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Abstract We have performed a very extensive investi-
gation of chromatin folding in different buffers over a
wide range of ionic conditions similar to those found in
eukaryotic cells. Our results show that in the presence of
physiological concentrations of monovalent cations and/
or low concentrations of divalent cations, small chicken
erythrocyte chromatin fragments and chromatin from
HeLa cells observed by transmission electron micros-
copy (TEM) show a compact folding, forming circular
bodies of approximately 35 nm in diameter that were
found previously in our laboratory in studies performed
under very limited conditions. Since TEM images are
obtained with dehydrated samples, we have performed
atomic force microscopy (AFM) experiments to analyze
chromatin structure in the presence of solutions con-
taining different cation concentrations. The highly
compact circular structures (in which individual nucle-
osomes are not visible as separated units) produced by
small chromatin fragments in interphase ionic condi-
tions observed by AFM are equivalent to the structures
observed by TEM with chromatin samples prepared
under the same ionic conditions. We have also carried
out experiments of sedimentation and trypsin digestion
of chromatin fragments; the results obtained confirm
our AFM observations. Our results suggest that the
compaction of bulk interphase chromatin in solution at
room temperature is considerably higher than that
generally considered in current literature. The dense
chromatin folding observed in this study is consistent
with the requirement of compact chromatin structures as
starting elements for the building of metaphase chro-
mosomes, but poses a difficult physical problem for gene
expression during interphase.
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Introduction

The linear packing ratio of DNA in condensed chro-
matin within metaphase chromosomes is high (Sumner
2003). At present, we know from X-ray crystallographic
studies the detailed three-dimensional structure of the
DNA coiled around the histone octamer in the nucleo-
some (Arents et al. 1991; Luger et al. 1997; Harp et al.
2000; White et al. 2001; Richmond and Davey 2003).
This fundamental chromatin subunit, completed with
linker DNA and one molecule of histone H1 (or HS in
avian erythrocytes), forms fibers of 30-40 nm in diam-
eter (Widom 1998; Hansen 2002; Zlatanova and Leuba
2003). Different structural models have been suggested
for these fibers (Widom and Klug 1985; Subirana et al.
1985; Bordas et al. 1986; Williams et al. 1986; Leuba
et al. 1994; Bednar et al. 1998; Daban and Bermudez
1998; Mozziconacci and Victor 2003; Grigoryev 2004;
Schalch et al. 2005), but we have a poor knowledge of
the higher levels of folding that produce the chromatin
condensation observed during mitosis (Wolffe 1998;
Woodcock and Dimitrov 2001; Marko and Poirier
2003). We have pointed out (Daban 2000, 2003) that the
high local DNA concentration (0.17 g/ml) found in
metaphase chromosomes constitutes a physical con-
straint that must be considered in the construction of
structural models for condensed chromatin.

Chromatin folding is dependent on the concentration
of mono- and divalent cations (Widom 1986, 1998;
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Hansen 2002; Poirier et al. 2002). Thus, for the under-
standing of chromatin structure in the cell we must know
the actual in vivo ionic conditions. We know that in
eukaryotic cells the concentrations of the monovalent
cations Na™ and K™ are approximately 20 and
120 mM, respectively (Alberts et al. 2002), but the
available experimental data for other cations have been
very limited. This situation has changed thanks to the
ion microscopy study of Strick et al. (2001) which has
allowed the determination of the three-dimensional dis-
tribution of the cations present in interphase and mitotic
cells. These authors have used a high-resolution scan-
ning ion microprobe (Levi-Setti 1988) for imaging and
microanalysis of cryopreserved cells and fixed metaphase
chromosomes by secondary ion mass spectrometry.
They have found that only the cations Na™, K, Mg>",
and Ca®" are associated with metaphase chromosomes,
and that whereas the distribution of Na™ and K™ re-
mains unchanged during the cell cycle, the Mg?" and
Ca®" concentrations found in mitotic chromatin (5-17
and 12-24 mM, respectively) are higher than those
found in interphase nuclei (2-4 and 4-6 mM, respec-
tively). Furthermore, their results indicate that Na ™,
K", and Mg?>" are distributed homogeneously over the
entire metaphase chromosome, but Ca’" is mainly
located in the chromatid axes, presumably associated
with topoisomerase II.

