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Abstract
We have compared the physical properties of a 15.51 Kbp constitutive heterochromatin segment and
a 16.17 Kbp facultative heterochromatin segment that form part of the chicken β-globin locus. These
segments were excised from an avian erythroleukemia cell line by restriction enzyme digestion and
released from the nucleus, thus allowing measurement of the sedimentation coefficients using
calibrated sucrose gradients. A determination of the buoyant density of the cross-linked particle in
CsCl led to the total mass of the particles, and their frictional coefficients, f. Despite the slight
differences in nucleosome density, the measured value of f for both fragments was consistent with a
rod like particle having a diameter of 33 – 45 nm and a length corresponding to approximately 6 –
7 nucleosomes per 11 nm turn. At higher ionic strengths we found no evidence of any abrupt
conformational change, demonstrating that these chromatin fragments released from the nucleus did
not assume the more compact conformations recently described for some reconstituted structures.
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Introduction
Although the structure of the nucleosome is well understood, less is known about the folding
of polynucleosome chains to form higher order chromatin structures within the nucleus. Most
of the physical studies on particles obtained by partial nuclease digestion indicate that the first
order of folding involves the packing of nucleosomes into helical arrays to form relatively
rigid, rod like structures with a diameter of about 30 nm (the ‘30 nm fiber’). The evidence for
these properties comes from electron microscopy,1,2 X-ray3,4,5,6 and neutron scattering,7,8,9
as well as hydrodynamic measurements.10,11,12,13 Careful correlation of neutron scattering
and electron microscopic results shows that chromatin released from nuclei has a mass per unit
length that increases with salt concentration, but reaches a plateau value, corresponding to
slightly more than 6 nucleosomes per 11 nm of length, in the range of 75 – 125 mM NaCl.8
This of course reflects the average properties of the chromatin released from the nucleus, and
is likely to be dominated by contributions from condensed chromatin containing closely packed
nucleosomes.
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Most of this chromatin contains non-coding DNA sequences, including repetitive DNAs that
have no long open reading frames. Recent results suggest that such regions may be transcribed
at very low levels, perhaps part of a mechanism that maintains them in their condensed state.
The condensed chromatin fraction might also contain regions coding for genes that are not
transcriptionally active in the cells from which they are isolated. There has been relatively little
information about the chromatin conformation assumed by such silent genes14,15,16 and
repetitive DNA sequences,17 but a recent and rather extensive examination shows that the
sedimentation properties of gene-rich euchromatin and centromeric heterochromatin differ,
such that the latter adopts a relatively compact conformation.18

Measurements of sedimentation properties alone provide only ambiguous information about
the shape of a particle, since the sedimentation coefficient depends upon both mass and shape.
For that reason we undertook, in an earlier paper, a study of a single, well-defined fragment
containing 15.51 Kbp of DNA derived from the constitutively condensed chromatin fragment
immediately upstream of the chicken β-globin locus.19 We combined precise determination of
the particle’s sedimentation coefficient with measurements of its buoyant density, allowing us
to calculate its frictional coefficient, and to show that this was consistent with the expected
properties of a rod like structure with a diameter of 33 – 45 nm and a mass per unit length of
approximately 5 – 6 nucleosomes per 11 nm, dimensions similar to those described above for
the 30 nm fiber.

This can be compared with results of physical and structural studies in the Richmond laboratory
of polynucleosomes reconstituted from bacterially expressed histones and DNA of defined
sequence. X-ray diffraction measurements of a tetranucleosome array at 9 A˚́ resolution show
a two-start helical structure,20 consistent with earlier measurements on a 12 nucleosome repeat
structure.21 Using this as a guide to stack multiple copies of the tetranucleosome on one another,
the authors are able to construct a model fiber with a diameter of 24 – 25 nm and a repeat of
5.8 –6.6 nucleosomes per 11 nm of length. A quite different set of rod like structures emerges,
however, from electron microscopic studies of reconstitutes containing between 47 and 72
nucleosomes bound to DNA composed of sequence repeats with the same strong histone
octamer positioning properties.22 The structural details vary with the length of the individual
repeats; for shorter repeat lengths (177 to 207 bp) the rod has a diameter of about 35 nm, but
the observed mass per unit length is about 10 nucleosomes per 11 nm of length, much larger
than the values discussed above. Even higher compaction is observed at longer repeat lengths.
It is suggested by these authors that this degree of compaction, greater than any previously
observed, may reflect the use of higher salt concentrations than those used in other studies.

