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Department of Biochemistry and Microbiology, Unï ersity of Victoria, Victoria V8W 3P6, British Columbia, Canada

Received 6 January 2000; accepted 16 March 2000

Abstract

This mini review consists of two parts. The first part will provide a brief overview of the theoretical aspects
Žinvolved in the two kinds of experiments that can be conducted with the analytical ultracentrifuge sedimentation

.velocity and sedimentation equilibrium as they pertain to the study of chromatin. In the following sections, I
describe the analytical ultracentrifuge experiments which, in my opinion, have contributed the most to our
understanding of chromatin. Few other biophysical techniques, with the exception of X-ray scattering and diffraction,
have contributed as extensively as the analytical ultracentrifuge to the characterization of so many different aspects
of chromatin structure. In the course of his scientific career, Professor Henryk Eisenberg has made many important
contributions to the theoretical aspects underlying ultracentrifuge analysis, especially in the analysis of solutions of

wpolyelectrolytes and biological macromolecules H. Eisenberg, Biological macromolecules and polyelectrolytes in
xsolution, Clarendon Press, Oxford, 1976 . As an example he has devoted some of his research effort to the

characterization of chromatin in solution. This review includes these important contributions. Q 2000 Elsevier
Science B.V. All rights reserved.
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1. Theoretical background. A brief overview

1.1. Analytical ultracentrifugation analysis. Transport
and the sedimentation equilibrium experiments

The analytical ultracentrifuge allows the char-
acterization of the behavior of macromolecules in
solution upon the influence of an ultracentrifugal
field. Two basic kinds of experimental approaches

Ž .can be used: Transport sedimentation velocity
Ž .and equilibrium sedimentation equilibrium .

ŽIn an ideal two component system consisting
of solvent, component 1, and a macromolecule,

.component 2 , the basic general equation for the
flow J of the macromolecular component in the2
ultracentrifuge can be expressed by:

M ­ln y­r RT2 22J s v rC y 1qC2 2 2ž / ž /Nf ­C Nf ­C2 2 2 2m

­C2 Ž .= 1ž /­r t

with

­r Ž .s1y¨ r 22ž /­C2 m

Ž .The underlined terms in Eq. 1 can be identi-
fied as the sedimentation ‘s’ and diffusion ‘D’
coefficients.

­C22 Ž .J ssv rC yD 32 2 ž /­r t

diffusion ‘D’ coefficients.

where C s concentration of macromolecule2
Ž .component 2 in moles per cubic centimeter;
f s frictional coefficient; rsradial distance; M2 2
s molecular weight of component 2; N s
Avogadro’s number; R s gas constant; T s
absolute temperature; ¨ s partial specific2
volume of component 2; vsangular speed of the
rotor; y sactivity coefficient; rssolution den-2
sity.

In sedimentation velocity experiments, the
macromolecular solution is subjected to a high

Žcentrifugal field provided by the high angular
.speed of the rotor so that the sedimentation flow

of macromolecules is very large compared with
the diffusion flow. This will create a net flow of
component 2 towards the bottom of the cell with
the appearance of a moving boundary that can be
used to determine the sedimentation coefficient

Ž .of the macromolecule. As shown by Eq. 2 , this
parameter is related to the frictional coefficient
of the sedimenting molecule and thus provides an
extremely sensitive method for determining con-

Ž .formational changes folding of macromolecular
complexes as a result of changes in the ionic
environment.

For an approximately spherical particle,

Ž .f s6phR 42 S

where R sStokes radius and hsviscosity of theS
solvent

Thus, if the molecular weight M and the sedi-2
mentation coefficient s are known it is possible to
estimate the effective molecular radius of the
sedimenting macromolecule. In fact, if both the
molecular weight M and the partial specific2
volume ¨ are known it is possible to estimate the2
radius R of an unhydrated sphere correspondingo
to the volume of the macromolecule

1r3Ž . Ž .R s 3M ¨ r4 pN 5o 2 2

with

Ž .f s6phR 6o o

The ratio f rf s1 for a perfectly spherical2 o
molecule and higher values are indicative of the
extent of departure from the spherical shape.