The huge molecular mass and intrinsic irregularity of
the higher order structures of chromatin have made very
difficult the study of this complex supramolecular sys-
tem. In order to overcome, at least in part, these diffi-
culties we developed in previous studies a simple
experimental system to investigate chromatin structure
by transmission electron microscopy (TEM). These
studies (Bartolomé et al. 1994, 1995) were carried out
using small native chromatin fragments (containing the
native amount of linker histones H5/H1) obtained from
chicken erythrocytes (CE). In this work we have used
this system for a very extensive investigation of chro-
matin structure in different buffers over a wide range of
ionic conditions. We have also extended our investiga-
tion to chromatin from cells containing exclusively the
typical linker histone H1 instead of the very basic linker
histone variant H5 of CE; we have studied chromatin
from nuclei and metaphase chromosomes of HeLa cells.
Since TEM has been criticized because it requires spec-
imen dehydration (Leuba et al. 1994; Woodcock and
Horowitz 1997), we have used atomic force microscopy
(AFM) to analyze the structure of chromatin at room
temperature in the presence of aqueous solutions con-
taining different ionic compositions. Furthermore, we
have also carried out sedimentation and trypsin diges-
tion experiments of chromatin fragments in solution to
corroborate our AFM observations. Our results show
that extended chromatin fibers, with nucleosomes pres-
ent as separated units, exist in solution only at very low
ionic strength. Chromatin becomes densely packed even
in the presence of the low Mg?* concentration found in
interphase.

Materials and methods
Chromatin fragments from chicken erythrocytes

CE nuclei were prepared by sedimentation on a
discontinuous sucrose gradient (Rill et al. 1978) and
digested with micrococcal nuclease as described else-
where (Bartolomé et al. 1994). Soluble chromatin was
extracted overnight at 4°C with 10 mM TEA, 40 mM
NaCl, | mM EDTA, and 0.4 mM PMSF, concentrated
(with Centriprep-10, Amicon) to 8-16 mg/ml of DNA,
and fractionated by a 5-20% sucrose gradient contain-
ing 10 mM TEA, 5 mM EDTA, and 0.4 mM PMSF.
Selected chromatin fractions were diluted or dialyzed to
adjust the final ionic conditions indicated in the figure
legends. In some experiments the selected fractions were
further electrophoresed on 0.5% agarose gels in the
presence of 90 mM Tris—borate (pH 8.3) and 1.7 mM
MgCl, (Bartolomé et al. 1995). The isolated DNA from
the different samples was analyzed on agarose gels; the
mean number of nucleosomes of the chromatin frag-
ments was estimated considering that the length of DNA
of a single nucleosome is approximately 210 bp for
chicken erythrocytes (Williams and Langmore 1991).
Unless otherwise indicated the fragments used in this
study contained ~20 nucleosomes. The histone compo-
sition of the different samples was analyzed on SDS-
polyacrylamide gels.

