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In eukaryotes, chromatin is the natural form of DNA in the nucleus. For hundreds of

millions of years, DNA-binding factors have evolved with chromatin. It is therefore more

desirable to study the molecular mechanisms of DNA-directed processes with chromatin

than with naked DNA templates. To this end, it is necessary to reconstitute DNA and

histones into chromatin. Fortunately, there are a variety of methods by which a

nonspecialist can prepare chromatin of high quality. Here we describe strategies and

techniques for the reconstitution of chromatin in vitro.

In the eukaryotic nucleus, DNA is packaged into a nucleoprotein complex termed chromatin1-

3. The basic repeating unit of chromatin is the nucleosome, which typically consists of 180 to 200

bp DNA, a core histone octamer (which contains two copies each of the core histones H2A, H2B,

H3, and H4), and a molecule of the linker histone H1 (Fig. 1). The nucleosome core comprises

about 147 bp of DNA wrapped approximately 1.7 times around the core histone octamer in a left-

handed superhelix4. In chromatin, nucleosome cores are joined together by linker DNA. The

linker histone H1 interacts with both the nucleosome core as well as the linker DNA, and

promotes the higher-order folding and compaction of chromatin. In metazoans, there is

approximately one molecule of histone H1 per nucleosome5.

In recent years, it has become clearly evident that the structure and composition of chromatin

is critically important for the proper functioning of processes that involve DNA. For instance,

ATP-dependent chromatin remodeling factors have been found to participate in gene regulation,

DNA repair, DNA replication, and homologous DNA recombination (for reviews, see:6-12). At the

biochemical level, these chromatin remodeling factors exhibit activities that include the assembly

and disassembly of nucleosomes as well as the mobilization ('sliding') of nucleosomes. In

addition, the core histones are subjected to a broad range of posttranslational modifications [such

as acetylation, methylation, ubiquitylation, poly(ADP)ribosylation, and phosphorylation] that

affect the biophysical properties of chromatin as well as serve as signals for the specific

interaction of regulatory factors with the chromatin template (for reviews, see:13-16). Thus,
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chromatin is an integral component in the function of DNA-directed processes, and it is important

to use chromatin templates in the biochemical analysis of these phenomena.

In this review, we will describe methods for the reconstitution and analysis of chromatin in

vitro. We seek, in particular, to provide assistance to nonspecialists who are interested in

incorporating chromatin into their research programs.

Overview of Methods for Chromatin Reconstitution

The minimal nucleosome reconstitution process involves the DNA template, core histones, and a

'chaperone' that acts both to allow the proper deposition of positively-charged histones onto the

negatively-charged DNA and to prevent undesired interactions of the histones with other

molecules. This 'chaperone' function can be mediated by histone-binding proteins [such as NAP-1

or nucleoplasmin (for reviews, see:17-23)], by negatively-charged polymers (such as

polyglutamate24,25 or RNA26), or by relatively high concentrations of a salt such as NaCl (see, for

example:27-31). In the absence of a chaperone, core histones and DNA will form an insoluble, non-

nucleosomal aggregate at low ionic strengths (such as in a buffer containing 0.1 M NaCl).

There are two main approaches to the reconstitution of chromatin in vitro – the ATP-

independent random deposition of histones onto DNA, and the ATP-dependent assembly of

periodic nucleosome arrays. The ATP-independent reconstitution process involves core histones,

DNA, and a histone 'chaperone' (such as NaCl or NAP-1), and typically results in the random

deposition of histones onto DNA. The assembly of periodic nucleosome arrays (similar to those

seen in bulk native chromatin) is an ATP-dependent reaction32 , and requires ATP-utilizing

chromatin assembly factors such as ACF (ATP-utilizing chromatin assembly and remodeling

factor)33-37 or RSF (remodeling and spacing factor)38-40, or related activities that are present in

crude chromatin assembly extracts (see, for instance:32,41,42).
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Mononucleosomes or Extended Nucleosome Arrays?

Before proceeding to the actual preparation of chromatin, it will be necessary to determine what

'type' of chromatin is best suited for your studies. The first question, which will be discussed in

this section, is whether or not to use reconstituted mononucleosomes.

