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ABSTRACT We have analyzed the conditions of aggregation or precipitation of DNA in four different states: double-stranded
DNA (dsDNA), single-stranded DNA (ssDNA), mononucleosome core particles (NCP), and H1-depleted chromatin fragments
(ChF) in the presence of the multivalent cation spermine (41). In an intermediate regime of DNA concentration, these
conditions are identical for the four states. This result demonstrates that the mechanism involved is general from flexible
chains to rigid rods and quasi-colloidal states. It is dominated by local electrostatic attractions that are considered, for
instance, by the “ion-bridging” model. The onset of precipitation does not require the electroneutrality of the DNA chains.
Above a given spermine concentration dsDNA aggregates remain neutral, whereas NCP aggregates turn positively charged.
The difference is thought to originate from the extension of the positively charged proteic tails of the NCP. This suggests that
local fluctuations of polyamine concentrations can induce either positively or negatively charged chromatin domains.

INTRODUCTION

Long DNA is naturally compacted in a dense form in most
biological systems. The DNA compact form (globular form)
may result from a confinement (inside a viral capsid or a
nuclear envelope) and/or from the presence of a compacting
agent (polyamines or basic proteins). In vitro, the role of
polyamines and other multivalent cations in this compacting
process has been extensively studied (see Bloomfield et al.
(1994) and further references therein). These cations act as
electrostatic bridges between the DNA phosphate charges,
thus inducing the formation of globules (single collapsed
chains), aggregates, and/or macroscopic rich DNA phases.
This process is not restricted to double-stranded DNA
chains, but appears to be general for all highly charged
linear chains, from rodlike biopolymers (actin filaments,
microtubules, etc.) (Tang et al., 1996) to flexible synthetic
polyelectrolytes such as poly(styrene sulfonate) (Delsanti et
al., 1994). In the latter case, experimental conditions re-
quired to precipitate polymers have been explained by the
“ion-bridging” model developed by Olvera de la Cruz et al.
(1995). Based on this model, analytical expressions of the
instability conditions of a DNA solution have been pro-
posed (Raspaud et al., 1998). This approach takes only into
account the monovalent counterions of DNA and the added
multivalent ions. In the case where all the multivalent ions
are condensed along the chains, with no condensed mono-
valent ions, the spinodal equation reads

C1 5 ~Cu/z!~1 2 A 3 Cu
1/4 1 B 3 Cu

1/2! (1)

whereC1 is the concentration of multivalent ions andCu is
the concentration of monovalent charged units of the poly-

electrolytes. These two concentrations are expressed in par-
ticles/Å3 units (1 mM corresponds to 63 1027 particles/
Å3). The constantsA and B are numerical constants that
depend solely on the multivalent ions valencez and on the
Bjerrum lengthlB: A 5 (z 2 1) 3 (2 p lB

3)1/4 3 [(1 2
1/z)/z]1/2 andB 5 (z 2 1)2 3 (p lB

3)1/2 3 (1 2 2/z)/(21/2 z).
For instance, in waterlB 5 7 Å and for spermine cationsz5
4, A 5 8.85, andB 5 26.1. This model relies on a few
assumptions and predictions:

1. The degree of polymerization or the molecular weight of
the chains can be neglected because the term of transla-
tion entropy loss, characteristic of polymeric solutions, is
predicted negligible compared to the electrostatic inter-
actions terms;

2. The charge density of the chains or of the charged
objects is irrelevant. The basic hypothesis of this model
concerns solutions of highly charged polyelectrolytes, in
the large meaning of the word, where one expects ion
condensation in the vicinity of the polyelectrolyte;

3. This equation is applicable regardless of the charged
object geometry. Since the electrostatic attractions are
predicted to be local and predominant, the polymeric
state of the charged object vanishes;

4. The polyelectrolytes are expected to still be charged
when the system becomes unstable, since the instability
is assumed to occur below the electroneutrality (C1 5
Cu/z).

