. Chromatin assembly reactions were carried out as described in A with native calf thymus genomic DNA that is mostly greater than 10 kb in length
(supplemental Fig. S3). The chromatin (right) and genomic DNA (left) were subjected to partial MNase digestion analysis in parallel.

indicate that histone H1 is incorporated into chromatin during
assembly with the dNLP-ISWI system. This property of the
dNLP-ISWTI system contrasts with that of the ANAP1-Chdl
system, which is unable to mediate the assembly of H1-contain-
ing chromatin (6).

Assembly of HMGN2-containing chromatin with the dNLP-
ISWI system

Beyond the core histones and H1, there are other abundant
components of chromatin, such as the high-mobility-group
(HMG) proteins (for reviews, see Refs. 28 -30). We therefore
tested whether the ANLP-ISWI system could assemble chro-
matin that contains the HMGN proteins, which are abundant
nuclear proteins (31) that bind with high affinity to two sites
on nucleosomes (32-34). We purified recombinant human
HMGN?2 (Fig. 4A4), and then carried out chromatin assembly
reactions in the absence or presence of different concentrations
of this protein. The DNA supercoiling and partial MNase diges-
tion assays indicated that periodic arrays of nucleosomes are
assembled in the presence of HMGN2 (Fig. 5, A and B). The
incorporation of HMGN2 into chromatin was examined by
digestion of the chromatin into mononucleosomes with MNase
followed by native gel electrophoresis of the resulting chroma-
tin particles (Fig. 5C). These experiments revealed the incorpo-
ration of up to two molecules of HMGN2 per nucleosome.
Hence, we concluded that the dNLP-ISWTI system can be used
for the assembly of periodic nucleosome arrays containing the
HMGN proteins.

The dNLP-ISWI system can be used to assemble chromatin that
contains histone variants H3.3 and H2A.V (Drosophila
H2A.X/H2A.2)

In the study of chromatin structure and function, it is impor-
tant to analyze the S phase—independent histone variants in
addition to the canonical S phase-regulated histones (for
reviews, see Refs. 35 and 36). For instance, nucleosomes con-
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taining the histone variants H3.3 and H2A.Z have been found at
active promoters, enhancers, and insulator regions in humans
(37). We therefore investigated whether the dNLP-ISWT sys-
tem could be used to assemble chromatin that contains histone
variants. To this end, we synthesized and purified Drosophila
histone H3.3 and H2A.V (Fig. 6A). Drosophila H3.3 has the
same amino acid sequence as human H3.3, whereas histone
H2A.V is a Drosophila H2A variant (38) with the combined
features of mammalian H2A.X and H2A.Z. By using the dNLP-
ISWI system, we performed chromatin assembly reactions with
H2A.V and H3.3 along with canonical H2B and H4. DNA
supercoiling and partial MNase digestion analyses revealed the
formation of evenly spaced arrays of nucleosomes containing
H2A.V and H3.3 (Fig. 6, Band C). Thus, the INLP-ISWI system
has considerable promise for the assembly of a wide range of
histone substrates into periodic nucleosome arrays.

A minimal dNLP-ISWI chromatin assembly system that lacks
an ATP regeneration system, topoisomerase I, and bovine
serum albumin

Many applications may require the simplest possible system
for the assembly of chromatin. We therefore examined the
effects of the removal of the potentially nonessential protein
components in our standard chromatin assembly reactions.
First, we tested the omission of the ATP regeneration system
(pyruvate kinase and phosphoenolpyruvate), which converts
the ADP that is produced during chromatin assembly back into
ATP. As shown in Fig. 7, A and B, the absence of the ATP
regeneration system has little effect on the efficiency of assem-
bly of periodic nucleosome arrays under our standard reaction
conditions. It should be noted, however, that the ATP regener-
ation system might be essential for efficient chromatin assem-
bly if a higher concentration of the ISWI ATPase or a longer
reaction time were employed.

Then, in the absence of the ATP regeneration system, we
further investigated the omission of topoisomerase I. Under

J. Biol. Chem. (2017) 292(47) 19478-19490 19481
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Figure 4. The dNLP-ISWI system can be used to assemble histone
H1- containing chromatin. A, purification of native Drosophila histone H1,
recombinant human H1.0, and recombinant human HMGN2. The proteins
were subjected to 15% polyacrylamide-SDS gel electrophoresis and staining
with Coomassie Brilliant Blue R-250. B, DNA supercoiling analysis of chroma-
tin assembled with histone H1. Reactions were performed either with the
dNAP1-ACF system (4) or with the dNLP-ISWI system, as described in the
legend for Fig. 3. Where indicated, Drosophila histone H1 and human H1.0
wereincluded at a ratio of 0.75 molecules of H1/nucleosome. The positions of
nicked DNA (N), relaxed DNA (R), and supercoiled DNA (S) are shown. The
black dot corresponds to a minor unknown contaminant. C, partial MNase
analysis shows an increase in the nucleosome repeat length upon incorpora-
tion of histone H1 into chromatin. Reactions were performed as described in
B, and the resulting samples were subjected to partial MNase digestion anal-
ysis. The green dots correspond to the DNA bands derived from dinucleo-
somes, and the yellow squares designate DNA fragments from trinucleo-
somes. D, native gel electrophoresis of mono- and dinucleosomes obtained
by extensive MNase digestion of chromatin either lacking or containing his-
tone H1. The chromatin particles were detected by staining of the DNA with
SYBR Gold. The positions of mononucleosomes (mono), dinucleosomes (di),
H1-containing mononucleosomes (chromatosomes; mono + HI), and
H1-containing dinucleosomes (di + H1) are indicated.

normal reaction conditions, topoisomerase I serves two func-
tions: first, it is used to relax the negative supercoils in plasmid
DNA prior to chromatin assembly; and second, it functions to
relax the positive supercoils that are formed as the DNA wraps
around the histone octamer during chromatin assembly. The
second function is the basis for the DNA supercoiling assay.
The first function is relevant to the energy that drives the for-
mation of nucleosomes. In this regard, we preferred to use
relaxed DNA for chromatin assembly because negatively super-
coiled DNA is “spring-loaded” for chromatin assembly, as the
formation of nucleosomes relieves the stress of the negative
supercoiling. If chromatin is assembled from relaxed DNA in
the presence of topoisomerase I, then the energy that drives the
formation of nucleosomes is provided only by the ATP-depen-
dent motor protein (in this case, ISWI) without any contribu-
tion from superhelical tension in the DNA. Hence, the use of
relaxed DNA is useful for the study of the mechanism of chro-
matin assembly. However, if the objective of the experiment is