The classical core particle comprises ~147 bp of DNA and a core histone octamer43-45. Native

core particles can be generated by extensive digestion of chromatin with micrococcal nuclease43,44.

It is relatively simple to reconstitute mononucleosomes in vitro with purified core histones and

DNA fragments that range from about 150 bp to 250 bp in length. [Note that reconstituted species

with greater than 147 bp DNA are not identical to classical core particles, and are often termed

'mononucleosomes'.] If desired, di- or tri-nucleosomes can also be reconstituted with longer DNA

fragments. Typically, nucleosomes are reconstituted in vitro onto short DNA fragments by using

a salt (NaCl) dialysis method.

Core particles/mononucleosomes are useful for a variety of studies. Mononucleosomes can

be used to characterize the binding of proteins, such as sequence-specific DNA-binding factors or

non-histone chromosomal proteins, to nucleosome cores (see, for example:46-49).

Mononucleosomes can also be used to study the activities of ATP-dependent chromatin

remodeling factors, such as their ability to facilitate the binding of sequence-specific DNA-

binding factors (see, for example:50,51) or to catalyze the movement of the histone octamer relative

to the DNA ('nucleosome sliding';52,53). Mononucleosomes can serve as substrates for the

analysis of histone-modifying enzymes13-16. Furthermore, biophysical studies of chromatin often

employ mononucleosomes. For instance, the high-resolution x-ray crystal structure of the

nucleosome core was solved with reconstituted core particles54 .

Some of the benefits of the use of reconstituted core particles or mononucleosomes are as

follows. First, mononucleosomes can be prepared with well-defined, purified components – core

histones and DNA. Second, the binding of factors to nucleosomes can often be detected by gel

shift analysis of nucleosomes in a nondenaturing gel as well as by DNase I footprinting (see, for

example:46-49). Third, nucleosomes can be positioned at specific locations by using inherently
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curved or bent DNA templates that bind to the histone octamer with higher affinity than DNA with

less curvature (see, for example:55-58). Fourth, by native gel electrophoresis, it is possible to

distinguish between mononucleosome species that differ by the positions of the histone octamers

on the DNA59,60. In such experiments, it is possible to monitor the enzyme-catalyzed movement

('sliding') of nucleosomes from one position to another location on the DNA fragment52,53.

On the other hand, there are also some limitations or potential problems with the use of

mononucleosomes/core particles. First, mononucleosomes are an incomplete model for chromatin,

which mainly consists of extended periodic arrays of nucleosomes. For example, factors may

interact with the free DNA ends in mononucleosomes that would not be present in a nucleosome

array. In addition, the interactions of the core histone tails (i.e., the relatively unstructured N- and

C-terminal ends of the core histones that extend beyond the central globular core) may be

different in mononucleosomes than in extended nucleosome arrays. For instance, the histone H2A

C-terminal tail interacts differently with nucleosomes in the presence versus the absence of linker

DNA61 . Second, it should be noted that reconstituted 'mononucleosomes' can be prepared in

which less than 147 bp of DNA is associated with the octamer. In an early demonstration of this

point, a 145 bp DNA fragment was reconstituted into a 'mononucleosome' in which only 128 bp

of DNA was found to be associated with the core histone octamer62 . Thus, for most applications, it

is important to determine that 147 bp of the DNA fragment is indeed associated with the histone

octamer.

Thus, mononucleosomes are probably most useful when precise positioning of a histone

octamer is needed with a relatively simple experimental system.

Periodic or Randomly-distributed Nucleosomal Arrays?

If mononucleosomes are not appropriate for the planned studies, there are different methods to

consider for the preparation of extended arrays of nucleosomes. Depending upon the method of

assembly, the reconstituted chromatin will consist of randomly-distributed (Fig. 2a) or

periodically-spaced nucleosome arrays (Fig. 2b–d).
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Randomly Distributed Nucleosome Arrays. The ATP-independent reconstitution of nucleosomes,

such as by the salt dialysis technique, generates chromatin that consists of randomly-distributed

nucleosomes (Fig. 2a). One advantage of this approach is that it can be used to produce pure

chromatin (consisting of only purified core histones and DNA) that is devoid of histone

chaperones or other large molecules that could interfere with subsequent applications. For

example, we have used salt dialysis-reconstituted chromatin for studies of homologous

recombination and chromatin remodeling by the Rad54 ATPase63  as well as for the analysis of

chromatin remodeling by ACF33 . It is important to note, however, that chromatin with randomly-

distributed nucleosomes may contain stretches of naked DNA. Therefore, in the characterization

of such chromatin, useful conclusions can be drawn if the reconstituted chromatin possesses

properties that are distinct from those of naked DNA. In such instances, the unique activities seen

with chromatin could not be attributed to the presence of stretches of naked DNA in the chromatin

templates.