In a previous work, we have shown the applicability of
this model to solutions of double-stranded DNA (dsDNA)
precipitated by spermine, and verified point 1, i.e., the
independence of the molecular weight (Raspaud et al.,
1998). In the present work, we investigate the four points as
a whole. Our first aim is to compare the precipitation
conditions of linear molecules with different charge densi-
ties, such as dsDNA and single-stranded DNA (ssDNA)
molecules (point 2). For ssDNA chains, the relevant struc-
tural parameterj (defined in the Background section) is of
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the order of 1.8 depending on the pH values (Record et al.,
1976). In comparison,j equals 4.2 for dsDNA. The second
aim (point 3) is to extend this comparison to the case of
nucleosome core particles (NCP) and H1-depleted chroma-
tin in order to generalize the understanding of this process.
Let us recall that NCP are formed by coiling a portion of
146-bp DNA around a central proteic octamer composed of
two copies of each histone (H2A, H2B, H3, and H4). The
overall particle, of molecular mass 2.083 105 g/mol, can be
described as a wedge-shaped cylinder, 105 Å in diameter (d)
and 57 Å in height (h) (Luger et al., 1997). As their
anisotropic factorh/d equals 1.84, they cannot be consid-
ered as elongated cylinders, as in the case of linear poly-
electrolytes (h/d .. 1), but should rather be assimilated—in
a first approximation—to spheres (h/d 5 1) with charges
localized at the surface. In H1-depleted chromatin, NCP are
linked together by a linker DNA, whose length may vary
from ;20 to 100 bp to form the nucleosomic fiber. In our
experiments, we use calf thymus chromatin whose linker
length is in the range of 45 bp (van Holde, 1989). Finally,
the last point (4) will be tested by electrophoretic experi-
ments on dsDNA and NCP aggregates.

MATERIALS AND METHODS

Double-stranded DNA

Fragments (146 bp) were obtained as described in Sikorav et al. (1994)
from a selective digestion of calf thymus chromatin (Strzelecka and Rill,
1987). The molecular population is, however, polydisperse: the length of
the fragments ranges from 50 to 103 basepairs. The DNA solutions were
extensively dialyzed against a solution of TE buffer (10 mM Tris HCl, 1
mM EDTA, pH 7.6). NaCl and spermine (4 HCl; Fluka) were dissolved in
the same buffer. We recall that 3 mM DNA phosphate corresponds to 1
mg/ml DNA.

Single-stranded DNA

Studies were performed with 72 and 118 base-long oligonucleotides ob-
tained from Eurogentec (respectively, nucleotides 4878–4949 and 4760–
4877 of the plus strand offX174). The oligonucleotides were 59 end-
labeled with T4 polynucleotide kinase usingg32P-ATP, purified by gel
filtration on a Sephadex G-50 column (Pharmacia) and diluted in 2 mM
NaCl (pH 5.8).

Nucleosome core particles and chromatin
fragments preparation

Mononucleosome core particles (NCP) were obtained by selective diges-
tion of H1-depleted chromatin with micrococcal nuclease (Pharmacia),
followed by purification by gel chromatography over a Sephacryl S 300
HR column (Pharmacia), as described in Leforestier and Livolant (1997).
The purity of the collected fraction and the core particle integrity were
checked by retardation gel electrophoresis on a 7.5% polyacrylamide gel.
NCP were dialyzed against TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH
7.1) in presence of 5 or 75 mM NaCl, and concentrated by ultrafiltration
under nitrogen pressure throughout a porous membrane (Amicon YM 100).
This stock solution (CNCP . 100 mg/ml) was stored at 4°C.

To prepare chromatin fragments (ChF), native calf thymus chromatin
was partially digested with micrococcal nuclease (Pharmacia). Histone H1
were then removed with CM-Sephadex (Pharmacia). The H1-depleted

chromatin fragments were extensively dialyzed against TE pH 7.1 with 5
mM NaCl, concentrated to 36 mg/ml by ultrafiltration in microconcentrator
tubes (Amicon, centricon 100), and stored at 4°C. The histone composition
of chromatin was checked by SDS gel electrophoresis on 15% acrylamide
gels, and the length of chromatin fragments estimated by agarose gel
electrophoresis. The population of chromatin fragments is heterogeneous:
it is centered around 6- to 8-mers and varies from 1 to;17 nucleosome
repeats.

Phase diagram determination

The concentrationCprecip corresponds to the spermine concentration for
which the molecules start to precipitate (Raspaud et al., 1998). These
values are given within an interval (whose limits correspond to the point
where no precipitation has occurred and that where aggregation has been
detected). At low concentrations (,0.5 mg/ml), samples of dsDNA, NCP,
and ChF were slowly vortexed after spermine addition, incubated at room
temperature for 15 min minimum, and centrifuged at 11,0003 g for 7 min,
which accelerates the precipitation process. The concentration in the su-
pernatant was determined by measurements of the absorbance at 260 nm.
For the higher concentrations ($0.5 mg/ml), Cprecip was determined by
visual inspection after successive addition of spermine, and vortexing. The
reversibility of the aggregation allows us to use this simple method.