The problem of reconciling these disparate results for reconstituted chromatin is separate from
the question of how they compare with the properties of chromatin fragments isolated from
living cells. For this reason we turned again to the chromatin of the chicken β-globin locus,
which, as mentioned above, contains a well defined heterochromatic structure. It also contains,
adjacent to this constitutively silent region, an extended sequence at least that long containing
members of the β-globin gene family. The cells we use are at a stage of erythroid development
where these genes are not yet expressed (or only at a low level), and where they are not marked
by histone modifications associated with transcriptionally active chromatin.23,24 This provides
the opportunity to compare the properties of the two regions within the same cell. Applying
the methods we had used earlier,19 we show that this region of facultative heterochromatin is
quite similar in hydrodynamic properties to the constitutive heterochromatin immediately
upstream. We also extend the study of both regions to higher ionic strength solvents, and find
no evidence, in these naturally formed chromatin structures, of any abrupt conformational
change. In every case, the hydrodynamic data are consistent with structures within the range
we had previously described, with a mass per unit length of about 6 nucleosomes per 11 nm.
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These chromatin fragments, at least, do not assume the more compact conformations reported
for some reconstituted structures.

Results
Hydrodynamic analysis of a 16.17 Kbp β-globin gene fragment

A previous study of the 15.51 Kbp condensed chromatin fragment released by HpaII digestion
of nuclei prepared from 6C2 cells revealed the presence of a homogenous chromatin fragment.
The sedimentation properties obtained using a calibrated sucrose gradient, combined with the
molecular mass based on the particle buoyancy in a CsCl gradient, allowed for the
determination of the frictional coefficient f. This value is consistent with a rod like particle of
the approximate length and diameter proposed earlier for the 30 nm chromatin fiber.1 To further
investigate the chromatin fiber structure, the physical properties of the 15.51 Kbp constitutive
heterochromatin fragment were compared to those of a similarly sized chromatin fragment
spanning the β-globin gene locus. Earlier studies of the chicken β-globin locus in 6C2 cells
have shown that the βA/ε globin gene enhancer is hypersensitive and accessible to digestion
with the endonuclease NheI,25 this representing a unique restriction site within the ~ 55 Kbp
spanning the whole locus shown in Figure 1. An analysis of this sequence26 also identifies a
series of four unique XhoI sites. Two XhoI sites are found upstream within the folate receptor
gene; another site is found at 8.679 Kbp, within the condensed chromatin fragment. This
condensed fragment is highly methylated at CpG sites,26 as well as resistant to digestion with
restriction enzymes.19 The remaining site located at 25.743 Kbp is within hypersensitive site
3 (HS3) of the locus control region and was expected to be accessible in 6C2 nuclei. A digest
with NheI and XhoI would therefore yield a 16.17 Kbp β-globin chromatin fragment. Indeed,
a Southern blot analysis of DNA obtained from 6C2 nuclei digested with XhoI and NheI
revealed the release of a 16.17 Kbp β-globin chromatin fragment, and confirmed the
inaccessibility of the three upstream XhoI sites to digestion (data not shown). To compare
directly the properties of the 16.17 Kbp β-globin chromatin fragment with those of the 15.51
Kbp condensed chromatin fragment two unique NgomIV restriction sites, representing subsets
of the HpaII sites demarcating the condensed chromatin region, were used (Figure 1). Unlike
HpaII, no such restriction sites are present within the rest of the locus.

Nuclei from chicken 6C2 cells were prepared, digested with a combination of NgomIV, XhoI
and NheI, and dialyzed into a buffer that released the digestion products from the nuclei.
Typically, 20–30% of the input genomic DNA was released, and the specific fragments were
present approximately in genomic abundance in this released fraction as determined by
quantitative PCR. Following sucrose gradient sedimentation and DNA purification, the
fractions collected were analyzed by quantitative PCR using probes for both the 15.51 Kbp
condensed chromatin and the 16.17 Kbp β-globin fragments. The PCR method revealed a single
peak for both fragments (Figure 2A), and the sedimentation properties of the 15.51 Kbp
NgomIV condensed chromatin fragment were indistinguishable from those obtained for the
identical HpaII fragments.19 In addition, the 16.17 Kbp XhoI/NheI β-globin fragment
reproducibly sedimented as a single peak, one fraction further than the condensed chromatin
fragment. Similar observations were made when 6C2 nuclei were digested only with XhoI and
NheI (Figure 2B). To confirm both the size and integrity of the fragment, individual fractions
obtained by sucrose gradient sedimentation were analyzed by Southern analysis using a
radioactively labeled probe uniquely targeted to 16.17 Kbp XhoI/NheI β-globin fragment. As
illustrated in Figure 2B, the fragment detected by PCR corresponds to the approximately 16
Kbp fragment observed in the Southern analysis. Furthermore, a PCR analysis using various
probes spanning the length of the fragment led to profiles similar to those observed in Figure
2B (data not shown). Using the sucrose gradient calibration previously established,19 we
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concluded that the 16.17 Kbp XhoI/NheI β-globin chromatin fragment sediments with an
s20,w of 138 ± 2 S.