Periodic arrays of nucleosomes. ATP-dependent chromatin assembly can be used to prepare

periodic nucleosome arrays with any DNA sequence of indefinite length. This reaction can be

performed either with crude cell extracts (see, for example:32,41,42) or with purified ATP-utilizing

motor proteins, such as ACF and RSF (see, for example:37,40). A key feature of chromatin

assembled by ATP-dependent methods is that it consists of periodic nucleosome arrays that

resemble those of bulk native chromatin. When natural promoter sequences have been assembled

into chromatin in the presence of their cognate sequence-specific regulatory proteins, the resulting

structures of the chromatin were observed to resemble those of the native genes in vivo (see, for

example:64-66). In addition, chromatin assembled with the ATP-dependent factors has been found

to be an excellent substrate for biochemical studies of transcriptional regulation (see, for

example:38,67-76), chromatin remodeling (see, for example:64,77-79), and homologous strand

pairing63 . It should be noted, however, that the ATP-utilizing assembly factors could potentially
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affect the properties of the chromatin in subsequent applications. If chromatin that is completely

devoid of assembly factors is desired, then it would be necessary either to purify the chromatin

from the assembly factors or to reconstitute nucleosomes by the salt dialysis method.

ATP-dependent chromatin assembly yields periodic but not specifically-positioned

nucleosomes (Fig. 2c). It is possible, however, to establish local regions of nucleosome

positioning by the use of sequence-specific DNA-binding proteins (see, for example:35,79; Fig.

2d). The nucleosomes are located adjacent to the DNA-binding protein, and the nucleosome

positioning is propagated as far as about two to three nucleosomes on each side of the DNA-

binding protein.

It is also possible to reconstitute stretches of periodic nucleosome arrays onto tandemly-

repeated positioning sequences by using the ATP-independent salt dialysis methodology (Fig.

2b). These DNA templates contain multiple (typically, about 12 to 18), tandem copies of a

nucleosome positioning sequence, such as a segment of the sea urchin 5S rRNA gene56  or a

synthetic, high affinity sequence58 . When the templates are reconstituted into chromatin by salt

dialysis methodology, a positioned nucleosome is formed on each repeated sequence, thereby

creating a series of evenly-spaced nucleosomes. Such tandemly-repeated nucleosomes have been

used to study a variety of phenomena, which include the change in the DNA linking number per

core particle30 , transcriptional elongation in chromatin80 , the effect of histone acetylation upon

chromatin folding81 , and chromatin remodeling by the SWI/SNF complex82 .

Chromatin Reconstitution

There are many different potential approaches to the reconstitution of chromatin. In this section,

we will discuss a variety of specific issues that are relevant to chromatin reconstitution.

Native Chromatin in the Experimental Organism. It is important to consider the natural state of

chromatin in the experimental organism. In general, native chromatin consists mostly of regularly-

spaced arrays of nucleosomes. The unit amount of DNA in a single nucleosome in a periodic
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array is termed the repeat length. In metazoans, chromatin typically has a repeat length of about

180 to 200 bp and approximately 1 molecule of histone H1 per nucleosome. However, in the yeast

Saccharomyces cerevisiae, bulk chromatin has a repeat length of about 165 bp and does not

appear to contain canonical histone H1 molecules. Thus, before initiating the reconstitution of

chromatin in vitro, it would be useful to study the properties of the chromatin in your experimental

organism. For instance, it would be appropriate to include histone H1 in the study of chromatin in

humans but not in yeast.