In sedimentation equilibrium experiments, the
solution is centrifuged at lower angular speeds of
the rotor, to create a centrifugal field such that
over time, an equilibrium is established in which
the net flow J s0 at any point within the cell.2
Under these conditions, the sedimentation flow
and the diffusion flow are balanced at any radial

Žposition in the cell the distance from a point in
.the cell with respect to the axis of the rotor .
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Ž .Therefore, Eq. 2 can be rewritten as:

­r2M v r2 ž /­C­C ­lnC21 m2 2 Ž .s s2 72C ­r RT ­r2

which provides the general equation for sedimen-
tation equilibrium analysis.

A more comprehensive description of this sec-
w xtion can be obtained from the literature 1]3 .

1.2. Analysis of the data

In the case of the sedimentation velocity exper-
iments, several methods have been described to

w xanalyze the boundary 4]8 .
w xThe method of van Holde and Weischet 6 is

particularly useful for the quantitative analysis of
w xmulticomponent solutions 7 consisting of a re-

duced number of sedimenting species. In this
method, the moving boundary is divided into a
number of equal parts ‘i’ each of which corre-
spond to an equal percentile of the boundary
Ž .5%, 10% . . . . An apparent sedimentation coef-

w xficient is then calculated for each fraction 6
using the equation:

a p p Ž . 2 Ž .s s ln r rr rv t 8i i m

Žwhere r sradial position of the meniscus equiv-m
.alent to the position of the boundary at 0 time ;

r sradial position of fraction ‘i’; and ts time ati
which the boundary was scanned. This analysis is

Žcarried out at different time intervals from which
scans for the different boundaries have been col-

. y1r2lected and the s are plotted as function of ti
to yield the ‘fan plots’ as shown in Fig. 1a. The

w xmethod has been recently improved 9 to allow
the determination of not only the sedimentation
coefficient but also the diffusion coefficient of the
sedimenting macromolecules and hence their

w Ž .xmolecular weight see Eq. 1 , provided that the
Ž .partial specific volume ¨ of the macro-2

Ž .molecule s being studied is known.
An alternative method developed by Stafford

w x8 is currently used in the Beckman XL-A analyt-
ical ultracentrifuge. This is a modified version of
the method described by Schumaker and

w x w xSchachman 4,5 . In the original method 5 , the
boundary is divided in ‘ j’ equally spaced parts

Ž .along the radial direction so that ­C r­r , and2
Ž .hence g s , at each position can be determined.j

2rŽ .­C r­r1 ­C j2 2Ž . Ž .g s s s r v t 9j j0 0 ž /­s rC C m2 2

Ž .In this case g s represents the weight fractionj
of material sedimenting at s , wherej

­ln r1 j Ž .s s 10j 2 ­tv

Ž .As shown by Eq. 7 , sedimentation equilibrium
provides an absolute method of molecular weight
determination provided that the partial specific

Ž .volume ¨ of the macromolecular component is2
known. However, where the technique becomes
most useful is in the determination of the associa-
tion parameters of multimeric complexes. This
stems from the fact that in multiple component

Žsystems containing more than one macromolecu-
.lar complex this technique can be used to de-

Žtermine different molecular weight averages M ,n
.M , M , . . . M that are characteristic of thew z k

composition of these systems. Several methods of
analysis have been described to determine these
different molecular weight averages from the

w xsedimentation equilibrium data 10]12 .
A good example of its usefulness is in the

analysis of an ideal two component system con-
Ž .sisting of a mixture of two macromolecules A, B

of molecular weights M and M and weightA B
Ž . w xfractions 1ya and a , respectively 13 . In this

instance, the following molecular weight averages
can be defined:

Ž . y1 y1 Ž .M s 1ya M qa M 11n A B

Ž . Ž .M s 1ya M qa M 12w A B

Ž . 2 21ya M qa MA B Ž .M s 13z Ž .1ya M qa MA B

Ž . Ž . Ž .by combining Eqs. 11 and 12 and Eqs. 12 and
Ž .13
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Ž . w xFig. 1. a ‘Fan plot’ sedimentation velocity analysis of nucleosome core particles from chicken erythrocytes. In this analysis 6 ,
Ž .each of the lines converging toward a common s value in Svedberg units, S is proportional to the fraction of sample20,w

Ž .represented see text for more details . In the plot shown, approximately 90% of the sample sediments as nucleosome core particles
Ž . Ž . Ž . Ž .N s s11.4 S and 10% sediments as nucleosomal 146 bp DNA s s5.4]6 S . The time units are in seconds. The20,w 20,w