To determine the molecular mass of this 16.17 Kbp XhoI/NheI β-globin chromatin fragment,
the peak gradient fraction was cross-linked with formaldehyde and its buoyant density was
determined in a CsCl gradient.16,19 PCR was used to detect the specific particle and, unlike
the 15.51 Kbp condensed chromatin, this fragment was paucidisperse spanning a density range
of 1.41 to 1.45 gcm−3 (Figure 2C, 2D), as typically observed for chromatin.17,27 The buoyant
density distribution had a maximum at 1.424 gcm−3; based on this and the known DNA content
of the particle, a molecular mass of 22.0 MDa was calculated. This value is slightly smaller
than the mass of 23.3 MDa previously determined for the 15.51 Kbp condensed chromatin
fragment. If the protein component consists entirely of histones, then these results reflect a
decreased histone content corresponding to an increased repeat length of 186 bp, and a 20 bp
linker. Whereas the 15.51 Kbp condensed chromatin fragment is found to have 89 nucleosomes,
19 the 16.17 Kbp XhoI/NheI β-globin chromatin fragment has an average of 87 nucleosomes.
If proteins other than histones are also bound, then the number of nucleosomes on the β-globin
fragment must be even lower. This fragment thus has as an upper limit nucleosome density
about 6% lower than that of the 15.51 Kbp condensed chromatin fragment.

A frictional coefficient f of 0.96 × 10−6 gs−1 for the 16.17 Kbp XhoI/NheI β-globin chromatin
fragment was calculated from the sedimentation and buoyant density data. As described for
the 15.51 Kbp condensed chromatin fragment,19,28,29 this frictional coefficient corresponds
to rod lengths accommodating 6 – 7 nucleosomes per turn for diameters of 33 – 45 nm.
However, unlike the condensed chromatin fragment, which is a close packed polynucleosome
structure based both on its buoyant density and observed resistance to MspI digestion,19 the
16.17 Kbp β-globin fragment may not be as tightly packed. This was confirmed by BamHI
digestion of 6C2 nuclei which yields all of the three β-globin fragments expected, as evidenced
by Southern blotting and quantitative PCR (data not shown).

The XhoI and NheI restriction sites, located within erythroid specific hypersensitive sites,
provide a method to release the developmentally regulated β-globin gene chromatin fragment.
In 10-day erythrocytes the β-globin locus possesses all of the hallmarks of active
chromatin23,24 consistent with the known expression of the βA gene.25 Although we wanted
to compare the properties of the facultative heterochromatin fragment released from 6C2 nuclei
with the same fragment from 10-day chicken erythrocyte nuclei, a sequence polymorphism,
quite common in chicken, has prevented us from doing so: the DNA in these nuclei contains
an additional XhoI or NheI restriction site within the 16.17 Kbp β-globin fragment (data not
shown).

Ionic strength dependence and comparison with hydrodynamic theory
Studies on the condensation of chromatin as a function of the ionic strength show that the
polynucleosome chain adopts a loose filamentous structure having a diameter of 10 nm at low
ionic strength.1 Hydrodynamic,10,11,12,13 X-ray5 and neutron scattering7,8 studies all support
the condensation of chromatin into a 30 nm fiber as the ionic strength is increased. Whereas
the hydrodynamic studies all show a monotonous increase in the sedimentation coefficient as
the monovalent NaCl concentration is increased to 120 mM, neutron scattering studies on long
chromatin (~ 22 Kbp) demonstrate that the mass per unit length reaches a constant value at 75
mM NaCl or 40 mM NaCl and 0.25 mM MgCl2.8 Unlike the sedimentation coefficients, the
mass per unit length measured by small angle neutron scattering is not influenced significantly
by ‘breaks’ in the fiber.