Histones. The core histone octamer consists of a central (H3-H4)2 tetramer that is flanked by two

H2A-H2B dimers. Interactions among the histones are affected by attractive hydrophobic forces

as well as by repulsive ionic forces. At high salt, such as 2 M NaCl, the repulsive forces are

reduced, and the core histones assemble into octamers. In contrast, in buffers that are typically

used for biochemical reactions (which might contain about 50 mM to 100 mM NaCl), the histones

exist mostly as H2A-H2B dimers and (H3-H4)2 tetramers83,84.

There are many different methods for the purification of histones, and most of these

procedures probably yield core histones that are of sufficient purity and integrity for the

reconstitution of high quality chromatin. von Holt and colleagues85  have provided a

comprehensive description of histone purification. Many methods include a step in which the

histones are subjected to acidic conditions, such as 0.25 M HCl. Although such treatment sounds

harsh, the histones are probably not adversely affected by these conditions.

For our reconstitution experiments, native core histones lacking histone H1 are purified by

using a relatively mild procedure41 , which is a slight modification of the method of Simon and

Felsenfeld86 . We have also developed a nondenaturing method for the purification of histone

H187 . In addition, recombinant, bacterially-synthesized core histones can be used for the

reconstitution of chromatin35,38,54,76. Recombinant histones lack posttranslational modifications

(except for removal of the N-terminal Met residue), are devoid of any contaminating eukaryotic
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factors (such as chromatin remodeling factors that might copurify with native histones), and can

be synthesized and purified in various mutant forms.

Histones are atypical proteins. They often stick to plastic and glass, and hence, the use of

siliconized plasticware and glassware is recommended. When subjected to 18% polyacrylamide-

SDS gel electrophoresis, the order of migration of the core histones from slowest to fastest (i.e.,

top to bottom of the gel) is H3, H2B, H2A, and H4. Histone H3 is the most proteolytically

sensitive core histone. The quality of a preparation of core histones can often be judged by

examination of the histone H3. As H3 becomes degraded, the full-length H3 (top band)

disappears, and the proteolyzed H3 appears as a new band between histones H2A and H4. It is

also recommended to test for the presence of contaminating histone H1.

DNA Template. It is important to use highly purified DNA that does not contain contaminating

RNA, which is difficult to detect by the commonly used method of ethidium bromide staining.

Histones can interact with RNA as well as DNA, and hence, the presence of contaminating RNA

can lead to variable and inconsistent results. We use DNA that has been subjected to two

successive CsCl gradient purification steps. DNA that is purified with commercially available kits

should also be suitable for chromatin assembly.

Histone:DNA Ratio. Perhaps the most critical parameter for successful chromatin reconstitution is

the histone:DNA mass ratio. If this ratio is too low, then chromatin reconstitution will be

incomplete. On the other hand, if the histone:DNA ratio is too high, then the excess histones will

cause the formation of undefined protein-DNA aggregates. Therefore, in initial experiments (in

the absence of histone H1), it is useful to begin with an estimated histone:DNA mass ratio of

1.0:1.0 (which corresponds to one nucleosome per 160 bp), and then to perform a series of

titration reactions in which the histone:DNA ratio is varied by ~10% increments (e.g., 0.8:1.0,

0.9:1.0, 1.0:1.0, 1.1:1.0, 1.2:1.0; see, for example:37).
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ATP-independent Reconstitution of Nucleosomes. The wrapping of DNA around the core histone

octamer in the nucleosome results in a change of the linking number of approximately –1.030,88.

Thus, the reconstitution of one nucleosome onto a closed circular plasmid DNA generates one

positive supercoil, which will relieve superhelical tension in a negatively supercoiled template. This

effect has been observed to result in more rapid and efficient nucleosome reconstitution onto

negatively supercoiled DNA relative to relaxed DNA89 . Hence, in practical terms, the ATP-

independent reconstitution of nucleosomes occurs more rapidly and efficiently with negatively

supercoiled DNA than with relaxed circular DNA or linear DNA.