Ž . Ž .sedimentation velocity was carried out at 208C in 100 mM NaCl, 20 mM Tris]HCl, 0.5 mM EDTA pH 7.5 and 40 000 rev.rmin. b
w xNucleosome core particles in solution can reversibly dissociate into their constitutive core histone and DNA components 34 . This

Ž .figure shows the sedimentation velocity analysis of dependence of the percentage of free dissociated DNA as a function of the
Ž . Ž . Ž .starting nucleosome core particle concentration in mgrml of DNA in 0.6 M NaCl at 208C ` and at 108C v . In addition to

Ž . Ž .NaCl, the buffer also contained 1 mM Tris]HCl, 0.1 mM EDTA pH 8.1 . The amount of free DNA d at any given starting
Ž . Žconcentration of the sample can be determined from the analysis shown in a . The inset shows the percentage of free DNA in the

. Ž . Ž . Ž .limit of high nucleosome core particle concentration as a function of the NaCl concentration. v 0.1 and 0.6 M NaCl ref. ; I
w x Ž . w x Ž .data from Vassilev et al. 32 ; I data from Stacks and Schumacher 30 . c Schematic representation of the reversible dissociation

Ž .equilibrium corresponding to the results shown in b . The dissociation]association equilibrium depends on concentration, ionic
w x w Ž .strength, pH and temperature 30]34 . Part b was reproduced from J. Ausio et al., J. Mol. Biol. 176 1984 77]104, with permission´

xfrom Academic Press Inc.

y1 Ž .M syM M M qM qM 14w A B n A B

y1 Ž .M syM M M qM qM 15z A B w A B

and in general:

y1 Ž .M syM M M qM qM 16k A B ky1 A B

Thus, a plot of M vs. 1rM yields a straightk ky1

line of slope yM M which intercepts the hy-A B

perbola M rM s1 at M sM and M andk ky1 k A B

the plot is referred to as the ‘two-species plot’.
This kind of analysis is very useful for the charac-
terization of associating systems of the type nA¡
A where the macromolecular component A as-n
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sociates to form discrete multimeric complexes
Ž . Ž .nA of a defined number of subunits n . Eq. 16

then becomes:

2 y1 Ž . Ž .M synM M q nq1 M 17k A ky1 A

2. The globular nature of basic chromatin subunit

An important turn in the characterization of
chromatin structure occurred in the early 1970s,
after it was shown that chromatin could be di-
gested by nucleases. Digestion produced discrete
fragments consisting of approximately 100]200 bp

w xof DNA 14 and the existence of a repeating
w xsubstructure was established 15 . However, it was

not clear what the conformation of these frag-
ments was or what stoichiometric histone-DNA
composition they had.

Early characterization of the nuclease-resistant
w xparticles 16,17 with the analytical ultracentrifuge

played an important role in the characterization
of the most basic subunit of chromatin which we
know today as the nucleosome core particle. The
‘PS’ particles isolated by the group of Ken van

w xHolde and associates 17 had an average sedi-
mentation coefficient of 12 S. They were shown to
consist of a weight fraction composition of 1.53 g
proteinrg of DNA. Based on this composition
and using the partial specific volumes of his-
tones and DNA, a partial specific volume ¨ s2

3 w x0.69 cm rg was calculated for these particles 16 .
The molecular weight of the complex determined
by sedimentation equilibrium using this partial
specific volume value was found to be 176 000.
Also, the molecular weight of the DNA compo-
nent, as calculated from its sedimentation coef-

Ž .ficient 4.9 s using the empirical equation s s20,w
0.32 w x0.1345 M 18 , was determined to be 72 000.

By combining this value with the proteinrDNA
weight composition, a molecular weight for the
complex of 182 000 was determined which was
consistent with the sedimentation equilibrium
value. Consequently, it was possible to conclude
that the ‘PS’ particles were highly compact nucle-

Ž . Ž . Žoprotein complexes. Using Eqs. 4 ] 6 shown
.above in combination with the values just de-

scribed, it was found that the ‘PS’ particles had a
frictional ratio frf s1.1 which is close to theo
ratio observed for globular proteins. A Stokes

˚radius of 40 A was also determined. This result
compared very well with the early electron mi-
croscopy data which reported a diameter for the

˚ ˚w xparticle ranging from 60 to 80 A 19,20 to 100 A
w x21 and provided the first experimental evidence
for the globular conformation of the nucleosome.