For ssDNA solutions, after mixing with spermine, the samples were
incubated during 30 min and centrifuged at 17,0003 g for 5 min. The
amount of aggregated ssDNA was determined by measurements of the radio-
activity of the supernatant, as described in Chaperon and Sikorav (1998).

Electrophoretic measurements

The mobility of dsDNA and NCP aggregates was determined by electro-
phoretic measurements performed with a Delsa 440 SX instrument
(Coulter). This technique measures the electrophoretic mobilityU of par-
ticles submitted to an electric fieldE directly in solution. For particles of
effective chargeQ, the mobility is given by the relationU 5 Q/ƒ, with ƒ
the frictional coefficient of the particle with the liquid medium. One has to
keep in mind that during the particles movement, a layer of the surrounding
liquid is drained so that the measured electrophoretic mobility corresponds
to the mobility of the particles with their fixed liquid layers. In other words,
the effective chargeQ corresponds to the particle charge reduced by the
charge of the condensed ions present in this layer.

In electrophoretic light scattering measurements, the photon-counting
heterodyne correlation function is measured and Fourier-transformed. The
Fourier transform gives the power spectrumS(v), which has a Lorentzian
form centered atv0 1 Dv, with v0 the frequency of the incident beam. The
electrophoretic mobilityU is detected through the frequency shiftDv,
similar to the Doppler effect shift. This shift is the difference between the
frequency of the light scattered at an angleu (or at a transfer vectorq 5 (4p
n/l) sin u/2, with n the refractive index of the medium) and that of the
incident beam. It can be written asDv 5 q U E cos(U), with U the angle
between the electric field and the transfer vector. The shift frequencyDv
has been experimentally measured at four angles for each sample after a
calibration with a suspension of modified polystyrene latex spheres (U 5
24.1 3 1028 m2/V.s.). In our case and at the studied polyelectrolyte
concentrations, it was not possible to determine the electrophoretic mobil-
ity of the samples outside of the precipitation range. This may be explained
by a scattered intensity too weak to be measured at these concentrations by
the apparatus.

Fig. 1 a shows the power spectraS(v) measured for an NCP solution
[C

access. phosphate
(hereafter referred to asCap) 5 41mM andCspermine(hereafter

referred to asCsper) 5 10 mM] at the four angles (8.9°, 17.6°, 26.3°, and
35.2°). Taking into account theu dependence ofDv, one obtains the
distribution function of the electrophoretic mobility of the NCP aggregates
(Fig. 1 b). For each angle, this function may be fitted by a Lorentzian
function centered on a mobility value that is found independent of the
angle. In the present case, the measured mobilityU is positive, indicating
a positive charge of the aggregates.
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EXPERIMENTAL AND THEORETICAL
BACKGROUND

In negatively charged polyelectrolytes, cations condense in the vicinity of
the polyelectrolyte in order to reduce the electrostatic repulsion effects.
Due to the large translation entropy loss of these condensed ions, the
fraction of condensed ions will be limited. This situation can be theoreti-
cally considered in the case of linear and spherical polyelectrolytes.

Counterion condensation in the case of
linear polyelectrolytes

This situation has been analyzed, in particular by Manning, for polyelec-
trolytes considered as straight infinite lines in infinitely dilute solution
(1978). The relevant structural parameter is the linear charge densityj

defined asj 5 lB/b, wherelB corresponds to the Bjerrum length andb to
the average spacing of the polyelectrolyte charges. The limiting fraction of
condensed charges is predicted equal to 12 1/(zj), with z the counterion
valence. Thus, according to Manning, for dsDNA (b 5 1.7 Å; j 5 4.2), the
fraction of neutralized charges is equal to 76% in the presence of mono-
valent ions and to 94% in the presence of tetravalent cations only.

In the “ion-bridging” model proposed by Olvera de la Cruz et al. (1995)
and used in Raspaud et al. (1998), the condensation of spermine in the
vicinity of the chains is thought to locally reverse the phosphate charge and
to create a local attractive electrostatic interaction between a phosphate
charge that does not carry any condensed ion and one that does carry a
spermine counterion. DNA precipitation results from the competition be-
tween initial monovalent counterions and added spermine to condense onto
the polyelectrolytes. In the case where no extra monovalent salt is added,
three regions were determined theoretically (Fig. 2) assuming the most
simplified Manning’s model. They are separated by the two limits (dashed
lines) of equationsCsper/CDNA phosphate(hereafter referred to asCDNAp) 5
(1 2 1/zj)/z 5 0.235 andCsper/CDNAp 5 (1 2 1/j)/z 5 0.19 with z the
spermine valence (54). The experimental values of the spermine concen-
tration Cprecip required for the precipitation of dsDNA have been reported
on the same figure. Note that these experimental values have been obtained
in the presence of a small amount of added monovalent salt (10 mM TE in
the present case) to prevent denaturation of the molecule. TheCprecipvalues
are distributed in the three regions defined below:

In region c,Csper/CDNAp . (1 2 1/zj)/z, spermine cations are expected
to be partly free and partly condensed along the DNA molecules. The
fraction of condensed spermine cations being given by Manning’s limit, the
instability conditions are expected to be dependent onj. As the free
spermine ions participate in the electrostatic screening, other energetic
terms cannot be neglected. Indeed, the instability conditions were found to
depend also on the molecular weight and on enthalpic terms, such as the
classical excluded volume. In the limit of infinitely long chains and for an
excluded volume equal to zero, the spermine concentrations at precipitation
were theoretically found equal toa 3 CDNAp 1 b, with a 5 0.14 andb 5
3.7 3 1024. This equation is in principle limited by the “no added
monovalent salt” condition, but is still valid for concentrations of added
monovalent salt smaller than the spermine concentration. Higher monova-
lent salt concentration leads to condensation of a fraction of these new
cations. This decreases the number of condensed multivalent counterions,
as described by the two-variable theory of Manning (1978). Despite the
presence of added monovalent salt in our experiments, we will continue to

FIGURE 1 Electrophoretic light scattering spectra measured at different
scattering anglesu 5 8.9° (E), 17.6° (solid line), 26.3° (F), and 35.2°
(dashed line). The sample is a solution of NCP/spermine diluted at con-
centrationsCap 5 41 mM and Csper5 10 mM. The spectra are plotted as
a function of the shift frequencyDv 5 v 2 v0, with v0 the frequency of
the incident beam (a). (b) Electrophoretic mobility deduced fromDv, u,
and the applied electric field strength. The spectra may be fitted by a
Lorentzian centered on a value independent of the angle. This valueU
corresponds to the average electrophoretic mobility of the aggregates. In
the present case,U is positive, which indicates a positive charge of the
aggregates.

FIGURE 2 Concentration of spermine required to precipitate double-
stranded DNA fragments of 150 basepairs diluted in a TE buffer pH 7.6,
versus the DNA phosphate concentration. The two parallel dotted lines
correspond to the equationsCsper/CDNAp 5 (1 2 1/zj)/z 5 0.235, and
Csper/CDNAp 5 (1 2 1/j)/z5 0.19, and delimit the three theoretical regions
a, b, and c (reproduced from Raspaud et al. (1998))
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call this region “region c.” Experimentally, at low DNA concentration, the
multivalent ion concentration required to induce the collapse and/or the
aggregation of dsDNA chains is found dependent on the molecular weight
for short DNA chains, on the chemical species of the multivalent ions, and
on the monovalent added salt concentration (cf. for instance Wilson and
Bloomfield, 1979; Marquet et al., 1987; Pelta et al., 1996).

In the narrow region b, (12 1/zj)/z . Csper/CDNAp . (1 2 1/j)/z. All
spermine cations are condensed along DNA chains and all initial mono-
valent counterions are free. This region corresponds to the case mentioned
in the Introduction, where the instability conditions are only governed by
the electrostatic interactions leading to expression 1. This theoretical pre-
diction was found to be in very good agreement with the experimental data.
Theoretically, the fraction of neutralized phosphates increases proportion-
ally with the ratio Csper/CDNAp from 76 to 94%. Experimentally, this
variation is not detectable, and the precipitation of dsDNA in this regime
occurs on average for a constant ratioCprecip/CDNAp 5 0.206 0.02, leading
to 806 8% of neutralized phosphates. These conditions are independent of
the dsDNA molecular weight, as expected theoretically, and also indepen-
dent of the concentration of the added monovalent salt into the solution.
Thus the added monovalent salt has no effect in this region b, which
validates the relevance of the initial “no added monovalent salt” condition.

For linear polyelectrolytes with lower charge density, like ssDNA
chains (b 5 4 Å; j 5 1.8), the two limits enclosing the region b are shifted
to lower fractionsCsper/CDNA: (1 2 1/zj)/z 5 0.215, (12 1/j)/z 5 0.111.
It means that this region b should become more extended.

In region a,Csper/CDNA , (1 2 1/j)/z. One expects the precipitation to
occur when both initial monovalent cations and added multivalent sperm-
ine are condensed on the molecule. This region is not considered here.