There are a variety of methods for the ATP-independent preparation of mononucleosomes or

chromatin. We prefer the salt dialysis method because it involves only purified histones and DNA,

and the resulting chromatin can be separated from free histones and naked DNA (or suboptimally

reconstituted chromatin) by sucrose gradient sedimentation. In the salt gradient procedure, the

core histones are combined with DNA in 2 M NaCl, and then, the NaCl concentration is slowly

decreased by dialysis or dilution of the mixture. The resulting chromatin is usually purified by

sucrose gradient sedimentation. Chromatin that is prepared by this method can be stored for at

least a month at 4˚C, but should not be frozen. The methodology for salt gradient dialysis as well

as other techniques for the ATP-independent reconstitution of nucleosomes are described

elsewhere (see, for example25,30,31,90).

One additional advantage of the salt gradient dialysis method is that the nucleosomes

reconstituted by this technique have been extensively characterized. In contrast, it is not clearly

evident whether some of the other methods for ATP-independent nucleosome reconstitution result

in the generation of canonical nucleosomes. For instance, the ATP-independent transfer of

histones to negatively supercoiled DNA by the NAP-1 chaperone was found to lead to the

formation of irregular nucleoprotein structures that are larger than canonical nucleosomes, as

assessed by atomic force microscopy91 .

Lastly, if only a trace amount of radioloabelled DNA is being reconstituted into chromatin,

then it might be preferable to use the histone transfer method, in which histones are transferred
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from unlabelled, native bulk chromatin to the radiollabelled probe DNA (see, for example:90). The

major shortcoming of this method is that the radiolabelled chromatin constitutes only a small

fraction of the total chromatin.

ATP-dependent assembly systems. Periodic nucleosome arrays can be assembled in an ATP-

dependent reaction with either crude extracts (see, for instance:32,41,42) or purified factors (for

methods, see:37,40). The crude extracts have been used successfully by many laboratories, but the

complexity of the extracts can be problematic for many applications. In addition, the preparation

of these extracts requires relatively large quantities of Drosophila embryos or Xenopus oocytes,

which may not be readily accessible to some researchers. Fortunately, purified recombinant

chromatin assembly systems for ATP-dependent chromatin assembly are now available37,40. These

assembly systems employ either ACF or RSF as the ATP-utilizing assembly factor (Box 1). For

most applications, it is probably best to use the purified factors for chromatin assembly.

An interesting feature of the ATP-dependent assembly systems is the effect of ionic strength

and histone H1 upon the nucleosome repeat length37,92,93. In the absence of histone H1, the

nucleosome repeat length of the chromatin increases as the ionic strength is increased. Thus, the

repeat length of the chromatin can be varied by alteration of the ionic conditions of the reaction. In

the presence of histone H1 (which resembles a multivalent cation, as it is rich in lysine residues),

the repeat length increases with increasing H1 concentration until a 1:1 ratio of H1:core histone

octamers is achieved 37 .

In our laboratory, we have extensively used ACF in conjunction with NAP-1 for the assembly

of chromatin. We have found that chromatin assembly occurs efficiently with a broad range of

DNA sequences as well as with supercoiled, relaxed circular, or linear DNA templates. To

minimize the nonspecific ATP-independent transfer of histones from NAP-1 to the DNA, we use

DNA that has been previously relaxed with purified topoisomerase I. In addition, topoisomerase I

is included in the reaction to relieve the positive superhelical tension that is generated as

nucleosomes are being formed (see above). Chromatin that is assembled with the purified ACF
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system can be stored at 4˚C for several days with no apparent decrease in quality, but should not

be frozen. The detailed methodology is described elsewhere37 .

Lastly, before embarking on the assembly of chromatin with the purified factors, it should be

noted that these experiments are significantly more difficult to perform than ATP-dependent

chromatin assembly with crude extracts or ATP-independent nucleosome reconstitution. For

instance, each of the reaction components must be highly purified and carefully titrated. Therefore,

the establishment of the purified ATP-dependent assembly systems requires a substantial

commitment of time and resources.

Analysis of Chromatin Reconstituted In vitro

It is important to analyze the reaction products carefully and thoroughly to determine whether or

not chromatin has been reconstituted properly. We have described the step-by-step methodology

for many of these assays elsewhere (see, for example:37,41). In this section, we will provide a brief

description of some of these assays.

DNA Supercoiling Assay. The formation of one nucleosome causes a change in the linking

number of approximately -1.030,88. Thus, the reconstitution of N nucleosomes onto a closed

circular DNA template in the presence of topoisomerase I will yield a supercoiled DNA species

with N negative supercoils after removal of the histones. In this manner, the DNA supercoiling

assay can provide a quantitative assessment of the efficiency of nucleosome assembly (Fig. 3a).