Further detailed hydrodynamic studies using
sedimentation velocity followed this early charac-

w xterization 22]24 and provided important insight
into the plasticity of the nucleosome which results
from changes in the ionic strength, pH of the
medium and from exposure to different concen-
trations of urea. These early characterizations
were important in establishing the highly dynamic
nature of the nucleosome which is now widely
accepted.

3. The nucleosome. A dynamic nucleoprotein
complex

The recent resolution of the crystallographic
w xstructure of the nucleosome 25 , has provided

extremely valuable structural information and has
confirmed what other biophysical characteriza-
tions had anticipated. For instance, of all the
potential electrostatic interactions that could po-
tentially be established between the histones and
the DNA, only a relatively small number are
involved in the maintenance of such structure.
This is in contrast to other chromosomal nucle-
oprotein structures such as the nucleoprotamine
complexes which are found in the sperm of many
vertebrates. In these latter complexes, the argi-
nine-rich protamines are tightly bound to the
genomic DNA through extensive electrostatic in-

w xteractions 26 . In this instance, dissociation of
the complex can only take place at high ionic
strengths which are unlikely to occur under physi-
ological conditions, or in the presence of chro-
matin remodeling protein chaperones such as nu-
cleoplasmin. In the case of the nucleosome, the
fact that the level of electrostatic interaction is
relatively low most likely reflects the highly dy-
namic nature of a complex which can freely disso-
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ciate and reassociate even at ionic strengths below
those corresponding to physiological levels. Such
dynamic structure most likely stems from the
highly dynamic functional demands of the genetic

Žactivity it supports DNA replication, repair, tran-
.scription and recombination . In fact, the crystal-

lographic structure which is presently available
w x25 most likely represents a single snapshot of an

w xotherwise highly dynamic structure 27 .
Work with purified nucleosomes has confirmed

this and it has been very helpful in understanding
some of the aspects involved in this dynamic
behavior. Early sedimentation velocity analysis of
these particles revealed the existence of two
boundaries that were clearly distinguishable at

w x Ž .0.5]0.6 M NaCl 28,29 see Fig. 1a . It was possi-
ble to show that while the fastest sedimenting
component is that of the nucleosome complex,
the slowest one is free DNA which dissociates
from the nucleosome as the ionic strength in-

w xcreases 28 . At 0.1 M NaCl, the slowest boundary
Žhas a sedimentation coefficient of 5]6 S 146 bp

.DNA and the fastest boundary corresponds to an
Ž .11.1"0.1 S nucleosome core particle . It has

been shown that the ratio of these two boun-
daries varies with the ionic strength and the con-

w xcentration of the sample 30]34 . An exhaustive
analysis of this phenomenon carried out in the

w xHenryk Eisenberg laboratory 34,35 , showed that
the amount of free DNA dissociating from the
nucleosome increases with increasing the ionic
strength and the temperature and decreases with

Žincreasing the concentration of the solution see
.Fig. 1b . The dissociation was shown to be re-

w xversible 34 and it involves the transfer of the
dissociating histone octamer to an undissociated

w x Ž .nucleosome 30 see also Fig. 1c . Evidence from
the same laboratory using sedimentation velocity
analysis had already indicated that at 0.5]0.6 M
NaCl nucleosome core particles can bind more
than an additional histone octamer with no sig-
nificant alteration in the external shape and

w xstructure 36 .
Whether the process of DNA dissociation in-

volves ‘unpeeling’ from both ends of DNA in the
w xnucleosome 37 or it simply involves an elastic

model of octamer dissociation, is still controver-
w xsial 38]40 .

The equilibrium between nucleosomes and free
DNA in solution in fact provides the basis for
today’s widely used ‘exchange methods’ of nucleo-
some reconstitution in which a short DNA frag-
ment of defined sequence is mixed with a large
excess native nucleosome core particles at 0.7]1.0
M NaCl and then the ionic strength is decreased

w xto lower values 41,42 .

4. Fundamental types of histone association in
the histone core

Once it was established that the nucleosome
had a globular structure in which the DNA was
wrapped about the histone proteins, a fundamen-
tal question was the organization of this protein
core.