19482 J Biol Chem. (2017) 292(47) 1947819490

to make chromatin without regard to the specific mechanism,
then negatively supercoiled DNA could be used as a substrate
for chromatin assembly. Thus, as shown in Fig. 7C, we carried
out chromatin assembly reactions with negatively supercoiled
plasmid DNA in the absence or presence of topoisomerase I
and observed the assembly of periodic arrays of nucleosomes in
the absence of topoisomerase L. (Note that without topoisomer-
ase I, it is not possible to perform the DNA supercoiling assay.)
Thus, it should be possible to perform chromatin assembly
reactions with the ANLP-ISWI system with negatively super-
coiled plasmid DNA in the absence of topoisomerase I. In these
reactions, the negative supercoils in the DNA are relieved by
the wrapping of the DNA around the histones. It is also impor-
tant to note that topoisomerase I is not necessary for the assem-
bly of linear DNA, as shown in Fig. 3, C and D.

Lastly, we tested whether BSA is essential for chromatin
assembly with the ANLP-ISWI system. BSA is commonly added
to biochemical reactions to minimize adsorption of proteins to
plastic as well as to maintain the activity of enzymes in vitro.
However, in the absence of the ATP regeneration system and
topoisomerase I, we observed that the omission of BSA has no
discernable effect on chromatin assembly (Fig. 7C). Thus, taken
together, the efficient assembly of periodic nucleosome arrays
can be achieved with the minimal dNLP-ISWI system, which
consists only of ANLP, ISWI, core histones, and ATP, in con-
junction with supercoiled or linear DNA. Nevertheless, when
possible, we recommend the inclusion of the ATP regeneration
system and BSA to provide additional assurance of the consis-
tent success of the reaction. In addition, topoisomerase I would
be required if the chromatin is to be analyzed by the DNA
supercoiling assay.

Discussion

We have described here a simple, reliable, and versatile
method for the ATP-dependent assembly of periodic nucleo-
some arrays. The dNLP-ISW1I system can be used with different
DNA sequences, linear or circular DNA, recombinant or native
core histones from Drosophila or humans, histone HI,
HMGN?2, and core histone variants H3.3 and H2A.V (H2A.Z/
H2A.X). We have also described a minimal assembly system
that does not involve the inclusion of an ATP regeneration sys-
tem, topoisomerase I, or BSA. Notably, dNLP and ISWI are
synthesized in bacteria, and each protein can be purified in a
single step by affinity chromatography. The dNLP-ISW1I system
is accessible to a wide range of researchers, enabling the assem-
bly of customized chromatin with specifically desired DNA
sequences, core histones, and other chromosomal proteins.
Because there are many different possible approaches to the use
of the ANLP-ISW1I system, some specific comments and recom-
mendations are as follows.

dNLP and ISWI
For all applications, it is necessary to purify dNLP and ISWI.

Core histones from various organisms

The core histones are highly conserved proteins, and it is
likely that the ANLP-ISWT system will work with core histones
from many different organisms. For any given organism, if the
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Fig. 4A) at the indicated molar ratios of HMGN2 to nucleosomes. B, partial MNase analysis of HMGN2-containing chromatin assembled as described in A. C,
native gel electrophoresis of mono- and dinucleosomes obtained by extensive MNase digestion of chromatin either lacking or containing HMGN2. The
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Figure 6. The dNLP-ISWI system can assemble containing histone vari-
ants H3. 3 and H2A.V. A, purification of Drosophila core histones with the
H3.3 and H2A.V variants. The core histone proteins were synthesized in E. coli,
purified, and analyzed by 15% polyacrylamide-SDS gel electrophoresis and
staining with Coomassie Brilliant Blue R-250. The positions of the individual
histones are shown. B, DNA supercoiling analysis of chromatin assembled
with histones H3.3 and H2A.V. Chromatin assembly reactions were per-
formed as described in the legend for Fig. 1B except that the H3.3 and H2A.V
variants were used instead of the S phase-regulated H3 and H2A histones.
The positions of nicked DNA (N), relaxed DNA (R), and supercoiled DNA (S) are
shown. The black dot corresponds to a minor unknown contaminant. C, par-
tial MNase digestion analysis of chromatin assembled with histones H3.3 and
H2A.V. The samples were analyzed as described in the legend for Fig. 1C.

core histones (especially histones H3 and H4) have a strong
similarity to the human histones, it is likely that they will func-
tion in the dNLP-ISW1I system.

Recombinant versus native core histones

We have generally found that native core histones yield
slightly better (i.e. more evenly spaced) chromatin than recom-
binant histones (for example, see Fig. 2C and Ref. 39). However,
native core histones, a mixture of S phase—regulated histones
and histone variants, have a variety of different covalent modi-
fications. Thus, one key advantage of recombinant core his-
tones is that each individual histone is homogeneous. In addi-
tion, a second important advantage of recombinant histones is
their ability to use mutant histones, histone variants, or specif-
ically modified histones (for recent review, see Ref. 40). Such
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customized chromatin would allow the investigation of specific
biological phenomena.

Core histone octamer to DNA mass ratio

This is the single most critical component of the assembly
reaction. It is essential to determine the optimal core histone
octamer to DNA mass ratio for chromatin assembly because
there may be some error in the measurements of the concen-
trations of DNA and histones. A 10% error in either of these
measurements could lead to a significant reduction in the qual-
ity of the chromatin. Therefore, for each new preparation of
histones and DNA, it is necessary to perform a series of reac-
tions with a range of core histone octamer to DNA mass ratios
each varying by only about 10% (for example, octamer:DNA
mass ratios of 0.7, 0.8, 0.9, 1.0, and 1.1). In this manner, the
optimal ratio would be identified. As a reference, in the absence
of histone H1, the optimal core histone octamer to DNA mass
ratio is about 0.9:1 (which corresponds to ~1 core histone octa-
mer/180 bp DNA), whereas in the presence of histone H1, the
longer repeat length results in a lower optimal core histone
octamer to DNA mass ratio of about 0.8:1.

Purification of the DNA template

We normally purify the DNA by two successive CsCl density
gradient centrifugation steps. This strategy yields DNA with
minimal contamination by other species that might inhibit the
assembly reaction or affect the accuracy of the determination of
the DNA concentration. It is important to note, however, that
high quality chromatin can be assembled with DNA purified by
some other methods (supplemental Fig. S4).