The extent of DNA supercoiling is most commonly measured by standard one-dimensional

agarose gel electrophoresis. If the distribution of topoisomers needs to be determined with higher

precision, then the topoisomers can be more clearly resolved by two-dimensional agarose gel

electrophoresis94 . The DNA supercoiling assay is useful for the analysis of chromatin that is

reconstituted by either ATP-independent or ATP-dependent processes. However, it is best used in

conjunction with the micrococcal nuclease digestion assay (see below), because the generation of
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negative supercoils upon the addition of histones to DNA (in the presence of topoisomerase I) can

also be caused by the formation of non-nucleosomal histone-DNA species (see, for example:95).

Micrococcal Nuclease Digestion Assay. The micrococcal nuclease digestion assay reveals the

periodicity of the nucleosomes as well as the nucleosome repeat length43  (Fig. 3b). In this assay,

the chromatin is partially digested with micrococcal nuclease, which cleaves both strands of DNA

in the linker region between the nucleosomal cores. The resulting mono- and oligo-nucleosomal

fragments are deproteinized, and the DNA fragments are then resolved by agarose gel

electrophoresis. A ladder corresponding to DNA derived from mono- and oligo-nucleosomes is

observed if the nucleosomes are efficiently assembled and regularly spaced. This assay is of

critical importance to the analysis of chromatin that is assembled by the ATP-dependent processes

that yield periodic nucleosome arrays. The number of distinct oligonucleosomal DNA bands that

can be visualized is a good indication of the 'quality' (in terms of nucleosome periodicity and

efficiency of assembly) of the chromatin. We typically view chromatin that yields six or more

distinct bands (i.e., DNA species derived from mononucleosomes to at least hexanucleosomes) as

being of high quality. The micrococcal nuclease assay should also be used for the analysis of

irregularly-distributed nucleosomes that are prepared by ATP-independent histone deposition

methods. Although only mononucleosome (~147 bp DNA) and perhaps dinucleosome bands are

usually observed with such chromatin, it is important to see that nucleosomes are reconstituted and

that subnucleosomal particles, which yield DNA fragments less than 147 bp in length, are not

formed.

Polyacrylamide-SDS Gel Electrophoresis. It is important to determine whether the chromatin

contains roughly equimolar amounts of each of the core histones. Typically, 18% polyacrylamide-

SDS gels are used. We recommend staining the proteins with Coomassie Brilliant Blue R-250.

Some specific silver staining methods (e.g., those with silver nitrate in NaOH/NH3) are effective

for the detection of core histones, whereas other silver staining methods are not recommended.
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Gel Mobility Shift Analysis. This method is useful for characterization of reconstituted

mononucleosomes. Mononucleosomes migrate more slowly than their corresponding free DNA

species in nondenaturing gels. Thus, the gel shift assay reveals the relative proportions of

mononucleosomes and free DNA. As noted above, the gel shift assay can be used to determine the

specific positions of nucleosomes on the DNA fragments52,53,59,60.

Electron Microscopy or Atomic Force Microscopy. It is often useful to visualize the chromatin

samples as single molecules. Electron microscopy (as well as atomic force microscopy) reveals

features of the chromatin that are not apparent in bulk biochemical assays. For instance, histone

H1-containing chromatin typically has a zig-zag appearance at low ionic strength96 . Also, the

folding of the chromatin into higher order structures could be visualized by electron or atomic

force microscopy.

Conclusions

The purpose of this review is to provide practical information that serves as a guide for the

nonspecialist who is interested in reconstituting chromatin in vitro. Fortunately, at the present time,

there are reliable methods for the reconstitution of chromatin with well-defined, purified

components. Some of these experiments are moderately challenging to perform. Once the

appropriate skills are acquired, however, the results are highly reproducible.