Before the discovery of the nucleosome subu-
nit, many studies had already been carried out
designed to understand the mode of association

w xbetween different histones 43 . The analytical
ultracentrifuge again played an important role in

Ž .this structural characterization. see Fig. 2 . Using
the method of sedimentation equilibrium analysis
described above, and with the help of the ‘two-

w x w Ž . Ž .xspecies plots’ 13,44 see Eqs. 11 ] 17 Roark et
al. were able to convincingly demonstrate that
core histones H3 and H4 can reversibly associate
in solution in a concentration-dependent manner

Ž . w xto form a tetrameric complex see Fig. 2b 45 .
Similarly, they were able to show that H2A and

ŽH2B can reversibly associate to form a dimer see
. w xFig. 2a 46 . The histone H3]H4 tetramer and

the histone H2A]H2B dimers are indeed the
basic subunits of the nucleosomal protein core.

Further ultracentrifuge analysis using sedimen-
tation equilibrium analysis and chromatographic
techniques carried out by Moudrianakis et al.
showed that in the presence of 2 M NaCl, the
protein core of the nucleosome is a symmetrical
octamer consisting of an H3]H4 tetramer and

w xtwo H2A]H2B dimers 47 . Further sedimenta-
tion equilibrium analysis by the same group
showed that the assembly of this octamer occurs

w x Ž .in two steps 48 see Fig. 2c,d . We now know
from crystallographic data that the conformation

w xof this histone octamer in high salt 49 is virtually
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w x Ž . w x Ž .Fig. 2. ‘Two-species plot’ sedimentation equilibrium analysis of the association behavior for histones H2A]H2B 46 a and histones H3]H4 45 b . The dashed and
Ž . Ž Ž . .solid lines represent the M 1rM hyperbola and the two species line, respectively. The values of M and M see Eq. 14 , are also indicated . The solid line in az w A B

Ž . Ž . Ž . Ž . Ž .corresponds to the equilibrium H2AqH2B D H2AyH2B and 2= H3]H4 D H3]H4 in b. The filled circles, v ; open circles ` and the triangles ^ ,2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .correspond to different starting concentrations of the sample. a v s0.33 mgrml; ` s0.75 mgrml; ^ s1.5 mgrml. B v s0.2 mgrml; ` s0.6 mgrml;

Ž .^ s1.8 mgrml. Sedimentation equilibrium experiments were carried out at 208C in 50 mM NaOAc, 50 mM NaHSO , 5 mM EDTA, 0.02% NaN , pH 5.0 buffer and3 3
Ž . Ž . Ž . w xat 48 000 rev.rmin a and 34 000 rev.rmin b . c Sedimentation equilibrium analysis of the histone-core complex 48 in 2 M NaCl, 10 mM Tris]HCl pH 7.5 at 208C

Ž . Ž . Ž .at 0.45 mgrml initial concentration and 26 000 rev.rmin. Apparent number-average = , weight ^ , and z-average v are plotted vs. radial solute concentration c .r
Ž .The fitted curves are the corresponding apparent averages vs. c obeying the hexamer intermediate model shown in d. d Sedimentation equilibrium analysis, asr

Ž . w xshown in c , in conjunction with gel filtration 47 revealed that the association behavior of the histone H3]H4 tetramer and the histone H2B dimer at high ionic
strength proceeds in a two-step mode and leads to the formation of a symmetrical histone octamer which is structurally similar to the histone octamer core of the

w Ž .nucleosome. Parts a, b and c were, respectively, reproduced from D.E. Roark et al., Biochemistry 15 1976 3019]3025; D.E. Roark et al., Biochem. Biophys. Res.
Ž . Ž . xCommun. 59 1974 542]547; J.E. Godfrey et al., Biochemistry 19 1980 1339]1346, with permission from the American Chemical Society and Academic Press Inc.
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identical to that of the histone octamer in the
w xnucleosome 25 .

5. Different hierarchies of chromatin folding

As has been stated earlier, the sedimentation
coefficient of a macromolecular complex is in-
versely related to the frictional coefficient and
thus sedimentation velocity provides one of the
most sensitive and quickest ways to assess the
extent and quality of folding and unfolding of
macromolecular complexes. The early work of

w xThomas and Butler 50,51 on the ionic strength
Ž .dependence of chromatin folding see Fig. 3a

provides a good example of this. Work from
Heini’s lab made also a very important contribu-

w xtion in this regard 52]57 and the analytical
ultracentrifuge was an important component of

Ž . w xthis research see Fig. 3b 52,53 . It was clear that
as the ionic strength of the solution increases

Žfrom 0 to 100 mM NaCl or from 0 to 0.4 mM
.MgCl the chromatin fiber undergoes significant2

