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Changes in chromatin chain flexibility during condensation induced by
sodium chloride, as evidenced by electric dichroism
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The electric linear dichroism of chicken erythrocyte chromatin has been measured as a function of NaCl concentration in the 1-28 mM ionic strength

range, using a specially designed Kerr cell with reduced pathlength, and thus, smaller electrode surface. This allowed the determination of the

dichroism of compact chromatin in conditions where artifacts due to possible contribution from turbidity are avoided, which was not the case

for previous studies in the presence of di- or multivalent cations. The linear dichroism of compact chromatin was found to be positive, as expected

from models of the 30-nm fibre in which the linker DNA runs perpendicular to the fibre axis. The dependence of the relaxation times on ionic

strength reveals that the process of compaction is first accompanied by an increase in flexibility of the chain followed by a decrease, in the range
of 5-10 mM NacCl, and a further decrease above 10 mM NaCl, corresponding to the compaction of the 30 nm fibre.
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1. INTRODUCTION

Linear dichroism is one of the most powerful
methods, together with X-ray and neutron scattering,
to obtain characteristic parameters of the solution con-
formation of compact chromatin fibres. Despite
numerous flow and electric dichroism studies, there is
however no full agreement yet about a definitive struc-
tural model ([1,2] and references therein). Flow linear
dichroism (FLD) of chromatin condensed by
monovalent or multivalent cations was found to be
slightly positive [1]. In contrast, Crothers and
coworkers [3—8] and McGhee and coworkers [9,10]
measured negative electric linear dichroism (ELD) for
chromatin fibers condensed by Mg?* or multivalent
cations.

Reconciliation of these conflicting results was
thought to be attained with our observations of a
positive ELD for chromatin above 400 xM MgCl,
[1,11], indicating that the maximum compaction was
probably not reached in the experiments of Crothers’
and McGhee’s groups. Sen and Crothers [4,5] deduced
the point of maximum compaction from mean relaxa-
tion time measurements. Upon addition of di- and
multivalent cations, a four- to fivefold decrease of 7
was observed at about 200 xM MgCl;, followed by a
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two- to eightfold increase at higher concentrations. The
authors postulated that the point of minimal relaxation
time (or maximal relaxation rate) corresponded to the
optimal compaction, and that further increase in 7
reflected aggregation. On the contrary, we measured
the ELD in the whole range of chromatin solubility, up
to 800-900 .M MgCl, [1].

Both approaches are subject to criticism: (i) the
relaxation times depend not only on particle size (i.e.
on the compaction factor of the chromatin fibre), but
also on fibre flexibility which may be affected by cation
addition, regardless of the compaction process; (ii)
when measuring electric dichroism at high multivalent
cation concentration, some turbidity was always pre-
sent, which could affect the electro-optical signal (a
small dichroism signal was also observed at 350 nm,
outside the absorption region of the heterocyclic bases).
However, the turbidity measured in 800 «M MgCl,,
was found to be only 2% of the absorbance at 260 nm
[11].

In order to circumvent these two problems, we
undertook electric dichroism measurements on
chromatin samples as a function of sodium chloride
concentration, up to the range where this monovalent
salt can produce compaction, using a Kerr cell with
small pathlength, and thus reduced electrode surface.
Inducing chromatin compaction by monovalent cations
excludes artifacts due to turbidity and sample aggrega-
tion, since no turbidity nor aggregation could be
observed up to 80 mM NaCl. In parallel, we measured
the salt concentration dependence of the dichroism
relaxation times. This allowed us to determine if the
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relaxation times measurements could serve to deter-
mine the maximum compaction.

2. MATERIALS AND METHODS

Chicken erythrocyte chromatin was prepared as previously describ-
ed [1,11}]. ELD was determined with the previously described in-
strumentation [12,13]. Measurements at ionic strengths higher than
2—-3 mM NaCl were made in a Kerr cell with a 1 mm optical
pathlength and 3 mm separation between the Pt electrodes. This cell
is identical to the cell used in the first electric-field X-ray scattering
experiments [14,15], except that the windows were made of quartz
SUPRASIL (Hellma, Germany). This cell allows us to study the
Na*-induced compaction of chicken erythrocyte chromatin up to
30 mM sodium chloride, in the 0-7 kV/cm electric field range. In
order to increase the sensitivity of the detection, we used 22 mm UV
light beam width (instead of 1 mm with our usual cells).