DNA supercoiling assay

This assay provides an indication of the efficiency of chroma-
tin assembly. Moreover, if the different topoisomers are ana-
lyzed by two-dimensional agarose gel electrophoresis (41), it is
possible to obtain quantitative data on the efficiency of chro-
matin assembly (see, for example, Refs. 6 and 42). In general, we
recommend analyzing the chromatin by one-dimensional aga-
rose gel electrophoresis, as done in this work, to estimate the
efficiency of nucleosome assembly.
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Figure 7. A simplified minimal chromatin assembly system. A, an ATP-regeneration system is not essential for chromatin assembly by dNLP and ISWI.
Chromatin assembly reactions were performed in the presence or absence of the ATP regeneration system, which consists of pyruvate kinase and phosphoe-
nolpyruvate. The reactions were carried out as described in the legend for Fig. 3. DNA supercoiling analysis revealed that the efficiency of nucleosome assembly
is not affected by the inclusion of the ATP regeneration system. The positions of nicked DNA (N), relaxed DNA (R), and supercoiled DNA (S) are shown. The black
dot corresponds to a minor unknown contaminant. B, partial MNase digestion analysis of the chromatin assembled in A shows that the ATP regeneration
system is not essential for the assembly of periodic nucleosome arrays. The samples were analyzed as described in the legend for Fig. 1C. C, topoisomerase | and
bovine serum albumin (BSA) are not essential for the assembly of periodic nucleosome arrays with supercoiled plasmid DNA. Reactions were carried out in the
absence of the ATP regenerating system, as in A, with supercoiled plasmid DNA in the presence or absence of topoisomerase | and BSA, as indicated. The
samples were analyzed by the partial MNase digestion assay. The minimal system that consists only of dNLP, ISWI, core histones, DNA, and ATP is highlighted

in red.

Partial MNase digestion assay

This assay reveals the periodicity of the nucleosomes. In
addition, if a distinct MNase ladder is achieved, it is likely that
the chromatin is efficiently assembled because inefficiently
assembled nucleosomes would yield a diffuse and smeared
digestion pattern. However, the DNA supercoiling assay gives
more reliable information on the efficiency of nucleosome
assembly.

Topoisomerase |

Because topoisomerase I is needed only for the DNA super-
coiling assay, one might be tempted to bypass the purification
of the topoisomerase I and the use of the DNA supercoiling
assay. We recommend, however, that initial work on the use of
the dNLP-ISWT system should include the DNA supercoiling
analysis, as it provides an indication of the overall success of the
assembly reactions.

Linear versus circular DNA

The dNLP-ISWTI system works with linear as well as circular
DNA. In the initial experiments, we recommend using circular
DNA so that the success of the assembly reaction can be mon-
itored with the DNA supercoiling assay. Then, once the assem-
bly system is established, linear templates could be assembled
and analyzed with the partial MNase digestion assay. Also, as
noted above, topoisomerase I is not needed for the assembly of
linear DNA templates.

ATP regeneration system and BSA

We recommend that initial work with the INLP-ISW1 sys-
tem include these components, which might increase the
efficiency of chromatin assembly under some conditions.
After the dNLP-ISWI system is successfully established,
then the omission of these components could be tested.
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The minimal assembly system, lacking the ATP regeneration
system, topoisomerase I, and BSA

If the standard assembly system with all of the components is
established, then the omission of the ATP regeneration system,
topoisomerase I, and BSA could be tested. It is important to
remember that this minimal system would work best with
either linear DNA or negatively supercoiled plasmid DNA, as
positive supercoils are generated during the assembly process.
One potential advantage of the minimal system is that the
resulting chromatin is of higher purity, as there are fewer com-
ponents in the reaction medium, which could be useful for
some applications.

Conclusion and perspectives

We are entering an exciting new era of chromatin research
with the advent of new technologies such as techniques for the
synthesis of customized histones (40). The ANLP-ISWT assem-
bly system could be used in conjunction with conventional or
customized histones for the assembly of many different types of
chromatin that could be used for a diverse range of potential
applications.

Experimental procedures
Purification of recombinant His ;-tagged dNLP

The full-length dNLP coding sequence (12) was subcloned
into a pET21-based vector to give pET21-His6dNLP, which
encodes N-terminally His.-tagged ANLP (termed dNLP). The
coding sequence, which was reconfirmed by DNA sequence
analysis, is provided in supplemental Table S1. For expression,
freshly transformed Escherichia coli strain BL21(DE3) was
grown in LB medium (0.5-liter volume, 40 wg/ml ampicillin) at
37 °Cto Agoo nm Of ~0.6, and the synthesis of ANLP was induced
by the addition of isopropyl-B-thiogalactopyranoside (IPTG) to
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1 mu final concentration. The culture was incubated for an
additional 3 h at 37 °C, and the cells were pelleted by centrifu-
gation (Fiberlite F14S-6x250y rotor; 6000 rpm, 5 min at 4 °C).
Unless stated otherwise, all subsequent operations were per-
formed at 4 °C. The cells were resuspended in 20 ml of buffer N
(50 mm phosphate (Na™), pH 7.0, containing 0.5 M NaCl, 1.5
mMm MgCl,, 0.1% (v/v) Nonidet P-40, 15% (v/v) glycerol, 0.2 mm
phenylmethylsulfonyl fluoride, 0.5 mm benzamidine-HCl, and
10 mm sodium metabisulfite) containing 15 mm imidazole, and
the bacteria were lysed by sonication (Branson Sonifier 450
with a 0.25-inch microtip; 20% output, 4 — 8 cycles of sonication
of 45 s “on” and 60 s “off”). The mixture was immersed in water
at 80 °C for 15 min, and the insoluble material was removed by
centrifugation (Fiberlite F21S-8x50y rotor; 10,000 rpm, 10
min). The lysate was combined with 2 ml (50% slurry in buffer N
containing 15 mm imidazole) of nickel-nitrilotriacetic acid-aga-
rose (Qiagen) and incubated for 3 h on a nutator. The dNLP-
bound nickel-nitrilotriacetic acid beads were transferred into a
Poly-Prep chromatography column (Bio-Rad, catalog no. 731-
1550) and washed with 30 ml of buffer N containing 15 mm
imidazole. Then, the protein was eluted with a step gradient of
2 ml each of buffer N containing 50, 100, 200, and 400 mMm
imidazole. The protein fractions were analyzed by 10% poly-
acrylamide-SDS gel electrophoresis and staining with Coomas-
sie Brilliant Blue R-250. Nuclease activity in the fractions was
detected by incubating plasmid DNA with the samples at 37 °C
for 1 h in the presence of 10 mm MgCl, followed by 1% agarose
gel electrophoresis and staining with ethidium bromide. Peak
dNLP-containing fractions lacking nucleases were dialyzed
(molecular weight cutoff: 10 kDa) against 2 liters of buffer R (10
mM Hepes (K™), pH 7.6, containing 10 mm KCl, 1.5 mm MgCl,,
10% glycerol, 10 mm B-glycerophosphate, 1 mm dithiothreitol,
0.2 mm phenylmethylsulfonyl fluoride, 1 mm benzamidine-
HCI, and 1 mMm sodium metabisulfite) for 2 h, frozen in liquid
nitrogen, and stored at —80 °C. A typical yield of ANLP from 0.5
liter of bacterial culture is ~21 mg of purified protein. In the
course of the purification and use of ANLP, the frozen protein
should not be subjected to slow thawing such as on wet ice.
Instead, the frozen dNLP should be thawed quickly in room
temperature water.