Counterion condensation in the case of
spherical polyelectrolytes

As in the case of linear polyelectrolytes, the condensation of counterions
around a spherical object results from a balance between the thermal
energy and the reduction of the electrostatic interactions. Ion condensation
in this geometry has been examined by Alexander et al. (1984) and Belloni
(1982, 1985). In the case of monovalent ions and for spheres of radiusa
and structural chargeZs, ion condensation occurs ifZs $ 4 Y/lB, whereY
corresponds to the distance between the center of the sphere and a cutoff
limit, below which the counterions are supposed to be condensed (Belloni,
1985). Following the Manning’s notation, one hasY5 a 1 Dx, with Dx the
thickness of the spherical shell in which the cations are said to be “con-
densed.” For highly charged spheres and in the absence of added salt, one
expects an effective charge of the sphereZeff 5 4 Y/lB. This is found in very
good agreement with experiments on micellar solutions (Bucci et al.,
1991).

In the case of NCP, the association of DNA with the histone core
proteins neutralizes;130–134 phosphate charges, leaving 158–162
charges accessible to polyamine counterions (structural chargeZs > 160)
(Khrapunov et al., 1997). Therefore, the relevant concentration becomes
the concentration of accessible phosphatesCap 5 (160/292)3 CDNAp >
0.553 CDNAp. This prefactor is in good agreement with the value calcu-
lated by Clark and Kimura (1990) using the data of magnesium binding to
NCP (Watanabe and Iso, 1984). In principle, the determination ofDx
requires sophisticated numerical calculations. Here, we have only evalu-
ated a minimum effective charge of NCP. Assuming a radius of the NCP
equivalent spherea > 50 Å and a distanceY > a, the minimum ofZeff is
of the order ofZeff > 4 a/lB 5 29, giving at most 82% of DNA phosphates
neutralized by counterion condensation. For multivalent counterions, this
minimum effective charge is reduced by a factor 1/z (Belloni, 1982)
leading to at most 96% of phosphates neutralized by spermine.

For spherical particles, the effective charge varies only with their size,
which is finite. For linear polyelectrolytes, this effect is usually not taken
into account (infinite line) except for short fragments (Ramanathan, 1988).
For a long charged line of total structural chargeZs, the total effective
charge is simply given by the ratioZeff/Zs 5 1/z j, whereas for a charged
sphere, this ratio may be approximated byZeff/Zs ; a/(z lB Zs). Assuming

a surface charge density 1/b2, this ratio varies as the productZeff/Zs ; (1/z
j) 3 (b/a) and reduces to the above linear case whenb 5 a.

Following these simple estimations of the NCP effective charge in the
presence of mono and multivalent ions, one expects significant counterion
condensation. In a first approximation, we shall assume that the fraction of
phosphates neutralized by ion condensation in the case of dsDNA and NCP
are of the same order of magnitude. This leads us to propose that the phase
diagram (Csperas a function ofCDNA) of NCP solutions can also be divided
into three regions a, b, and c separated by two limits that can be considered
identical to those of dsDNA in a first approximation.

RESULTS

Phase diagram

Precipitation conditions are summarized in Fig. 3 (ssDNA
and dsDNA) and Fig. 4 (dsDNA, NCP, and ChF). The
precipitation has been studied over more than four decades
in DNA concentration in order to examine the different
variations ofCprecip as a function ofCap. As mentioned in
the Introduction, we have considered the accessible DNA
phosphate fractionCap as the significant variable (Cap 5
CDNAp for ss or dsDNA,Cap 5 0.553 CDNAp for NCP and
Cap 5 0.653 CDNAp for ChF). In all cases, the data reveal
the presence of at least two regimes of variation, located in
the two theoretical regions b and c.

In the theoretical region c (at lowCap values), the sperm-
ine concentrations required to induce the precipitation,
Cprecip, are found dependent on the molecular species, their
molecular weight, and the concentration of added monova-
lent ions. Nevertheless, each series of data may be fitted by
a linear relationshipCprecip5 a 3 Cap 1 b, which tends to
a constant valueb for sufficiently diluted solutions. It is
difficult to compare the values measured on the different
molecular species, but it seems that more spermine must be
added to the ssDNA and NCP solutions than to the dsDNA
ones to induce the precipitation. This is in good agreement
with the recent results reported by Saminathan et al. (1999).
This difference could be explained by the difference of

FIGURE 3 Comparison of the precipitation conditions for double-
stranded DNA, diluted in: (E) TE buffer pH 7.6 and (F) 2 mM NaCl pH
5.1, and for single-stranded DNA, 72 (ƒ) and 118 (‚) base-long, diluted in
2 mM NaCl pH 5.8. The full line corresponds to the theoretical prediction
given by Eq. 1.
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charge density and/or by a difference of nonelectrostatic and
specific interactions between molecules and ions. The range
of concentration (Cap) described by this relationship extends
when the monovalent ion concentration is increased, thus
progressively reducing the second domain described below.