Identical results were obtained when the final ionic strength was
reached by addition of aliquots of either a 50 mM NaCl or a 200 mM
NaCl stock solution in 1 mM sodium cacodylate pH 6.5. Thus, the
addition of small volumes of the 200 mM sodium chloride solution
produced no irreversible local aggregation.

3. RESULTS AND DISCUSSION

The field strength dependence of the ELD at increas-
ing sodium chloride concentrations is shown in fig,1.
At low ionic strength, a very strong dependence of the
ELD on salt concentration was found (figs 1 and 2).
This supports our previous observations [1] and sug-
gests an explanation for some of the important varia-
tions in the negative ELD amplitudes reported for
uncondensed chromatin by different groups, using
slightly different low ionic strength buffers {4,9-11]. A
sign reversal of the ELD was observed when 4 mM
sodium chloride were added to the initial 1 mM
cacodylate pH 6.5 buffer (figs 1 and 2): this is a
substantially higher NaCl concentration than that re-
quired to produce a sign-change in FLD (2 mM NacCl,
see [1]). The slightly positive dichroism (about +0.005)
was constant between 7.7 and 28 mM NacCl. There was
no modification in the shape of the field strength
dependence of the ELD above 7.7 mM NaCl (data not
shown). This indicates that addition of Na* cations, in
the 8—28 mM range does not modify the mechanism of
orientation of the chromatin fibres in the electric field.
Thus, changes evidenced in this ionic strength range by
FLD [1,16] are mainly due to a decrease in the
hydrodynamic orientation function, at high ionic
strength. This technique indeed uses very low orienta-
tion degrees and is therefore much more sensitive to
changes in the orientation function and to
polydispersity.

In the case of Na‘t-induced chromatin compaction,
we can be confident that the positive dichroism was not
produced by turbidity anisotropy, since our chromatin
samples displayed no turbidity up to 80—100 mM
NaCl. No abrupt change in sedimentation coefficient
[17] nor in mass per unit length [18], has been either
observed in this ionic strength range. Our results are

132

FEBS LETTERS

March 1990

-2.6°

-40°

]
] 2 4 6
E{kV/em)

Fig.1. Field strength dependence of the ELD of chicken erythrocyte
chromatin in the presence of Na™: 0 (o), 0.49 (0), 1.92 (&), 3.92 (4)
and 7.7 (m) mM.

compatible with the observations of Yabuki et al. [8]
and Lee et al. [6,7] who measured, at low ionic
strength, the ELD of samples previously cross-linked at
80 mM NaCl.

The mean relaxation time (%) of chromatin fibres,
measured after the end of the electric pulse, as a func-
tion of NaCl concentration, displayed a more complex
behaviour than the dichroism amplitude. The relaxa-
tion time first decreased from 480 xs to 25 s when the
Na* concentration was increased from 0 to 2 mM, and
then rose to a maximum of 360 xs at 11.5 mM. Finally,
T decreased monotoneously between 12 and 28 mM
NaCl (fig.2). Comparison with other methods, such as
electron microscopy and X-ray scattering [2,19,20}] in-
dicates that only the salt concentration dependence of
7 at Na* higher than 12 mM can reflect the change of
fibre length upon compaction, while the measurements
at lower ionic strength mainly reflect changes in the
fibre flexibility. X-ray scattering measurements of
Koch et al. [2] performed in the same buffer, at the
same ionic strength, and with similar chromatin
samples, indicated that the mass per unit length (m/))
of the chromatin fibres gradually increased when NaCl
was added. The relative change of m/I with respect to
the most compact state at 28 mM NaCl has been
redrawn in fig.2 on the basis of these X-ray scattering
data. The differences with our experimental data clear-
ly indicate the predominance of flexibility effects in the
relaxation behaviour of chromatin fibres.