Purification of recombinant Drosophila ISWI

The coding sequence of full-length Drosophila ISW1 fused to
an intein and chitin-binding domain (11) was subcloned into a
pET24-based vector to give the plasmid pET24-ISWI-iCBD
(the coding sequence, which was reconfirmed by DNA
sequence analysis, is provided in supplemental Table S1). For
expression, freshly transformed E. coli strain Rosetta(DE3) was
grown in LB medium (1-liter volume, 40 ng/ml kanamycin, 34
pg/ml chloramphenicol) at 37 °C to an A4y , Of ~0.6, and the
synthesis of the ISW1I fusion protein was induced by the addi-
tion of IPTG to 1 mM final concentration. The culture was incu-
bated for an additional 16 —18 h at 16 °C, and the bacteria were
pelleted by centrifugation (Fiberlite F14S-6x250y rotor; 6000
rpm, 5 min at 4 °C). The cells were resuspended in cold (4 °C)
PBS (250 ml; 137 mm NaCl, 2.7 mm KCl, 3.0 mm Na,HPO,, and
1.5 mm KH,PO,) and repelleted by centrifugation (Fiberlite
F14S-6x250y rotor; 6000 rpm, 5 min at 4 °C). Unless stated oth-
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erwise, all subsequent operations were performed at 4 °C. The
cells were resuspended in 50 ml of buffer M (20 mm Hepes (K™),
pH 7.6, containing 1 M NaCl, 1 mm EDTA, 0.1% (v/v) Nonidet
P-40,15% (v/v) glycerol, 0.2 mm phenylmethylsulfonyl fluoride,
and 0.5 mm benzamidine-HCI), subjected to two freeze-thaw
cycles (frozen in liquid nitrogen and quickly thawed with room
temperature water), and then lysed by sonication on ice (Bran-
son Sonifier 450 with a 0.25-inch microtip; 20% output, 8 cycles
for 15 s each) (it is important to keep the cells cold during
sonication). The insoluble material was removed by centrifuga-
tion (Fiberlite F21S-8x50y rotor; 16,000 rpm for 20 min). The
lysate was then combined with 2 ml (50% slurry in buffer M) of
chitin resin (New England Biolabs) and incubated for 1 h on a
nutator. The chitin beads were washed twice with 35 ml each of
buffer M (for each wash, the resin should be allowed to settle by
force of gravity followed by the removal of the supernatant by
decanting), resuspended in 2 ml of buffer M, and transferred
into a Poly-Prep chromatography column (Bio-Rad, catalog no.
731-1550). The column was washed four times each with 8 ml
of buffer M. This was followed by a quick wash (~1 min total
time) with 1.5 ml of buffer E (buffer M containing 50 mm dithi-
othreitol). The bottom of the column was sealed, 0.5 ml of
buffer E was added, and the beads were incubated for 1620 h.
(In this step, the dithiothreitol mediates the cleavage and
release of ISWI from the chitin resin-bound ISWI-iCBD fusion
protein.) The bottom of the column was opened, and the ISWI-
containing eluate was collected. Three additional fractions of
0.25 ml (in buffer E) were collected. The ISWI-containing frac-
tions were dialyzed (molecular weight cutoff: 10 kDa) against 2
liters of buffer D (20 mm Hepes (K™), pH 7.6, containing 200
mm NaCl, 2 mm MgCl,, 1 mm EDTA, 15% (v/v) glycerol, 0.02%
(v/v) Nonidet P-40, 0.5 mM dithiothreitol, 0.2 mm phenylmeth-
ylsulfonyl fluoride, and 0.5 mMm benzamidine-HCI) for 4 h, fro-
zen in liquid nitrogen, and stored at —80 °C. A typical yield of
ISWTis 0.1- 0.2 mg of purified protein from 1 liter of bacterial
culture.

Purification of recombinant Drosophila core histones

The coding sequences of Drosophila melanogaster S phase—
regulated histones H2A and H2B were each individually sub-
cloned into pET11a. In the H2B expression plasmid, an addi-
tional Ile codon (ATA) was inserted after the initiating Met
codon. This modification was found to increase the level of
expression of H2B and to have no adverse effects on chromatin
assembly (43). The S phase—regulated histones H3 and H4 were
co-synthesized from a single pET11a-based expression plas-
mid. Whereas histone H3 alone as well as histone H4 alone is
each individually insoluble in aqueous solution, the co-synthe-
sized histones H3 and H4 are soluble in standard aqueous buf-
fers and can be purified as H3-H4 tetramers (39). For expres-
sion, freshly transformed E. coli strain BL21(DE3) was grown in
LB medium (40 ug/mlampicillin) at 37 °Ctoan A4y ,,,, of ~0.6,
and protein synthesis was induced by the addition of IPTG to
0.4 mM final concentration. The cultures were incubated for an
additional 3 h at 37 °C, and the cells were pelleted by centrifu-
gation (Fiberlite F14S-6x250y rotor; 6000 rpm, 5 min at 4 °C).