Our major result concerns the theoretical region b. In this
region, all the data are superimposed on the theoretical line
given by Eq. 1 (Figs. 3 and 4). As already explained, this
domain of superimposition extends over a concentration
range that depends on numerous parameters, namely the
monovalent ion concentration (the lower the monovalent
ion concentration, the more extended this domain) and the
considered material (nature and molecular mass). The ex-
perimental points located in this region can be fitted by a
constant ratioCprecip/Cap 5 0.20 6 0.02. This ratio is
independent of the molecular weight, as illustrated by the
comparison of ssDNA (72 and 118 bases ssDNA solutions
in Fig. 3), chromatin fragments (short ones in our experi-
ments, long ones in data reported by Smirnov et al., 1988;
see Fig. 4), and dsDNA (Raspaud et al., 1998). This ratio is
also independent of the added monovalent salt concentra-
tion (cf. the data of dsDNA and NCP on Fig. 4), which
demonstrates that a condensation competition occurs be-
tween the multivalent ions and the monovalent counterions
that initially maintain the electroneutrality of the polyelec-
trolytes. Moreover, these data confirm that the charge den-
sity and the geometry of the charged object do not influence
the precipitation process. This will be discussed in detail
below. For a more detailed analysis of this region, all
relevant experimental points have been gathered on Fig. 5,
where the ratioCprecip/Cap is expressed as a function ofCap.
These values seem better described by a constant 0.2 value
than by the theoretical curve (Eq. 1).

It must be noted that above a given spermine concentra-
tion, precipitation is suppressed independently of its con-

centration (data not shown). This spermine concentration,
also called resolubilization concentration, was previously
found independent of the dsDNA concentration (1056 10
mM) (Raspaud et al., 1998). In the present work, we find a
spermine concentration of resolubilization of the order of
150 mM for 118 bases ssDNA and equal to 506 10 mM for
NCP (not measured for ChF).

Electrophoretic measurements

The mobilitiesU were measured over the spermine concen-
tration range where aggregation occurs (Figs. 6 and 7). No
significant changes of the mobility values have been ob-
served during the 20 min after mixing. The variation of the
electrophoretic mobilitiesU with the spermine concentra-
tion is different in the case of dsDNA and NCP. For dsDNA
(Fig. 6a), close to the “precipitation line,” i.e., for lowCsper

values, the mobility is negative, implying that the aggre-
gates are negatively charged. The mobility, which is found
independent of the dsDNA concentration, increases pro-
gressively with the spermine concentration. Above 2 mM
spermine, no frequency shift of the power spectraS(v) (cf.
Methods section) can be detected by the apparatus and the
mobility remains equal to zero.

For NCP solutions (Fig. 7a), the variation of the elec-
trophoretic mobilityU is also the same for the two studied
NCP concentrations (0.082 and 0.041 mM accessible phos-
phate). The negative mobility increases progressively with
the spermine concentration and becomes zero around 1 mM
spermine. Contrary to the dsDNA case, the mobility con-
tinues to increase with the addition of spermine and be-
comes positive, indicating that the charge of the aggregates

FIGURE 4 Precipitation conditions of double-stranded DNA diluted in a
TE buffer pH 7.6 (E), in 2 mM NaCl pH 5.1 (F), of nucleosome core
particles diluted in a TE buffer pH 7.11 NaCl 5 mM (M), in a TE buffer
pH 7.11 NaCl 75 mM (f), and of chromatin fragments diluted in a TE
buffer pH 7.11 NaCl 5 mM (µ). The symbols ( ) correspond to calf
thymus chromatin solutions and are deduced from Fig. 3 in Smirnov et al.
(1988). The solid line corresponds to the theoretical prediction given by
Eq. 1.

FIGURE 5 Ratio of the spermine concentration required to start the
aggregation or the precipitation process to the DNA phosphate charges
accessible to the spermine molecules. Within experimental precision, this
ratio is found constant:Cprecip/Cap 5 0.20 6 0.02, whatever the DNA
concentration and the charged object. (E) Double-stranded DNA, (ƒ)
single-stranded DNA, (M) nucleosome core particles, and (f) chromatin
fragments. The solid line corresponds to the theoretical prediction (Eq. 1)
and the dashed one to the constant value 0.2.
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is reversed. The surface charge of the aggregates over the
entire phase diagram is indicated in Figs. 6b and 7b.