Chromatin fragments and metaphase chromosomes
from HeLa cells

HeLa cells were grown in DMEM medium (Gibco)
supplemented with 10% fetal bovine serum. Nuclei were
obtained in 10 mM TEA, 30 mM NaCl, 90 mM KCl,
0.15 mM spermine, 0.5 mM spermidine, and 0.4 mM
PMSF, digested with micrococcal nuclease, and ex-
tracted overnight as described above for CE nuclei. The
resulting soluble chromatin was concentrated (with
Centricon-10, Amicon) to approximately 0.5 mg/ml of
DNA and fractionated directly by electrophoresis on
0.5% agarose gels in the presence of 1.7 mM MgCl,
(Bartolomé et al. 1995). After electrophoresis, the se-
lected bands were excised from the gel and used for
electron microscopy experiments. Cultures were treated
with 0.1 pg/ml of colcemid (Gibco) for 14 h prior to the
isolation of mitotic cells by shaking. Generally, unfixed
metaphase chromosomes were isolated and purified on
sucrose gradients containing 5 mM Pipes (pH 7.2),
5mM NaCl, 5 mM MgCl,, and 1 mM EGTA as de-
scribed elsewhere (Caravaca et al. 2005). In some
experiments chromosomes were prepared following di-
verse modifications of this procedure; in particular, in
the sample shown in Fig. 1d, the buffer used in the initial
steps contained 1 mM CaCl, and 5 mM MgCl, instead
of 0.2 mM spermine and 0.5 mM spermidine used in the
original procedure.



TEM

Prior to spreading on carbon-coated copper grids,
chromatin fragments were crosslinked with 0.1% glu-
taraldehyde for 16 h at 4°C. Chromosome spreading
was performed by centrifugation (Caravaca et al. 2005);
the grids were floated face down in 0.3-0.5 ml-drops

Fig. 1 Examples of chromatin folding as seen by TEM. CE
chromatin fragments in 10 mM phosphate, 20 mM NaCl,
120 mM KCI and 1.7 mM MgCl, (a) and in diluted buffer
(0.5 mM TEA) without cations (b). ¢ Chromatin fragments from
HeLa cells in 90 mM triethanolamine-borate and 1.7 mM MgCl,. d
Chromatin granules dispersed around a HeLa metaphase chromo-
some incubated in 50 mM TEA, 25 mM KCI, 1 mM CaCl, and
1.7 mM MgCl,; only part of a chromatid is shown. Bars: 200 nm
(a, ¢, d); 100 nm (b)
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containing the solution indicated in the legend of Fig. 1,
and incubated at 37°C for 30 min. Chromosomes were
fixed on the grids with 2.5% glutaraldehyde for 10 min
at 20°C. Specimens were dehydrated in ethanol and ro-
tary-shadowed with platinum (Aragay et al. 1991).

AFM

Imaging was performed with a Nanoscope-IV Multi-
mode microscope (Digital Instruments) equipped with a
tapping-mode liquid cell and a silicon nitride OMCL-
TR400PSA-1 tip (~20 nm radius) mounted on a 100-um
triangular cantilever (Olympus). Chromatin samples
were adsorbed on freshly cleaved mica or highly oriented
pyrolytic graphite for 5 min and washed with the buffer
corresponding to each experiment. Images were ob-
tained at room temperature.

Analysis of chromatin folding in sucrose gradients
and trypsin digestions

Small volumes (0.23 ml) of a solution of CE chromatin
fragments in 10 mM TEA were layered onto 5-20%
sucrose gradients (4 ml) and centrifuged (100,000 g; 2 h
at 4°C). Fractions were collected using a density gradi-
ent fractionator (AutoDensi-Flow, HaakeBuchler).
Chromatin fragments were digested with trypsin at
20°C. Trypsin concentration and incubation time were
varied widely to obtain samples with different digestion
degrees. The partially digested histones of the resulting
samples were dissolved in a buffer containing 2% SDS
and analyzed in SDS-polyacrylamide gels.