Histones H3 and H4—Histones H3 and H4 were purified
using a modification of the method of Levenstein and Kadonaga
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(39). Unless stated otherwise, all operations were performed at
4 °C. The pelleted cells (from 4 X 0.5 liters of culture) were
resuspended in 40 ml of buffer D (10 mm Hepes (K*), pH 7.6, 1
mm EDTA, 10% (v/v) glycerol, 1 mm dithiothreitol, 0.1 mm
phenylmethylsulfonyl fluoride, 1 mMm sodium metabisulfite, and
2 mM benzamidine-HCI) containing 0.1 m NaCl and then lysed
by sonication on ice (Branson Sonifier 450 with a 0.25-inch
microtip; 20% output, 3 cycles for 30 s each). The insoluble
material (including the histones) was pelleted by centrifugation
(Fiberlite F21S-8x50y rotor; 13,200 rpm for 20 min), and the
supernatant was discarded. The histone-containing pellet was
suspended in 20 ml of 0.25 N HCI, and the dissolution of the
material was facilitated by dispersion of the sample with a
Wheaton Dounce homogenizer (A pestle). The mixture was
incubated at —20 °C for 30 min and then subjected to centrifu-
gation (Fiberlite F21S-8x50y rotor; 13,200 rpm for 20 min). The
supernatant was neutralized with 0.125 volumes of 2 m Tris
base and dialyzed (molecular weight cutoff: 3500 Da) for 2-3 h
against buffer D containing 0.1 m NaCl. The insoluble material
was removed by centrifugation (Fiberlite F21S-8x50y rotor;
13,200 rpm for 20 min), and the supernatant was applied to a
Source 15S column (GE Healthcare; column dimensions
(length X diameter) = 5.0 X 0.5 cm, column volume = 1 ml,
flow rate = 1 ml/min) that was equilibrated with buffer D con-
taining 0.1 M NaCl. The column was washed with 15 ml of
buffer D containing 0.1 M NaCl, and the H3-H4 tetramers were
eluted with a linear gradient of 0.1-2 M NaCl in buffer D over 10
column volumes. The peak fractions containing H3-H4 tetram-
ers, which typically elute at about 1 M NaCl, were identified by
15% polyacrylamide-SDS gel electrophoresis and staining with
Coomassie Brilliant Blue R-250. The H3-H4 peak fractions
were pooled, and 2 M Tris-HCI, pH 7.6, was added to a final
concentration of 10 mMm. Then, 3 volumes of 8 M urea (deionized
immediately before use by gentle mixing for 1 h at room tem-
perature with Bio-Rad AG 501-X8 mixed bed resin) was added
to the H3-H4 peak fractions to a final urea concentration of 6 m.
The sample was incubated with nutation for 1-2 h at 22°C
before being dialyzed (molecular weight cutoff: 3500 Da) exten-
sively against three changes of 2 liters of water containing 5 mm
2-mercaptoethanol. The first and third dialysis steps were per-
formed for 2 h, and the second dialysis step was performed
overnight. The insoluble material was removed by centrifuga-
tion (Fiberlite F21S-8x50y rotor; 13,000 rpm for 20 min). The
absorbance at 276 nm was measured, and the concentration of
H3-H4 was determined by using the molar extinction coeffi-
cient of 10,430/cm-M at 276 nm and a molecular mass of 26,719
g/mol. The H3-H4 was lyophilized to a dry pellet with medium
heat and then stored at —80 °C. A typical yield of H3-H4 from 2
liters of bacterial culture is about 8 mg of purified protein.
Histones H2A and H2B—Histones H2A and H2B were each
synthesized and purified separately by using the same method,
which is a modified version of the protocol described by Luger
et al. (44). (It is also useful to note that histones H3, H4, H2A.V,
and H3.3 can be purified individually by this same method.)
Unless stated otherwise, all operations were performed at 4 °C.
The pelleted cells (from 4 X 0.5 liters of culture) were resus-
pended in 20 ml of buffer W (50 mm Tris-HCI, pH 7.5, 0.1 M
NaCl, 1 mm EDTA, 5 mm 2-mercaptoethanol, 0.2 mm phenyl-
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methylsulfonyl fluoride, and 1 mm benzamidine-HCI) and then
frozen in liquid nitrogen. (If desired, the cells could be stored at
—80 °C at this point.) The sample was thawed in warm (42 °C)
water and lysed by sonication on ice (Branson Sonifier 450 with
a 0.25-inch microtip; 20% output, 6 -10 cycles for 15 s each).
The insoluble material was pelleted by centrifugation (Fiberlite
F21S-8x50y rotor; 13,000 rpm for 20 min). The resulting pellet
was resuspended in 50 ml of buffer W containing 1% (v/v) Tri-
ton X-100, dispersed and washed by using a Wheaton Dounce
homogenizer (A pestle), and repelleted by centrifugation
(Fiberlite F21S-8x50y rotor; 13,000 rpm for 20 min). This pro-
cess of dispersion, washing, and recentrifugation of the histone-
containing pellet was repeated two to four times until the
appearance of the pellet lightened to an off-white color. At this
stage, the pellet can be frozen in liquid nitrogen and stored at
—80 °C. The further purification of H2A or H2B was carried out
as follows. The pellet was sliced into smaller pieces with a spat-
ula and immersed in 0.7 ml of DMSO for 30 min at 22 °C. To
extract the histones from the pellet, 15 ml of buffer UM (10 mm
Tris-HCI, pH 8.0, 7 M urea (before use, freshly deionized as an 8
M urea solution in water with Bio-Rad AG 501-X8), 0.1 m NaCl,
1 mm EDTA, 0.2 mMm phenylmethylsulfonyl fluoride, and 5 mm
2-mercaptoethanol) was added, and the mixture was dispersed
with a Wheaton Dounce homogenizer (A pestle) and then incu-
bated with nutation at room temperature for 1 h. The insoluble
material was pelleted by centrifugation (Fiberlite F21S-8x50y
rotor; 13,000 rpm, 22 °C for 20 min). The histone-containing
supernatant was saved, and the pellet was subjected to an addi-
tional round of extraction with buffer UM (15 ml), incubation,
and centrifugation. The two histone-containing supernatants
were combined, and small particulate matter was removed by
ultracentrifugation (Beckman SW41 rotor; 35,000 rpm, 22 °C
for 35 min). The resulting sample was filtered through a Milli-
pore Millex-HN nylon syringe filter (0.45 wm) and then applied
to tandem Source 15Q (GE Healthcare; column dimensions
(length X diameter) = 5.0 X 0.5 cm, volume = 1 ml, flow rate =
1 ml/min) followed by Source 15S (GE Healthcare; column
dimensions (length X diameter) = 10 X 1 ¢cm, volume = 4 ml,
flow rate = 1 ml/min) chromatography columns that were
equilibrated with buffer UD (10 mm Tris-HCI, pH 8.0, 7 M urea
(before use, freshly deionized as a 8 M urea solution in water
with Bio-Rad AG 501-X8), 1 mm EDTA, 0.2 mMm phenylmethyl-
sulfonyl fluoride, and 1 mwm dithiothreitol) containing 0.1 M
NacCl. After the tandem columns were washed with 1 volume (5
ml) of buffer UD containing 0.1 m NaCl, the Source 15Q col-
umn was removed. The remaining Source 15S column was
washed with 5 column volumes of buffer UD containing 0.1 M
NaCl, and protein was eluted with a 0.1-0.35 m NaCl gradient
in buffer UD over 7.5 column volumes followed by a 0.35— 0.4 M
NaCl gradient in buffer UD over 2.5 column volumes and a step
to 1.0 m NaCl in buffer UD for 1 column volume. H2A and H2B
typically elute from the column at ~0.3 M NaCl. Peak fractions,
identified by 15% polyacrylamide-SDS gel electrophoresis and
staining with Coomassie Brilliant Blue R-250, were then com-
bined and dialyzed (molecular weight cutoff: 3500 Da) exten-
sively against three changes of 2 liters of water containing 5 mm
2-mercaptoethanol. The first and third dialysis steps were per-
formed for 2 h, and the second dialysis step was performed
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overnight. The insoluble material was removed by centrifuga-
tion (Fiberlite F21S-8x50y rotor; 13,000 rpm for 20 min). The
absorbance at 276 nm was measured, and the histone concen-
tration was determined by using the molar extinction coeffi-
cients at 276 nm and molecular masses as follows: H2A, 4470/
cmM, 12,231 g/mol; H2B with additional Ile, 7450/cm-M™, 13,678
g/mol; H3, 4470/cm*M, 15,356 g/mol; H4, 5960/cm-M, 11,363
g/mol. The histone was lyophilized to a dry pellet and then
stored at —80 °C. A typical yield of H2A or H2B from 2 liters of
bacterial culture is about 20 —40 mg of purified protein.