Recent electron microscopic studies carried out using reconstitutes on 601 positioning repeat
sequences31 containing between 47 and 72 nucleosomes reveal a mass per unit length of about
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10 nucleosomes per 11 nm, in 1.0 to 1.6 mM MgCl2.22 These values are much larger than the
usual 6 – 7 nucleosomes per 11 nm and it was suggested that this greater degree of compaction
may reflect the use of the higher divalent cation concentrations. Based on the sedimentation
properties of similar reconstitutes on somewhat different repeat sequences containing 12 and
19 nucleosomes, Huynh and coworkers32 showed that the sedimentation coefficients obtained
in 120 mM NaCl are essentially identical to those obtained in 1.0 mM MgCl2. The ionic strength
dependence of the sedimentation coefficient for these reconstitutes is, for all intents and
purposes, identical to that observed for similarly sized chromatin obtained from rat liver nuclei..
32, and the sedimentation properties correspond to the 6–7 nucleosome per 11 nm model. We
wanted to determine whether raising the salt concentration would lead in the case of our
fragments, derived from nuclei, to the formation of more highly compact structures related to
those observed by Robinson et al.22 To that end, the sedimentation coefficients of both the
15.51 Kbp and 16.17 Kbp heterochromatin fragments were determined as a function of ionic
strength. Nuclei from chicken 6C2 cells were prepared as above, and digested with HpaII, or
a combination of XhoI and NheI, to release the 15.51 Kbp condensed or 16.17 Kbp β-globin
chromatin fragments, respectively. Digests were dialyzed into a buffer containing 80 mM NaCl
and the soluble digestion products were layered on 5 – 30% sucrose gradients prepared in 10
mM Tris (pH = 7.4), 0.2 mM EDTA and various NaCl concentrations. Following sucrose
gradient sedimentation and DNA purification, the fractions collected were analyzed by
quantitative PCR as described above. In all cases the PCR method detects a single peak and
for a given chromatin preparation, the fraction number corresponding to the peak increases
with the ionic strength. Representative data obtained for the 15.51 Kbp HpaII condensed
chromatin fragment are shown in Figure 3A. Using the previous calibration,19 the
sedimentation coefficients were thus determined as a function of the ionic strength (Figure
3B). As the densities and viscosities of 20 to 120 mM NaCl solutions do not vary by more than
one percent at 4°C, the sedimentation coefficients are primarily determined by the sucrose
concentration and fraction number, justifying the use of the calibration made in 80 mM NaCl.
Furthermore, all the measured sedimentation coefficients are interpolated. The values
determined for both the chromatin fragments (Figure 3B) are within the range of those
published for similarly sized fragments at various ionic strengths.12

To confirm that the molecular mass of the 15.51 Kbp condensed chromatin fragment remained
unchanged following sedimentation at 20 or 120 mM NaCl, sucrose gradient fractions
containing the chromatin fragment were collected, formaldehyde cross-linked and analyzed
on CsCl gradients (Figure 3C). Irrespective of the ionic strength, the cross-linked chromatin
was found to band at a density identical to the one previously determined.19 However, the
sample recovered from the 120 mM NaCl sucrose gradient reproducibly returned side bands
corresponding to protein enriched (ρ ≈ 1.39 gcm−3) and protein depleted (ρ ≈ 1.42 gcm−3)
chromatin fragments. We attribute this to the exchange and disproportionation of the linker H1
and H5 histones presumed to occur at the higher NaCl concentrations in the sucrose gradient.
33,34 This linker histone exchange may also explain the reproducible lack of a sharp band in
the sucrose gradient at 120 mM NaCl for the 16.17 Kbp β-globin chromatin fragment. As the
molecular mass of the chromatin fragments remains essentially unchanged, the sedimentation
data were used to determine the frictional coefficients f at 100 mM NaCl (Table 1) for both
heterochromatin fragments. The frictional coefficients are smaller than those determined at 80
mM NaCl, reflecting the decreased flexibility of the rod like fiber. Furthermore, the
sedimentation coefficient, and hence the frictional coefficient, for the 15.51 Kbp condensed
chromatin fragment is essentially unchanged as the NaCl concentration is increased from 100
to 120 mM NaCl. The predicted dependencies of the frictional coefficients on rod length for
rod diameters of 33 and 45 are shown in Figure 3D. These dependencies, based on the theory
of Broersma,28,29 demonstrate that the experimental frictional coefficients are consistent with
chromatin fibers having 6 or 7 nucleosomes and diameters of the order of 33 to 45 nm. The
experimental data points for the 15.51 Kbp fragment at 80 and 120 mM NaCl are marked by

Ghirlando and Felsenfeld Page 5

J Mol Biol. Author manuscript; available in PMC 2009 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



double arrows (Figure 3D), whereas the ellipse marks the predicted value of f for the much
shorter rods that would correspond to the structures seen by Robinson et al.22 The results
indicate that no major structural changes have occurred as the NaCl concentration is raised,
and that the hydrodynamic properties of the heterochromatic fragment are inconsistent with
the formation of a much shorter and more compact rod.