DISCUSSION

In an intermediate range of polyelectrolyte concentration,
the experimental conditions of precipitation are well-de-
scribed by the “ion-bridging” model (Eq. 1). Our results
support the first three theoretical assumptions and predic-
tions presented in the Introduction.

1. The precipitation conditions are independent of the de-
gree of polymerization. This was observed in a previous

work for dsDNA (Raspaud et al., 1998) and is extended
in the present study for a variety of molecular species
(ssDNA, chromatin fragments). This is also in good
agreement with the experiments performed with poly-
(styrene sulfonate) chains (Na-PSS) by Delsanti et al.
(1994);

2. The precipitation conditions are independent of the lin-
ear charge densityj of the polyelectrolyte. This is illus-
trated by the comparison between ss and dsDNA, which
have different structural parametersj 5 1.8 andj 5 4.2,
respectively;

FIGURE 6 (a) Variation of the electrophoretic mobility of the aggre-
gates of dsDNA with the spermine concentration in TE buffer. The con-
centrations of phosphate DNA in mM units are equal to: (ƒ) 0.075, (Œ)
0.15, (E) 0.3, and (M) 0.75. The dotted line indicates the zero electro-
phoretic mobility value. Aggregates are negatively charged below 2 mM
spermine and neutral above. (b) Surface charge of the dsDNA aggregates
determined by electrophoretic measurements and reported in the phase
diagram. The electrophoretic mobility becomes nil at 2 mM spermine for
0.075. CDNAp (mM) . 0.75 (solid line). We have extrapolated this line
on both sides (dashed line).

FIGURE 7 (a) Variation of the electrophoretic mobility of the aggre-
gates of NCP with the spermine concentration in TE buffer1 5 mM NaCl.
The dotted line indicates the zero electrophoretic mobility value. The
electrophoretic mobility of the aggregates of NCP, formed at accessible
phosphate concentrations 0.0825 mM (F) and 0.041 mM (M), increases
continuously with the spermine concentration. Aggregates become posi-
tively charged above 1 mM spermine. (b) Surface charge of the NCP
aggregates determined by electrophoretic measurements and reported in
the phase diagram. The electrophoretic mobility equals zero at 1 mM
spermine and forCap (mM) 5 0.041 and 0.0825. The continuous line joins
these two concentrations. We have extrapolated this line on both sides
(dashed line). The upper dashed line is an extrapolation of the redissolution
conditions.
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3. The superimposition of precipitation curves obtained
with linear DNA and nucleosome core particles allows
us to confirm the independence of the polyelectrolyte
shape in the precipitation process. This supports the idea
that the electrostatic attractive interactions are purely
local.

Bibliographical data further support the idea that our results
can be generalized to linear polyelectrolytes. In our exper-
iments, all polyelectrolytes carry the same phosphate
groups, and we used only the tetravalent polyamine sperm-
ine as a counterion. Similar results were obtained with
sulfate and sulfonate chains precipitated by very different
trivalent cations (Sabbagh, 1997), spermidine (a linear poly-
cation), or lanthanum (a spherical ion). It means that in a
first approach, we do not need to take into account structural
specificities to describe the precipitation process. This sup-
ports the theoretical approach we used, in which the sperm-
ine (41) is considered as a charged point, which reverses
the phosphate charge (12) into a charge (31).

We have also extended this study to NCP, which may be
viewed as charged colloids. Since the variation of the pre-
cipitation conditions for NCP is similar to that of the linear
polyelectrolytes in the whole diagram, we think that it is
possible to separate the diagram into the same three regions
corresponding to different distributions of condensed mono
and multivalent counterions. However, it requires a more
precise theoretical description of the ionic condensation,
which takes into account both structural and polyelectrolyte
specificities of these particles. First, their geometry is not
rigorously spherical; the nucleosome is a flattened cylinder
with a structural anisotropic factor (diameter/height) equal
to 1.84. The charge distribution at the surface is not homo-
geneous because the DNA is coiled around the cylindrical
part (Luger et al., 1997). As the NCP are formed by mostly
electrostatic protein/protein and protein/DNA attractive in-
teractions, the ionic environment can modify these interac-
tions and the structure of the particles. Under our experi-
mental conditions, the integrity of the NCP is retained and
its global shape is not modified, but the basic tails of the
histone proteins could be either folded onto the lateral
surface, thus interacting with DNA negatively charged, or
extended outside. Polyamines are known to induce this
extension of certain tails at concentrations lower than the
aggregation concentrations (Dumuis-Kervabon et al., 1986;
Encontre and Parello, 1988). An extension of the tails would
change the ratio of accessible phosphate charges from 0.55
to a maximum value of 0.71. However, a variation of the
accessible phosphate charges would not alter our results
within the precision of our measurements.