Results and discussion

Nucleosomes can be seen in TEM micrographs as sep-
arated units in extended fibers prepared in 0.5 mM TEA
(Fig. 1b). In solutions of higher ionic strength, chro-
matin fragments form compact circular structures with a
diameter of ~35 nm (Fig. 1a) in which individual nu-
cleosomes are apparently not visible at all. In previous
studies of our laboratory (Bartolomé et al. 1994) we
observed the formation of the same compact structures
with chromatin fragments containing from 6 to 35
nucleosomes. In these studies, we demonstrated the
formation of these structures only under limited condi-
tions. In the present work we have found that different
buffers (10 mM TEA, pH 7.5; 10 mM phosphate, pH
7.8; 90 mM triethanolamine-borate, pH 8.6) containing
different amounts of mono- and divalent cations give
rise to compact structures of ~35 nm; the approximate
ionic conditions that produce these structures in TEA
and phosphate buffers are indicated in Table 1. Our
results show that compact chromatin exist in solutions
containing low concentrations of Mg>" (up to ~2 mM)
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and/or physiological concentrations of Na™ and K. At
higher concentrations of Mg®* (up to 20 mM), CE
chromatin fragments produce aggregates of very high
molecular mass.

Chromatin fragments obtained from cultures of
HeLa cells, in the presence of 1.7 mM Mg” ™", also form
the compact structures found with CE chromatin
(Fig. 1c). Furthermore, in a recent study (Caravaca et al.
2005) we have observed that HeLLa metaphase chromo-
somes incubated with solutions of low ionic strength
become swelled and their chromatin forms granules of
~35 nm with the same structural characteristics as fol-
ded chromatin fragments. At higher ionic strength
metaphase chromosomes are not granulated and have a
compact structure. However, our results (Fig. 1d) show
that circular structures of ~35 nm can also be seen in the
chromatin extruded from compact chromosomes par-
tially denatured after incubation at 37°C. These results
suggest that chromatin has a high tendency to form
these compact bodies. This could be related with early
studies (Zentgraf and Franke 1984) showing the pres-
ence of superbeads in chromatin from different species.

All the above results have been obtained with dehy-
drated chromatin samples prepared according to current
TEM protocols. In order to avoid specimen dehydra-
tion, other authors used cryo-electron microscopy to
visualize frozen-hydrated preparations of chromatin
(Bednar et al. 1998). These studies allowed high-resolu-
tion imaging of extended fibers at low ionic strength
with nucleosomes clearly visible as separated units; even
at intermediate concentrations of monovalent cations, in
the absence of divalent cations, frozen-hydrated samples
show resolved nucleosomes connected with extended
linker DNA (Woodcock and Horowitz 1997). Other
authors used AFM which, in the tapping-mode, allows
imaging of chromatin samples in air and in aqueous
solutions (Bustamante et al. 1997). To obtain high-res-
olution images of extended fibers, these studies were
performed with air-dried samples prepared in the pres-
ence of low cation concentrations (Leuba et al. 1994).
Ultra-high resolution imaging of DNA in nucleosomes
has been recently obtained using AFM performed in
ultra-high vacuum with dried samples (Davies et al.
2005). Unfortunately, AFM of chromatin in solution
yields poorly resolved images and requires glutaralde-
hyde (0.1%) to improve the resolution (Leuba et al.
2000).

In this study, we have performed tapping-mode AFM
imaging of small CE chromatin fragments directly in
aqueous solutions at room temperature. Chromatin in
different ionic conditions was deposited on mica
(Fig. 2a, ¢) or graphite (Fig. 2b, d). We have found that
crosslinking with low amounts of glutaraldehyde (0.01—
0.02% in mica and 0.04% in graphite) is adequate for
chromatin imaging in solution. In Na™*, K and Mg?*
concentrations approaching the interphase conditions,
and even only in the presence of low concentrations of
Mg?*, the chromatin fragments appear as compact
circular structures (Fig. 2a, ¢, d). The observed height
(~14 nm for fragments containing 13-18 nucleosomes;
see Table 2) is similar to that obtained in previous de-
tailed TEM measurements performed with unidirec-
tional-shadowed preparations (~15 nm height for fibers
containing 15 nucleosomes in the presence of low Mg> "
concentrations; see Fig. 2 in Bartolomé et al. 1994).
Unfortunately, the lateral distortion of the images pro-
duced by the relatively large dimensions of the tip used
for imaging is very high; the apparent diameter of the
observed structures is ~82 nm (Table 2). Considering a
tip radius of ~20 nm, we estimate that the actual
diameter is roughly 40 nm; this value is consistent with
the diameter obtained by TEM (~35 nm). Finally, as
observed by TEM, we have seen extended fibers only at
very low buffer concentrations (Fig. 2b).