Although our results were obtained with chicken
erythrocyte chromatin, they can probably be ex-
trapolated to chromatin from other sources. Fujiwara
et al. [21] observed, with rat thymus chromatin,
qualitatively the same behaviour as Koch et al. [2] with
chicken erythrocyte chromatin. At ionic strengths
below 5 mM NaCl, there is an expansion of the fibre
characterized by a marked decrease in mass per unit
length and in radius of gyration of the cross-section.
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Fig.2. Influence of the Na* concentration on the ELD (e) and the
mean relaxation time 7 (O0) of CE chromatin at 4.7 kV/cm. The
error bars correspond to 2d. The symbols (A) represent the
compaction factor calculated on the basis of the ({(O),)/2+(m/)!/?
values taken from Koch et al. [2]. The various stages of compaction
depicted in fig.3 are indicated on top of this figure.

In the initial buffer, the electrostatic repulsion bet-
ween phosphate groups, mainly in the linker region, is
responsible for the fibre stiffness, since the charge on
the core DNA should be largely neutralized by the
histones. When sodium chloride is added in the
0—4 mM range, the electrostatic repulsion decreases.
The chromatin fibre thus becomes less extended and the
flexibility increases. This is a typical polyelectrolyte ef-
fect [22,23]. As the fibre starts to condense, the
distance between nucleosomes decreases and, at N*
concentrations higher than 5 mM, attractive interac-
tions and/or steric hindrances develop, and the fibre
flexibility consequently decreases. This process is
specific of chromatin and could not be observed with
DNA since it would require a charge neutralization on-
ly attainable at higher ionic strengths or in the presence
of multivalent cations. At 4 mM sodium chloride, the
relaxation signals were complex and displayed negative
and positive contributions with fast and slow relaxation
components respectively, indicating sample heteroge-
neity. In the electric field, both contributions compen-
sate, and in the steady-state region, the ELD is zero. On
the other hand, the stiffer component is the easiest to
orient in the hydrodynamic fields, and positive FLD is
therefore measured at this ionic strength [1,16,24].

Using the approach of Sen and Crothers [4,5], one
would deduce that chromatin is fully condensed in
5 mM monovalent cations, in contradiction with all
other physicochemical measurements. Thus, it seems
likely that Crothers and coworkers stopped their titra-
tion curves at the beginning of the compaction step; the
maximal compaction of chromatin thus cannot be
detected in this way. First, as the relaxation time of stiff
particles depends on the third power of their length, ag-
gregation should produce an increase of 7 much larger
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Fig.3. Schematic representation (not to scale) of the various
compaction stages of chromatin as a function of ionic strength, and
their relaxation times characteristics.

than a two- to eightfold factor. By comparison, the ag-
gregation of calf thymus chromatin that we previously
evidenced [25] produced more than a hundredfold in-
crease of 7. Furthermore, working at a chromatin con-
centration of about 40 xg/ml, we previously observed
[11] the onset of chromatin precipitation at about
1 mM MgCl; in agreement with Widom [26] who was
working with chicken erythrocyte chromatin at
10 xg/ml. He observed aggregation of the samples at
1 mM MgCl; in 0.2 mM Na*, or at 2 mM MgCl; in
5 mM Na*. In addition, our measurements of the
relaxation time as a function of the NaCl concentration
clearly indicate that an increase of 7 due to stiffening of
the chromatin fibers (and not to aggregation) takes
place at the beginning of the compaction process (and
not at the optimal compaction). Moreover, the fact that
we observed positive dichroism for chromatin at
28 mM sodium chloride, in the absence of any possible
turbidity and/or aggregation, definitely proves that we
measured a true optical dichroism rather than artifacts
due to turbidity.

In conclusion, the linear dichroism of compact
chromatin is positive as expected from models of the
30 nm fibre in which the linker DNA runs perpen-
dicular to the fibre axis. The change of linear dichroism
sign occurs in the first stage of compaction (2—4 mM
NaCl; 100—400 xM MgCl;). The relaxation times are
much influenced by the flexibility, and the minimum in
the dependence of T on NaCl concentration does not
correspond to maximum compaction. Fig.3 sum-
marizes various stages in the compaction process which
are detected by ELD. They do not represent distinct
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compact states but occur in a continuous manner as the
mass per unit length measured by X-ray scattering in-
creases monotonously with ionic strength [2].
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