In this review, we focussed almost entirely upon the reconstitution of the simplest form of

chromatin that consists of DNA and the core histone octamers. It is also possible to reconstitute

periodic arrays of chromatin with histone H1 (see, for example:37). In the future, it will be

important to extend the methodology for the reconstitution and analysis of specific forms of

chromatin. For instance, it would be useful to study chromatin that contains specific covalent

modifications (such as acetylation, methylation, phosphorylation, etc.; see, for example97) of the

core histones. In addition, chromatin can be reconstituted that contains core histone variants. Also,
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it will be important to incorporate abundant nonhistone chromosomal proteins, such as the high

mobility group (HMG) proteins and heterochromatin protein-1 (HP-1). In this manner, it will be

possible to investigate the broad spectrum of mechanisms by which chromatin participates in

fundamental processes in the nucleus.
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Figure Legends

Figure 1. Schematic diagram of chromatin. The core histone octamers are shown in yellow, and

histone H1 is shown in blue. The fundamental repeating unit of chromatin is the nucleosome,

which typically consists of 180-200 bp DNA, a core histone octamer, and a molecule of the linker

histone H1. An isolated nucleosome core (histone octamer and 147 bp DNA) is termed a core

particle, whereas a slightly larger species containing about 166 bp DNA and one molecule of

histone H1 is termed a chromatosome.

Figure 2. Different types of chromatin that can be reconstituted in vitro with purified

components.

Figure 3. Assays for chromatin reconstitution.

a. DNA supercoiling analysis. Chromatin is relaxed with topoisomerase I. The samples are

deproteinized, and the resulting DNA species are subjected to either one-dimensional (left) or two-

dimensional (right) agarose gel electrophoresis. Two-dimensional agarose gel electrophoresis is

typically carried out in the absence of chloroquine during the first dimension and in the presence

of chloroquine during the second dimension. The lower part of the figure depicts representative

DNA patterns. The numbers in the panel for two-dimensional gel electrophoresis specify

topoisomers containing 0, 6 and 14 negative supercoils. N denotes the position of nicked DNA.

b. Micrococcal nuclease digestion assay. Chromatin is partially digested with micrococcal

nuclease. Then, the sample is deproteinized, and the resulting DNA fragments are subjected to

agarose gel electrophoresis. DNA fragments corresponding to mononucleosomes (denoted 1-

mer), dinucleosomes (2-mer), etc. are symbolized by black bars.
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Box 1. ACF and RSF: Two ATP-utilizing Chromatin Assembly Factors

The assembly of periodic nucleosome arrays requires an ATP-utilizing factor such as ACF or

RSF. ACF has been studied mainly in Drosophila and consists of two subunits – Acf1 and the

ISWI ATPase33,34. RSF was identified in humans and comprises two subunits – p325 (Rsf-1),

which is related but not homologous to Acf1, and hSNF2H, which is homologous to the

Drosophila ISWI ATPase39,98. Recombinant ACF and RSF can be produced by cosynthesis of

their respective subunits in Sf9 cells by using a baculovirus expression system. Subsequent

affinity purification of the complexes via a Flag-tagged subunit (Acf1 or Rsf-1) yields purified,

highly active protein37,40.

ACF processively catalyzes the transfer of core histones from the NAP-1 chaperone to DNA

to yield a periodic array of nucleosomes36 . ACF-mediated chromatin assembly can be performed

with purified recombinant ACF, purified recombinant NAP-1, purified native or recombinant core

histones, DNA (relaxed circular, supercoiled, or linear), and ATP. Drosophila ACF is able to

assemble Drosophila, Xenopus, or human histones into chromatin. In addition, ACF can catalyze

the assembly of histone H1-containing chromatin37 . Like ACF, RSF uses the energy of ATP

hydrolysis to catalyze the assembly of nucleosomes38 . Unlike ACF, RSF does not require a core

histone chaperone. Efficient RSF-mediated nucleosome assembly requires the acetylation of

histones H2A and H2B, such as that catalyzed by the p300 acetyltransferase38,40. In contrast, ACF

efficiently assembles unacetylated histones into chromatin35,76. It should also be noted that ACF is

closely related to another factor termed CHRAC (chromatin accessibility complex). CHRAC was

purified on the basis of its ability to increase the access of restriction enzymes to DNA in

chromatin78 . ACF and CHRAC are identical except for the presence of two additional subunits,

CHRAC-14 and CHRAC-16, in the CHRAC complex99 .
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