In order to investigate the folding directly in solution
using other procedures, we have centrifuged CE chro-
matin fragments on sucrose gradients with and without
Mg?". The presence of 0.5 mM Mg*" increases signif-
icantly the sedimentation velocity (Fig. 3a), suggesting
that even a low concentration of this cation produces a
significant chromatin folding. TEM micrographs of
samples from these gradients confirm this interpretation.
Individual nucleosomes can be seen in the sample sedi-
mented in gradients without Mg> " (Fig. 3b); the sample
sedimented in the presence of Mg>" forms the typical
chromatin compact structures of ~35 nm (Fig. 3c).

Finally, we have used trypsin as a structural probe. In
low ionic strength solutions without Mg?", histones
HI1-H5 from CE chromatin fragments can be completely
digested with trypsin before any appreciable digestion of
core histones (H2A, H2B, H3, and H4) occurs (Fig. 4d).
In contrast, digestion in 1.7 mM Mg>" (Fig. 4b, c)
produces a significant degradation of HI-H5 and core
histones simultaneously. This suggests that in this buffer

Table 1 Structural states of CE
chromatin fragments as a
function of ionic conditions

#The conditions shown corre-
spond to the regions in which the
indicated structures are more
frequently observed; coexistence

Observed structures® Buffer Cation concentrations (mM)
Na™ K™ Mg**
Nucleosomes visible 0.5-10 mM TEA
Compact circular structures 10 mM TEA 0.5-1.7
20 120 0-1.7
10 mM phosphate 20 120 0-1.7
Higher aggregates 10 mM TEA 1.7-20
20 120 1.7-20
10 mM phosphate 20 120 1.7-20

of structures was observed in the
boundaries between regions




Fig. 2 a AFM image of folded CE chromatin fragments in the
presence of solutions containing 10 mM TEA and 0.8 mM MgCl,.
Higher magnification AFM images of chromatin fragments in
10 mM TEA buffer containing 0.8 mM MgCl, (¢) and 20 mM
NaCl, 120 mM KCl and 1.7 mM MgCl, (d); b extended fibers in
1 mM TEA without cations. a, ¢ Chromatin fragments containing
~18 nucleosomes were deposited on mica; b, d fragments
containing ~13 nucleosomes were deposited on graphite. Bars:
500 nm (a); 100 nm (b—d)

the folding is more compact and protects almost equally
HI1-HS5 and core histones against trypsin digestion. The
electron micrographs in Fig. 4e, f show that a slight
digestion in the presence of Mg® " increases significantly
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the size of the compact chromatin bodies, indicating that
they are partially unfolded. A higher degree of digestion
produces unfolded structures in which individual nu-
cleosomes and small aggregates containing few nucleo-
somes are visible (Fig. 4g); digestion of linker histones
produces equivalent structures (Fig. 4h). A more com-
plete denaturation, allowing the visualization of DNA
(Fig. 41), requires the use of high salt concentrations for
the dissociation of histones.

These observations, and the AFM and sedimentation
results, demonstrate that the size and physical behavior
of chromatin fragments in solution can be perfectly
correlated with the dimensions and structural properties
of chromatin observed by TEM. The high folding effi-
ciency of Mg?* observed in all these experiments, has
also been observed in solution studies performed with
isolated individual mitotic chromosomes (Poirier et al.
2002), and could be related with the high amount of
Mg>* that is found homogeneously distributed in con-
densed chromatids during mitosis (Strick et al. 2001).
The concentration of Mg®>* bound to isolated meta-
phase chromosomes (12-22 mM) is significantly higher
than the average concentration found for this cation in
bulk chromatin during mitosis (5-17 mM; see Intro-
duction). This indicates that the fraction of Mg® ™ bound
to chromosomes is high, and suggests that throughout
the cell cycle a significant part of the total amount of
cations is not free due to the association with chromatin
which is present at a high concentration in the cell
nucleus.