Reconstitution of the core histone octamer

The core histone octamer was reconstituted by using a mod-
ified version of the protocol described by Luger et al. (44). Each
of the lyophilized histones (~2 mg of each individual histone)
was dissolved in 0.1 ml of buffer G (10 mm Hepes (K™), pH 7.6,
6 M guanidine-HCl, 1 mm EDTA, 10% (v/v) glycerol, and 1 mm
dithiothreitol) at 22 °C for 30 min. The concentrations of the
dissolved histones were determined by the absorbance at 276
nm as described above. Then, equimolar amounts of histones
H3 and H4 were combined with a 25% molar excess of each of
H2A and H2B to give a 1:1:1.25:1.25 molar ratio of H3:H4:H2A:
H2B. If necessary, buffer G was added to give a final volume of
0.4 ml. The mixture was dialyzed (molecular weight cutoff:
3500 Da) against 1 liter of buffer RF (10 mm Tris-HCI, pH 7.5, 2
M NaCl, 1 mm EDTA, and 5 mm 2-mercaptoethanol) overnight
at 4 °C. The insoluble material was removed by centrifugation
(Eppendorf 5415R; 13,200 rpm, 10 min at 4 °C), and the super-
natant was loaded onto a Superose 12 column (GE Healthcare;
column dimensions (length X diameter) = 30 X 1 cm, vol-
ume = 24 ml, flow rate = 0.2 ml/min) that was equilibrated in
buffer RF. The core histone octamer elutes with a K, of ~0.25,
and the excess histones H2A and H2B elute with a K, of ~0.4.
Fractions containing equimolar ratios of core histones were
identified by 15% polyacrylamide-SDS gel electrophoresis and
staining with Coomassie Brilliant Blue R-250. The peak frac-
tions were combined and dialyzed (molecular weight cutoff:
3500 Da) against 1 liter of buffer CH (10 mm Hepes (K™), pH
7.6, containing 10 mM KCl, 1 mm EDTA, 10% (v/v) glycerol, and
1 mm dithiothreitol) overnight at 4 °C. The concentration of the
histones was determined by the BCA assay (Pierce) with bovine
serum albumin as the reference. The histones were frozen in
liquid nitrogen and stored at —80 °C.

Purification of native core histones, recombinant human
HMGN2, and recombinant Drosophila topoisomerase ND423
catalytic domain

Native Drosophila core histones were purified from Dro-
sophila embryos as described (45, 46) and dialyzed into buffer
CH, frozen in liquid nitrogen, and stored at —80 °C. Native
human histones were purified by the method of Bulger and
Kadonaga (45) and Fyodorov and Levenstein (46), except that
HeLa cell nuclei were used instead of Drosophila embryo
nuclei, and then dialyzed into buffer CH, frozen in liquid nitro-
gen, and stored at —80°C. The human HMGN2 bacterial
expression construct from Rattner et al. (47) (phHMGN?2) was
transformed into E. coli strain Rosetta(DE3), and HMGN?2 pro-
tein was purified as described in Paranjape et al. (48). The puri-
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fied protein was dialyzed into buffer CH, frozen in liquid nitro-
gen, and stored at —80 °C. The ND423 catalytic domain of
Drosophila topoisomerase I was synthesized and purified as
described by Fyodorov and Kadonaga (4).