Discussion
In an earlier study we measured the hydrodynamic properties of a 15.51 Kbp constitutively
condensed heterochromatin segment upstream of the chicken β-globin locus, and showed that
its hydrodynamic behavior is similar to that expected for a rod like particle 33 – 45 nm in
diameter having about 6 nucleosomes per 11 nm in length. To understand better the possible
differences and similarities in the structure of constitutive and facultative heterochromatin, we
compared the physical properties of this 15.51 Kbp constitutively condensed chromatin region
with those of an adjacent 16.17 Kbp fragment containing portions of the β-globin locus control
region and gene cluster. In the 6C2 cells used, the globin genes are transcribed only at very
low levels. Using a combination of NgomIV, XhoI and NheI restriction endonucleases, both
fragments were released allowing for a direct comparison of their sedimentation properties
within the same sucrose gradient. The facultative heterochromatin 16.17 Kbp β-globin
fragment sediments with a sedimentation coefficient of 138 ± 2 S, faster than the 15.51 Kbp
constitutive heterochromatin fragment (s20,w = 128 ± 7 S).19 The protein content of the particle
and its molecular weight were determined by CsCl density gradient banding of the cross-linked
particle. Unlike the 15.51 Kbp constitutive heterochromatin fragment, which bands within a
narrow density range, the 16.17 Kbp β-globin fragment show a broader density distribution
centered on 1.424 gcm−3, similar to that observed for bulk chromatin.16,17 These observations
reveal an overall decrease in the ratio of protein to DNA in the β-globin fragment as compared
with the heterochromatin fragment, and also demonstrate the importance of the information
obtained from CsCl gradients for analyzing individual chromatin fragments. Even though the
molecular mass determined for the 16.17 Kbp β-globin chromatin fragment was slightly
smaller than that observed for the 15.51 Kbp condensed chromatin fragment, showing that it
has a lower protein:DNA ratio and lower nucleosome density, this did not result in a less
compact structure. In fact, the frictional coefficient is consistent with rod like structures
accommodating 6 – 7 nucleosomes per turn for diameters of 33 – 45 nm. The increased
compaction resulted from the shorter rod lengths, illustrating the versatility of the 30 nm
chromatin fiber in its ability to accommodate different linker lengths. Furthermore, this
increased compaction is not necessarily inconsistent with the differential restriction enzyme
accessibility observed for the 15.51 Kbp and 16.17 Kbp heterochromatin fragments. In the
latter case, the increased average linker length and the proximity of BamHI restriction sites to
the hypersensitive sites, may account for these differences. Unlike the 15.51 Kbp constitutive
heterochromatin fragment, the 16.17 Kbp facultative heterochromatin fragment contains
various hypersensitive sites (Figure 1) which could in principle perturb the overall chromatin
structure. It has been shown by Wachtel35 that a short segment of free DNA appended to a
compact chromatin structure would only result in a minimal increase of the frictional
coefficient. If the HS3 and β/ε enhancer ends of the 16.17 Kbp fragment were protein free, the
expected negative contribution to the sedimentation coefficient, is well within our experimental
error and can therefore be ignored. The internal hypersensitive sites, HS2 and HS1, located ~
2 and 5 Kbp from the HS3 end, span approximately 200 bp36 each. If these formed a segment
of free, extended DNA, we would expect sedimentation coefficients considerably smaller than
those we have measured for the compact 15.51 Kbp condensed chromatin fragment. As this is
not the case, we conclude that these hypersensitive sites are incorporated within the higher
order chromatin structure without disrupting it. We note that although the 15.51 and 16.17 Kbp
fragments show similar sedimentation behavior at the low and high salt limits, they behave
somewhat differently at intermediate salt concentrations (Figure 3B). This may reflect
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differences in local chromatin organization and stability between the two kinds of chromatin
during the folding process that accompanies the increase in ionic strength.

Small angle neutron scattering studies on bulk chromatin averaging 20 Kbp in length reveal a
constant mass per unit length of 6 – 7 nucleosomes per turn at ionic strengths above 75 mM
NaCl.8 However, sedimentation velocity studies on similarly sized bulk chromatin show that
the sedimentation coefficient increases monotonically with the ionic strength between 75 and
120 mM NaCl.10,12 This may be attributed to a decreasing flexibility of the chromatin fiber
with increasing salt, as the parameters measured by neutron scattering are not influenced greatly
by breaks or kinks on the fiber. Both these physical studies were carried out on bulk chromatin
obtained by micrococcal nuclease digestion of nuclei. Contrasting results were obtained in
recent electron microscopic studies of structures containing between 47 and 72 nucleosomes,
formed by reconstitution of histones on a template of repeated DNA elements, each containing
the 601 nucleosome positioning sequence. For repeat lengths between 177 and 207 bp the
observed mass per unit length is about 10 nucleosomes per turn, at salt concentrations higher
than those used in previous studies.22 In order to accommodate such an arrangement, the
nucleosomes within the one-start helix are assumed to be interdigitated, resulting in a far more
compact structure than expected for the canonical 30 nm fiber having 6 – 7 nucleosomes per
turn.