Our results show that chromatin in solution is highly
folded even under relatively low cation concentrations.
The resolution attainable with AFM in aqueous solu-
tions is not high enough to suggest a detailed structural
model for chromatin folding. However, from our pre-
vious structural studies based on TEM results, we have
modeled the compact circular structures as interdigitated
solenoids with a local DNA concentration of about
0.27 g/ml (Daban 2003). This value is similar to that
found by Leforestier et al. (1999) for dense columnar
hexagonal liquid crystalline phases formed by aggrega-
tion of nucleosome core particles (0.25 g of DNA/ml),
but is much higher than the local DNA concentration
corresponding to irregular zigzag models (Leuba et al.
1994; Bednar et al. 1998) and more than twofold higher
than the DNA concentration in the typical solenoid

Table 2 AFM measurements of CE chromatin fragments on different substrates in presence of aqueous solutions containing 10 mM TEA

and different cation concentrations

Cation concentrations Substrate Glutaraldehyde Height?* Apparent Number of Number of
(mM) (%) (nm) diameter® (nm) nucleosomes per particles measured
fragment
Na® K* Mg
0.8 Mica 0.01 14.1+£29 81.6+5.7 ~18 34
20 120 1.7 Mica 0.02 12.2+3.1 80.7+6.9 ~13 36
Graphite 0.04 159+2.7 82.6+7.2 ~13 76

#For each particle we have obtained the mean of two orthogonal measurements (top-bottom and left-right, with respect to the AFM field).
The values shown in the table for each condition correspond to the mean of all measurements + one standard deviation
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Fig. 3 Folding of chromatin

fragments in solution. a
Sedimentation profile obtained
with sucrose gradients
containing 10 mM TEA (filled
circle) and the same buffer plus
0.5 mM MgCl, (open circle).
The fractions with the highest
DNA concentration (indicated
with arrows) were analyzed by
TEM: gradient with (c¢) and
without (b) Mg®*. Bars:

100 nm

Concentration (ug/ml)

Fig. 4 Scans of SDS-
polyacrylamide gels of histones
from chromatin fragments
digested with trypsin in the
absence (2d and in presence (b,
¢) of Mg”™ (1.7 mM); 1
undigested sample (a). The
samples in b and ¢ were digested
with 0.03 and 0.3 pg/ml of
trypsin, respectively; the broad
band (faster than H4) in these
scans contains fragments
produced by core histone
digestion. e, f Chromatin
digested as in b; g chromatin
digested as in ¢; h chromatin
digested as in d. i Fragments
crosslinked with 0.1%
glutaraldehyde (30 min at 0°C)
in 1.7 mM MgCl, and then
treated with 0.8 M NaCl. The
bars in micrographs e and f, g
and h, and i, represent 100 nm

5

(Widom and Klug 1985). The dense folding observed in
this study for chromatin in solution is important from a
biological point of view, because it has been shown
(Daban 2000) that with low-density chromatin fibers it is
not possible to build chromatids having the high local
concentration of DNA found in metaphase chromo-
somes.

On the other hand, note that the high compaction of
chromatin in solution under interphase ionic conditions
observed in this study poses more difficult structural
problems for gene expression than those generally con-
sidered in current chromatin literature, which generally
assumes a much less compact structure for interphase
chromatin. The dramatic unfolding that presumably
occurs in active genes could be produced in vivo by
dynamic mechanisms such as those involving transient
H1 dissociation (Misteli et al. 2000; Lever et al. 2000)

i

W -

1 2
Volume (ml)

H3 H2B/H2A

and multiple covalent modifications of histones (Strahl
and Allis 2000; Schiibeler et al. 2004).
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