Ž .compaction Fig. 3a]c which reaches a maximum
and levels off at approximately physiological ionic

w xstrength values 58 . Fig. 3d provides a schematic
representation of the different hierarchies of fold-
ing of the chromatin fiber as they would corre-
spond to the sedimentation coefficient of the
chromatin fiber at low ionic strength in the

Ž . Ž .absence Fig. 3d1 or in the presence Fig. 3d3 of
linker histones and at higher ionic strength. The
model shown in Fig. 3d1,2 was derived from Kirk-

Ž .wood’s analysis see below of homogeneous re-
w xconstituted chromatin fibers 59 . The models

shown in Fig. 3d3,4 are an ‘idealized’ representa-
tion of the folding observed by atomic force mi-

w x w xcroscopy 60 and by electron cryomicroscopy 61 .
While the ultracentrifuge data can not directly
define a particular model, the sedimentation ve-
locity analysis is still very useful support or elimi-
nate the models proposed from experimental
analysis obtained with other techniques. An ex-
ample of this is provided by the recent analysis of
the salt-dependent hydrodynamic behavior of na-

w xtive nucleosome dimers 62 the results of which
should resolve the long standing issue of whether
the linker DNA in the chromatin fiber is bent or

w xstraight 60,61,63 . Although the interpretation of
w xthese data is still controversial 62,64 there is no

doubt that it contains the information that should
resolve the linker bendability issue and hence
rule out many of the models for the chromatin

w xfiber which have been proposed 65 . In addition,
sedimentation velocity analysis has been of enor-

Ž .mous value in ascertaining the role s played by
Ž .different histones i.e. linker histones and their

Ždomains i.e. N-terminal regions of the core his-
.tones in the folding and maintenance of the

physiological state of the chromatin fiber
w x59,66]69 .

Fig. 4b summarizes the different folding hierar-
chies of the chromatin fiber corresponding to the
changes of the sedimentation coefficient shown in
Fig. 4a. The increase in the sedimentation coef-
ficient observed as the ionic strength of the
medium increases shows that the electrostatic
screening of the negatively charged DNA do-

w xmains from contiguous nucleosomes 70 plays an
important role in the folding of the chromatin

Ž .fiber. The linker histones histone H1 family and
Ž .the N-terminal domains ‘tails’ of the core his-

tones also play an important role in charge shield-
w xing 59,66,69 and also provide directionality to

the entering and exiting linker DNA regions of
the nucleosome thereby increasing the extent and

Ž .complexity of the folding see Fig. 4a4]b4 . In-
Ždeed, histone acetylation a physiologically rele-

vant post-translational modification which re-
.duces the positive charge of the histone tails

significantly affects the folding o the polynucleo-
some complexes in the absence of linker histones
Ž . w xsee Fig. 4a2]b2 67 .

6. Future perspectives

6.1. Beckman XL-A. A new generation of analytical
ultracentrifuge

Long gone are the days when a sudden crash of
the diffusion pump or the unexpected failure of
the light source in the middle of an ultracen-
trifuge run would ruin the most important experi-
ment. Also gone are the long hours spent in front
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Ž .Fig. 3. Sedimentation velocity analysis of chromatin folding. a Ionic strength dependence of the sedimentation coefficient s of20,w
w x Ž .oligonucleosome fractions 51 . b Variation of the sedimentation coefficients s of different oligonucleosome fractions as a20,w

w x w Ž . Ž . Ž .xfunction of the MgCl concentration 52 of different chromatin fractions 1, Ns17 ; 2, Ns35 ; 3, Ns42 in 5 mM NaCl, 12
Ž . Ž . Ž . Ž .mM Tris]HCl, pH 8.0 . c Salt dependence of the sedimentation coefficient s of native v ; linker-histone stripped ` ; and20,w

Ž . Ž . Ž . w xDNA I ; from a chromatin fraction Ns43 in 10 mM Tris]HCl, 0.1 mM EDTA pH 7.5 81 . N represents the weight-average
Ž .number of nucleosomes in chromatin fractions. d Schematic representation of the different hierarchies of folding of linker-histone

Ž . Ž . Ž .depleted chromatin 1,2 and native chromatin 3,4 at ‘low’ 1,3 or ‘high’ concentrations of NaCl and MgCl . The ‘low’ and ‘high’2
Ž . wconcentrations refer to the lower and upper values shown in panels a]c of this figure. Parts a, b and c, were, respectively,