We considered the possibility that the specific heterochromatin fragments that we have been
studying might in fact adopt such compact structures at higher salt concentrations, and therefore
measured their sedimentation properties as a function of the ionic strength. The sedimentation
coefficients for these discrete chromatin fragments increased monotonically with salt
concentration as has been previously observed for bulk chromatin fragments.10,12 While there
is some increase in the values of the sedimentation coefficients at 100 and 120 mM NaCl,
consistent with loss of flexibility, the corresponding frictional coefficients are nonetheless
compatible with extended rod like structures having 6 – 7 nucleosomes per turn. Furthermore,
there is no evidence of the kind of abrupt change in sedimentation properties with increasing
ionic strength that would be expected if a transition had occurred from a 6 to a 10 nucleosome
per turn structure. The physical properties of the naturally occurring heterochromatin fragments
studied are therefore different from those reported for the reconstitutes of Robinson et al.22

The regularity of the DNA repeats and linker lengths, together with the additional regularity
imposed by the presence of the strong 601 nucleosome positioning signals, may contribute to
formation of the structures they observe.

Can heterochromatin adopt even more compact structures than those we have found in the β-
globin locus? Earlier studies of mouse major and minor satellite heterochromatin, obtained by
treatment of nuclei with micrococcal nuclease or restriction enzymes, showed that fragments
of this chromatin sediment more rapidly than bulk chromatin.17 Based on the protein content
calculated from buoyant density measurements in CsCl gradients, it was concluded that the
unusual sedimentation properties arise largely from shape differences and correspond to
structures that are more compact than bulk chromatin. In more recent studies18 chromatin
obtained from a human lymphoblastoid cell line was separated on a sucrose gradient and a
single fraction was further characterized based on its DNA size. The smaller DNA fragments,
representing the most compact chromatin fibers, were enriched in centromeric, constitutive
heterochromatin (C-bands) as well as low gene density chromatin (G-bands). These fragments
had a DNA size of ~ 10 Kbp, whereas the bulk chromatin in the same gradient fraction had a
size of ~20 Kbp. If the bulk chromatin has a protein to DNA content similar to that observed
for the 16.17 Kbp β-globin chromatin fragment, then the theory of Broersma indicates
sedimentation coefficients of 157 and 133 S, for 33 and 45 nm diameter chromatin fibers,
respectively. A protein rich 10 Kbp heterochromatin fragment, having a CsCl buoyant density
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of 1.40 gcm−3 and identical sedimentation coefficients, would then have frictional coefficients
consistent with a degree of compaction much higher than any we have observed so far.

Our results provide evidence that the constitutive and facultative heterochromatin fragments
excised from the β-globin locus assume similar, extended rod like forms, despite the fact that
the nucleosome density on the 16.17 Kbp globin locus fragment is considerably lower than
that found on the adjacent constitutively condensed 15.51 Kbp region. This reflects the
adaptability of chromatin structure in accommodating different DNA linker lengths. The
methods described here can be applied to other domains, and should open the way to detailed
studies of the physical properties of defined chromatin fragments such as the open high gene
density fragments, as well as the highly compact centromeric heterochromatin described above.

Materials and Methods
Restriction enzyme digestion of 6C2 nuclei

Restriction enzyme digestion of 6C2 nuclei was carried out as described.19 Briefly, nuclei were
isolated from 12 T150 dishes of 6C2, washed at least twice in NEBuffer #2 (50 mM NaCl, 10
mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol (pH 7.9 at 25°C)) and resuspended in
NEBuffer #2 to an A260 of 100. The nuclei were digested with 5U/μl of the various restriction
enzymes for 4 hours at 37°C. Reactions were stopped by adding 1/3 volume of 30 mM EDTA,
30 mM EGTA. Digests were carried out with HpaII, XhoI and NheI, as well as NgomIV,
XhoI and NheI. The digested nuclei were pelleted in a microcentrifuge for 7 minutes at 1,200
g, resuspended in 1.0 ml Buffer A (80 mM KCl, 10 mM NaCl, 0.5 mM EDTA, 0.1 mM EGTA,
0.5 mM spermidine, 0.15 mM spermine, 15 mM 2-mercaptoethanol, 15 mM Tris-HCl (pH
8.0), 0.5% Brij® 58) and incubated for 10 minutes at 4°C. A ½ volume of 2 M urea was added
and nuclei were incubated at 4°C for 2 hours. Nuclei were then dialyzed overnight at 4°C in
DB-80 buffer (80 mM NaCl, 10 mM Tris-HCl (pH 7.4), 0.2 mM EDTA) and pelleted at 16,000
g for 10 minutes at 4°C. The supernatant containing the soluble chromatin was retained for
further analysis. All solutions contain the following protease inhibitors: 0.75 μg/mL pepstatin
A, 0.50 μg/mL leupeptin, 1.0 μg/mL aprotinin and 0.2 mM PMSF.