Purification of recombinant human histone H1.0

The full-length sequence of human histone H1.0 was the
kind gift of Dr. Woojin An (USC School of Medicine). It was
slightly modified and subcloned into a pET24 vector to give
pET24-H1.0. The coding sequence, which was confirmed by
DNA sequence analysis, is provided in supplemental Table S1.
Recombinant human H1.0 was purified by using a modified
version of a method for the purification of native histone H1
(49). For expression, freshly transformed E. coli strain Roset-
ta(DE3) was grown in LB medium (40 pg/ml ampicillin) at
37 °Cto an Agyo nm Of ~0.6, and protein synthesis was induced
by the addition of IPTG to 1 mM final concentration. The cul-
ture was incubated for an additional 2 h at 30 °C, and the cells
were pelleted by centrifugation (Fiberlite F14S-6x250y rotor;
6000 rpm, 5 min at 4 °C). Unless stated otherwise, all subse-
quent operations were performed at 4 °C. The bacterial pellet
was resuspended in 20 ml of buffer L (20 mm Tris-HCI, pH 7.9,
containing 0.5 M NaCl, 0.2 mm EDTA, 10%(v/v) glycerol, 0.2 mm
phenylmethylsulfonyl fluoride, 10 mm 2-mercaptoethanol, 1
pg/ml pepstatin, 1 ug/mlleupeptin, and 1 ug/ml aprotinin) and
lysed by sonication on ice (Branson Sonifier 450 with a 0.25-
inch microtip; 20% output, 6 — 8 cycles, 45 s each). The insoluble
material was pelleted by centrifugation (Fiberlite F21S-8x50y
rotor; 11,000 rpm for 20 min). Pulverized ammonium sulfate
was slowly added to the lysate to 2.1 M final concentration, and
the mixture was incubated with nutation for 15 min. The insol-
uble material was pelleted by centrifugation (Fiberlite F21S-
8x50y rotor; 15,000 rpm for 20 min), and the supernatant was
applied to a phenyl-Sepharose CL-4B chromatography column
(GE Healthcare; column dimensions (length X diameter) =
10 X 1.6 cm, column volume = 20 ml, flow rate = 0.5 ml/min).
H1.0 was eluted with a linear gradient from 2.1 to 0.1 M ammo-
nium sulfate in HEMG buffer (25 mm Hepes (K¥), pH 7.6, 0.1
mMm EDTA, 12.5 mm MgCl,, 10% (v/v) glycerol, and 1 mm dithi-
othreitol) containing 0.5 mm phenylmethylsulfonyl fluoride
over 7.5 column volumes. Fractions containing H1.0 were iden-
tified by 15% polyacrylamide-SDS gel electrophoresis and
staining with Coomassie Brilliant Blue R-250. The peak frac-
tions were combined and dialyzed against HEG buffer (25 mm
Hepes (K*), pH7.6,0.1 mm EDTA, 10% (v/v) glycerol, and 1 mm
dithiothreitol) containing 0.1 M KCI until the conductivity of
the sample was identical to that of HEG buffer containing 0.15
M KCIL. Nonidet P-40 was added to a final concentration of
0.01% (v/v), and HEG buffer lacking KCl was added until the
conductivity of the sample was identical to that of HEG buffer
containing 0.1 M KCI. The sample was subjected to centrifuga-
tion (Fiberlite F21S-8x50y rotor; 10,000 rpm for 10 min) and
then applied to a Source 15S column (GE Healthcare; column
dimensions (length X diameter) = 5 X 0.5 cm, volume = 1 ml,
flow rate = 1 ml/min). H1.0 was eluted with a linear gradient of
0.1 to 1 m KClI in HEG buffer containing 0.01% (v/v) Nonidet
P-40 and 0.5 mMm phenylmethylsulfonyl fluoride over 15 column
volumes. H1.0-containing fractions were identified by 15%
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polyacrylamide-SDS gel electrophoresis and staining with Coo-
massie Brilliant Blue R-250. The peak fractions were combined
and dialyzed (molecular weight cutoff: 3500 Da) for 2 h against
2 liters of HEMG buffer containing 0.1 m KCl, 0.01% (v/v) Non-
idet P-40, and 0.5 mM phenylmethylsulfonyl fluoride, frozen in
liquid nitrogen, and stored at —80 °C. A typical yield from 1 liter
of bacterial culture was about 0.1 mg of purified protein. His-
tone H1 proteins adhere to glass and plastic; hence, it is gener-
ally useful to include 0.01% (v/v) Nonidet P-40 in buffers con-
taining histone H1.

Chromatin assembly reactions

Chromatin assembly reactions and DNA supercoiling and
partial MNase digestion analyses were performed generally as
described by Fyodorov and Levenstein (46) and Fyodorov and
Kadonaga (4) with ACF and ANAP1. Here, with the ANLP-ISW1I
system, we included different variations of the chromatin
assembly method that could be used to assemble chromatin for
different specific applications. The different steps should be
performed in the order listed below. This protocol is sufficient
for six chromatin assembly reactions in which 0.54 ug of DNA
is assembled into chromatin per reaction.

Determination of the correct amount of topoisomerase I to use
for the relaxation of supercoiled plasmid DNA (optional for
analysis of the chromatin by the DNA supercoiling assay)—If the
chromatin is to be analyzed using the DNA supercoiling assay,
then the amount of topoisomerase I to use for the relaxation of
supercoiled plasmid DNA should be determined. Otherwise,
the topoisomerase I step can be omitted. (Note also that topoi-
somerase I should not be included in chromatin assembly reac-
tions with linear DNA.) The purified ND423 topoisomerase I
(4) should have a concentration of about 1-2 mg/ml. Before
use, the enzyme should be diluted about 100-fold into buffer S
(10 mm Hepes (K™), pH 7.6, 0.1 mm EDTA, 50% (v/v) glycerol,
50 mMm NaCl, 0.2 mg/ml recombinant insulin, 0.01% (v/v) Non-
idet P-40, 10 mMm 2-mercaptoethanol, 0.2 mm phenylmethylsul-
fonyl fluoride, 0.5 mm benzamidine-HCI, and 1 pg/ml leupep-
tin). In the context of this work, we defined 1 unit to be the
amount of topoisomerase I that is sufficient to relax 5 pug of
template DNA completely in 10 min at 30 °C in 1X Topo I
buffer (50 mm Tris-HCI, pH 7.5, 10 mm MgCl,, 0.1 mm EDTA,
50 pg/ml BSA, and 0.5 mm dithiothreitol). By analyzing the
activity of different dilutions of the topoisomerase I stock, it
should be possible to determine the appropriate dilution that
would give a concentration of 0.5 unit/ul. It is also useful to note
that excess topoisomerase I can inhibit the assembly reaction.
We therefore recommend the addition of only 1 unit of topoi-
somerase I to the DNA relaxation reactions described below.

Dilution of ANLP, ISWI, and core histones—Before use, the
proteins should be diluted to the following working concentra-
tions: dNLP to 2.0 mg/ml (22 um of ANLP pentamers) in HEG
buffer (12 ul of 2.0 mg dNLP/ml is sufficient for six reactions);
ISWTI to 0.12 mg/ml (1.0 wm) in HEG buffer (18 ul of 0.12 mg
ISWI/ml is sufficient for six reactions); and core histones to
0.35 mg/ml (3.3 um of histone octamers) in buffer CH (12 ul of
0.35 mg core histones/ml is sufficient for six reactions). Note
that frozen stocks of ANLP, ISWI, and core histones should be
thawed quickly in room temperature (22 °C) water immediately
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before use, kept on ice during use, and then frozen in liquid
nitrogen before storage at —80 °C.