Ž . Ž .reproduced from P.J.G. Butler and J.O. Thomas, J. Mol. Biol. 140 1980 505]529; J. Ausio et al., J. Mol. Biol. 177 1984 373]398;´
Ž .Rabbani et al., J. Biol. Chem. 274 1999 18401]18406, with permission from Academic Press Inc. and the American Society for

xBiochemistry and Molecular Biology.

of the microcomparator, painstakingly staring with
crossed eyes at the interference fringe patterns
used for the accurate analysis of sedimentation
equilibrium runs which eventually would provide
information about different molecular weight av-

Ž .erages M , M , M . With the advent of then w z

Beckman XL-A line of analytical ultracentrifuges
a new era in the use of analytical ultracentrifuga-

w xtion analysis has taken place 71,72 . It provides
an easier, more reliable and much more versatile
piece of equipment in terms of the types of data
analysis which can be performed.
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Ž . Ž .Fig. 4. a NaCl dependence of the sedimentation coefficient s of 1 : a homogeneous DNA molecule consisting of 12 tandemly20,w
w x Ž .arranged copies of a 208 bp fragment of the 5S rRNA gene from the sea urchin Lytechinus ¨ariegatus 59 ; 2 an oligonucleosome

w x Ž .complex reconstituted from purified acetylated histone octamers and the same DNA template 67 ; 3 a similar oligonucleosome
w x Ž . Ž .complex reconstituted from non-acetylated core histones 59 ; 4 the same complex as in 3 upon further reconstitution with

w x w xpurified histone H1 77 . Reconstitutions were carried out by salt gradient dialysis 82 . Acetylated core histones were purified from
Ž .HeLa cell cultures treated with 5 mM sodium butyrate to inhibit histone deacetylases . Non-acetylated core histones were purified

Ž .from chicken erythrocytes and histone H1 was purified from non-treated HeLa cell cultures. b Schematic representation of the
Ž . Ž .extent of folding of the different complexes analyzed in a before left and upon increasing the NaCl concentration to 80]100 mM

Ž .right .

6.2. Structural characterization of compositionally
homogeneous oligonucleosome complexes

In recent years, the structural characterization
of chromatin has benefited from the availability
of long homogeneous DNA templates designed
several years ago by Robert Simpson, which allow
the reconstitution of compositionally homoge-

w xneous chromatin complexes 73 . These DNA
constructs consist of a defined number of
tandemly arranged copies of different fragments
of the 5 S rRNA gene from the sea urchin

w xLytechinus ¨ariegatus 73 . The 5 S rRNA gene
sequence of this organism has a strong position-
ing signal for the histone octamer and thus allows
reconstitution of defined oligonucleosome com-
plexes consisting of approximately equally spaced
nucleosomes. One of the most popular templates

Ž .208-12 used consists of 12 copies of a 208-bp
fragment of this gene. These nucleosome arrays
have proven to be very useful as a model for the

w xstudy of chromatin folding 59,69,74 and their
physically homogenous nature makes them
amenable to hydrodynamic modeling. In this re-

w xgard, the use of the Kirkwood formalism 75 for
the analysis of the sedimentation velocity coeffi-
cient of multimeric complexes using the equation
w x74,76 :

Ž . Ž .s rs s1q rrn 1rR 18ÝÝn 1 i j
i j

has been very valuable in distinguishing between
Ž . Žand defining different folded structures see Fig.
.4 .
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After several years of failed attempts to suc-
cessfully reconstitute linker histones onto these
complexes, a few methods have been recently

w xdescribed 77,78 that produced homogeneous
chromatin complexes which fold in a way which is
indistinguishable from that of their native chro-
matin counterparts. Furthermore, we have re-
cently designed a reconstitution method which
allows the reconstitution of chromatin complexes
from reversed-phase HPLC purified histones
w x79,80 .

The analytical ultracentrifuge analysis of the
chemically and physically homogeneous com-
plexes reconstituted from the 208-12 or other
sequence-defined DNA templates in conjunction
with well defined fractions of physiologically rele-
vant histone variants andror their post-transla-

Žtional modifications such as acetylation, phos-
.phorylation, ubiquitination, or polyribosylation ,

should provide a unique view on the role played
by these epigenetic factors on the processes of
chromatin folding. Understanding chromatin fold-
ing is a fundamental aspect of understanding
gene activity in the eukaryotic cell.
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