Fractionation of the 15.51 and 16.17 Kbp chromatin fragments
Gradients of 5–30% (w/v) sucrose in DB-n buffer were poured in SW40 14 × 95 mm centrifuge
tubes with a BioComp Gradient Master 107 as described.19 DB buffers containing 10 mM Tris-
HCl (pH 7.4), 0.2mM EDTA of various ionic strengths were used, containing 20 (DB-20), 40
(DB-40), 60 (DB-60), 80 (DB-80), 100 (DB-100) and 120 (DB-120) mM NaCl. 400 – 500
μL of digested chromatin were layered on the gradients and centrifuged in a SW40Ti rotor at
38,000 rpm and 4.0°C for 1.5 hours. After centrifugation, 500 μL fractionations were collected
from the top. In order to identify the fraction(s) containing the chromatin fragments of interest,
DNA obtained from each fraction was purified by phenol/chloroform extraction and ethanol
precipitation. The purified DNA samples were analyzed by real-time PCR on an ABI 7900HT
sequence detector using DNA primers and Taqman probes specific to the 15.51 Kbp region
(numbers 13.192 and 17.763),23 or the 16.17 Kbp fragment (numbers 27.649 and 39.807).23

In DB-80 the 15.51 Kbp condensed chromatin fragment was reproducibly found in fraction
14, whereas the 16.17 β-globin chromatin fragment was reproducibly found in fraction 15.

Southern blot analysis
Analysis of the chromatin fragments released from 6C2 nuclei by NheI and XhoI digestion was
performed by size separation of the DNA on a 0.8% agarose gel in TAE run at 100 volts for 3
to 3 ½ hours. DNA of interest was sized by Southern blot analysis. DNA was purified from
the sucrose gradient fractions by phenol/chloroform extraction and ethanol precipitation,
analyzed by gel electrophoresis and transferred to a GeneScreen membane as described.37
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Membranes were probed with probe 410, a 632 bp BamHI and PstI fragment just upstream of
the βh-globin gene, specific for the 16.17 Kbp fragment. Blots were analyzed on a GE
Healthcare Typhoon 8600 phosphorimager.