Preparation of ATP mix (two versions)—An ATP regenera-
tion system (phosphoenolpyruvate and pyruvate kinase) is usu-
ally not necessary for chromatin assembly, but it is typically
included to ensure that sufficient ATP is available for the reac-
tion. Two versions of the ATP mix are as follows. Version 1 (7 X
scale ATP mix with ATP regeneration system) consists of the
following: 63 ul of water, 37.5 ul of 100 mm MgCl,, 4.5 ul of 0.5
M ATP, pH 7.0, 4.5 ul of 0.5 M phosphoenolpyruvate, pH 7.0
(Millipore Sigma, catalog no. 860077), and 3 ul of 5000 units/ml
pyruvate kinase (Millipore Sigma, catalog no. P9136) in 10 mm
Hepes (K*), pH 7.6, containing 10 mM KCl and 50% (v/v) glyc-
erol) to a final volume of 112.5 ul (use 15.8 ul/reaction as indi-
cated below). Version 2 (7X ATP mix without ATP regenera-
tion system) consists of the following: 70.5 ul of water, 37.5 ul of
100 mm MgCl,, and 4.5 ul of 0.5 m ATP, pH 7.0, to a final
volume of 112.5 pul (use 15.8 ul/reaction as indicated below).
The ATP mixes are prepared on ice and stored on ice before
use.

Preparation of the ANLP mix—A 7X scale ANLP mix is pre-
pared with the following components: 290 ul of HEG buffer,
123 pul of 600 mm KCl, 147 ul of a solution of 5% (w/v) polyeth-
ylene glycol (Millipore Sigma, catalog no. P2139) and 5% (w/v)
polyvinyl alcohol (Millipore Sigma, catalog no. P8136), 8 ul of 2
mg/ml BSA (Pierce, catalog no. 23209), and 9.1 ul of 2 mg/ml
dNLP to a final volume of 577 ul (use 82.5 ul/reaction). Mix the
tube by gentle flicking, and consolidate the liquid by low speed
centrifugation (2000 rpm or less). It should be noted that BSA is
not required for the chromatin assembly reaction but is
included to maximize the consistency and reproducibility of
the reactions. If desired, the 8 ul of BSA could be replaced with
8 wl of water. The dNLP mix is prepared on ice and store on ice
before use.

Formation of dANLP- core histone complexes—For each reac-
tion (1X scale), 1.5 ul of the core histones (0.35 mg/ml) was
added to 82.5 ul of the ANLP mix on ice. The tube was mixed by
gentle flicking or vortexing and kept on ice for 20 min.

Preparation of the DNA mix (two versions)—Version 1
involves relaxation of supercoiled DNA with topoisomerase I. If
DNA supercoiling analysis is to be performed, it would be nec-
essary to relax supercoiled plasmid DNA with topoisomerase I.
While the dNLP-core histone mixture is incubating on ice,
relax the plasmid DNA by combining the following compo-
nents (9X scale): 18 ul of water, 3 ul of 10X Topo I buffer, 6 ul
of DNA (0.90 ug DNA/ul in water or Tris-EDTA buffer), and 3
wl of topoisomerase I (0.5 units/ul, as defined above) to 30 ul
final volume. Mix and incubate the mixture at 30 °C for 10 min.
Store at room temperature (22 °C) before use. Version 2
involves the use of DNA without treatment with topoisomerase
I by combining the following components: 21 ul water, 3 ul
10X Topo I buffer, and 6 ul of DNA (0.90 ug DNA/ul in water
or Tris-EDTA buffer) to 30 ul final volume. Mix and incubate
the mixture at 30 °C for 10 min. Store at room temperature
(22 °C) before use.

Chromatin assembly reactions—For each reaction (1X scale),
place the tube containing the dNLP- core histone complexes
(84 pl) in a 22 °C water bath. (Note that the samples will remain
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at 22 °C until the 27 °C incubation described below.) Add 15.8
wl of the ATP mix and 3.3 ul of the DNA mix to the tube. Blend
the components by gentle vortexing for about 3 s. Then, initiate
the chromatin assembly reaction by the addition of 2.1 ul of the
0.12 mg/ml ISWI. Mix the sample by gentle flicking, and incu-
bate the tube at 27 °C in a water bath for 1.5 h. Terminate the
reactions by the addition of 11.4 ul of 0.5 M EDTA (Na™), pH
8.0, to 50 mw final concentration of EDTA. Further analyses,
such as DNA supercoiling or MNase digestion assays, may be
performed as described by Fyodorov and Levenstein (46) and
Fyodorov and Kadonaga (4). In the case of MNase digestion
assays, the chromatin assembly reactions should not be termi-
nated with 50 mm EDTA, as this would inhibit MNase activity.

Additional notes on chromatin assembly conditions—Some
additional notes regarding the chromatin assembly reactions
are as follows. First, the core histone to DNA mass ratio is a
critical factor in the successful assembly of chromatin. For each
new preparation of histones and DNA, it is necessary to deter-
mine the optimal histone:DNA ratio empirically by careful
titration, such as by varying the ratio from 0.7 to 1.2 in incre-
ments of 0.1. Second, in the assembly of chromatin with histone
H1, reduce the histone:DNA mass ratio by about 10-20% to
adjust for the longer repeat length of the nucleosomes. Third, in
reactions containing histone H1 or HMGN?2, add 0.01% (v/v)
Nonidet P-40 and 1 mm dithiothreitol to the reaction medium.

Native gel electrophoresis of mononucleosomes

In this assay, the newly assembled chromatin is digested to
mononucleosomes by MNase, and the resulting particles are
analyzed by native gel electrophoresis. For each sample, an ali-
quot from the assembly reaction (32 ul, from the step prior to
the addition of EDTA to 50 mw final concentration) is com-
bined with 100 mm CaCl, (1 ul). MNase (0.1 unit/ul) is added to
a final concentration of about 0.003 unit of MNase/ml. The
reaction is carried out for 1 min at 22 °C and then terminated by
the addition of 0.5 M EDTA (Na™), pH 8.0, to a final concentra-
tion of 50 mm. The sample is applied to a 5% nondenaturing
polyacrylamide gel (height X width X thickness: 21 cm X 19
cm X 1 mm) made from freshly prepared 0.8:30 bisacrylamide:
acrylamide and 0.5 X Tris-borate-EDTA buffer. The gel (pre-
run for 1 h prior to the application of the samples) should be run
at 60V, 4 °C for about 5.5 h.
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