Determination of the buoyant density of the 15.51 and 16.17 Kbp fragments
Sucrose gradient fractions containing the 15.51 Kbp HpaII chromatin fragment, or the 16.17
Kbp NheI and XhoI chromatin fragment from 6C2 nuclei were dialyzed into 80 mM NaCl, 10
mM triethanolamine-NaOH (pH 7.6), 0.2 mM EDTA and cross linked with 0.5% formaldehyde
as described.17 Excess cross-linker was removed by dialysis into DB-80 buffer. Samples were
made up to 1.0 mL and treated with an equal volume of CsCl in dialysis buffer having a
concentration of 1.06 gmL−1, to a final density of approximately 1.40 gcm−3. 2.2 mL of this
solution was centrifuged in a Beckman TLS-55 rotor at 20.0°C and 30,000 rpm for 96 hours.
Gradients were fractionated from the top into 20 × 100 μL fractions. 30 μL of each fraction
was used to determine the refractive index, and thus the density. The remaining 70 μL were
treated as described16 to obtain free DNA for analysis by quantitative PCR using the
appropriate primer set and Taqman probe.23
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Figure 1.
Diagram of the chicken β-globin locus, showing the 15.51 Kbp condensed chromatin region
demarcated by HpaII or NgomIV and the 16.17 Kbp β-globin region flanked by XhoI and
NheI.26 These represent the constitutive and facultative heterochromatin fragments,
respectively. Hypersensitive sites spanning the ~55 Kbp sequence are indicated as light blue
boxes, as is the β/ε enhancer. The dark blue boxes indicate the developmentally regulated folate
receptor (FR) and β-globin genes. The restrictions sites accessible in 6C2 nuclei are
highlighted.
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Figure 2.
Sucrose gradient ultracentrifugation of the 15.5 Kbp NgomIV and 16.17 Kbp XhoI and NheI
fragments. (A) Samples containing the NgomIV, XhoI and NheI nuclear digest were centrifuged
on a 5 – 30% (w/v) sucrose gradient in DB-80 (80 mM NaCl) for 1.5 hours at 38,000 rpm
(SW40-Ti rotor). Sucrose gradient fractions were collected and the DNA from each fraction
was isolated and the 15.51 and 16.17 Kbp fragments were detected by quantitative PCR using
probes specific for each chicken sequence. The ordinate axis, expressed in terms of a
normalized 2(ΔCt), is proportional to the concentration of the DNA of interest. The PCR method
shows that the 16.17 Kbp β-globin fragment (black, probe 27.64) migrates one fraction further
into the gradient than the 15.51 Kbp condensed chromatin fragment (grey, probe 17.763). (B)
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Samples containing the XhoI and NheI nuclear digest were centrifuged on a sucrose gradient
as in (A). The DNA from each fraction was isolated, resolved by agarose gel electrophoresis,
and analyzed by Southern blotting using probe 410, specific for the 16.17 Kbp β-globin
fragment. Fractions are numbered and the markers on the left represent a labeled λ/HindIII
digest. The blot reveals that the 16.17 Kbp chromatin fragment sediments as a homogeneous
component. The corresponding quantitative PCR analysis with probe 27.649 for this gradient
is shown above the Southern blot. (C) Banding profiles (from two experiments) of the
crosslinked 16.17 Kbp chromatin fragment in a CsCl gradient as analyzed by quantitative PCR.
The gradient was formed in a TLS-55 rotor at 20.0°C and 30,000 rpm for 96 hours. (D) Pooled
DNA was prepared from the CsCl fractions and analyzed by Southern blotting using probes
specific for the 15.51 Kbp condensed fragment and the 16.17 Kbp β-globin fragment. The
markers on the left represent a labeled λ/HindIII digest.
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Figure 3.
Ionic strength dependence of the sedimentation coefficients. (A) Samples containing the
HpaII nuclear digest were centrifuged on sucrose gradients at different ionic strengths. DNA
from each fraction was isolated and detected by quantitative PCR using the 13.192 or 17.763
probes specific for the 15.51 Kbp condensed chromatin. The PCR method shows that the 15.51
Kbp chromatin fragment migrates further into the gradient as the ionic strength is increased.
Data are representative for those observed in 20 (red), 40 (blue), 60 (green), 100 (brown) and
120 (grey) mM NaCl. (B) A plot of the sedimentation coefficient as a function of the ionic
strength for both the 15.51 Kbp condensed chromatin fragment (green) and the 16.17 Kbp β-
globin fragment (red). The peak maxima shown in (A) were used to obtain the sedimentation
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coefficient based on the calibrated sucrose gradients.19 Data are the average of at least two
(16.17 Kbp) or three (15.51 Kbp) experiments. (C) Banding profiles of the crosslinked 15.51
Kbp chromatin fragment in a TLS-55 CsCl gradient as analyzed by quantitative PCR. DNA
was prepared from sucrose gradients carried out in 20 (blue) and 120 mM NaCl (red). (D)
Predicted relationship based on the theory of Broersma28,29 between the rod length and
frictional coefficient for rod like particles having diameters of either 33 (red line) or 45 nm
(blue line). The calculated frictional coefficients in 80mM (right double arrow) and 120mM
NaCl (left double arrow) solvents for the 15.51 Kbp heterochromatin fragment are indicated
by double arrows. The range of predicted frictional coefficients for the more compact structure
of Robinson et al.22 is indicated by an ellipse.
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Table 1

Modeling of the frictional coefficients using the theory of Broersma.
Heterochromatin fragment HpaII, constitutive NheI and XhoI, facultative

DNA size 15.51 Kbp 16.17 Kbp
f (80mM NaCl) (1.07 ± 0.06) × 10−6 gs−1 a (0.96 ± 0.02) × 10−6 gs−1

f (100mM NaCl) (0.99 ± 0.06) × 10−6 gs−1 (0.93 ± 0.06) × 10−6 gs−1

Rod-length at d = 33 nm b 174 nm 154 nm
Nucleosomes per turn 5.6 6.2

Rod-length at d = 45 nm b 136 nm 127 nm
Nucleosomes per turn 7.2 7.5

a
Data from reference 19.

b
Modeling based on the frictional coefficients determined at 100 mM NaCl.

J Mol Biol. Author manuscript; available in PMC 2009 November 6.