Similar studies have already been performed in other
colloidal systems. For example, in the case of silica disper-
sion, different values of the critical coagulation concentra-
tion (CCC) of iron (III) have been reported as a function of
the colloid concentration for different pH values (Stumm
and O’Melia, 1968). The authors report a proportionality
between the colloidal concentration and the CCC, which

suggests that this phenomenon would be a general rule for
charged colloids. However, it remains difficult to draw a
direct comparison of their data with ours because the sur-
face charge density per colloid is unknown, and because
hydrolysis effects of the metal cations provoke subsequent
polymerization effects.

These conditions seem thus to be general and well-de-
scribed by Eq. 1. However, in detail, a discrepancy appears
between experiments and theoretical predictions, as enlight-
ened by the representation given in Fig. 5. Experimental
data can be averaged by a constant 0.206 0.02, which is not
understood on account of the model that has been used. This
suggests that precipitation occurs for a constant fraction of
spermine condensed onto the polyelectrolyte. Yet, theory
predicts that instability conditions may occur in the region b
whatever the fraction of condensed spermine (i.e., whatever
the ratioCsper/Cap) leading to a theoretical curve (Fig. 5),
which decreases continuously whenCap increases. Three
hypotheses can be proposed to explain this discrepancy:

1. The precision of the experiments is;10%, which is
perhaps not enough to detect this decrease. More precise
experiments (with smaller intervals) should be done on a
larger range of polyelectrolyte concentration (polyelec-
trolytes with a lower charge density to extend the region
b toward higher concentrations and polyelectrolytes with
a higher charge density to extend it toward the lower
concentration side);

2. The theoretical decrease may be overestimated. This
results from the simplified Manning theory, which is
expressed in its limiting form and becomes less relevant
at high polyelectrolyte concentration. The two variables,
Manning’s theory (in the case of linear chains) or the
Poisson-Boltzmann theory may be better used instead;

3. Precipitation could be better-described by the coexist-
ence curve in the high polyelectrolyte concentration
range rather than by the spinodal equation, as already
mentioned (Raspaud et al., 1998).

In Fig. 5, for high chromatin concentrations, precipitation
conditions are still located in region b and deviate by.10%
from the theoretical curve, which would rather support
hypotheses 2 or 3. Nevertheless, the prefactor used in this
case to relateCNCP to Cap comes from an estimation and
could induce a translational error in the figure. This pre-
factor may also depend on the concentration and introduce an
artefactual increasing gap between experiments and theory.

The theoretical approach developed in Raspaud et al.
(1998) relies on a simplified model whose interest is to give
an analytical expression (Eq. 1) describing our results. The
simple formulation of the model allowed us to expect a
generalization that is verified here. However, other theoret-
ical approaches could also predict this behavior. For exam-
ple, the approach proposed by Stumm and O’Melia (1968)
for colloids relies on a “chemical bridging model.” The
authors use the ion adsorption/desorption notion, which can
be compared to the condensation/decondensation notion;
this introduces an all-or-none process instead of an ion
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concentration gradient. Based on such an adsorption/de-
sorption reaction equilibrium, the authors found a constant
ratio between the ion and colloid concentrations when all
the ions are adsorbed. This ratio reflects the fraction of the
colloidal charges neutralized and is equivalent to the con-
stant ratioCprecip/CDNAp found in region b. When there are
both free and adsorbed ions, the adsorption/desorption
model also gives an expression equivalent to our relation-
ship a 1 b 3 CDNAp in region c. Nevertheless, this ap-
proach cannot explain the resolubilization process that is
observed in these systems and will be discussed elsewhere.

The last point deals with the assumption 4: the instability
is expected to occur before the electroneutrality. Our exper-
imental results suggest that two lines have to be distin-
guished: the line along which the first neutral germs nucle-
ate and the line which corresponds to the electroneutrality of
all chains. The first one (partial electroneutrality) superim-
poses to the precipitation line, whereas we assume the
second one (total electroneutrality) to correspond to the line
of maximum of precipitation. With DNA short fragments
and nucleosome core particles, these two lines are easily
distinguished experimentally (see Figs. 6b and 7b). Other
complementary experiments should be settled to clarify this
assumption in the case of long chains.

In our mobility experiments, only aggregates contribute
to the signal. Furthermore, only the charges located at the
surface of the aggregates contribute to their mobility. The
peripheral layer of the dsDNA and NCP aggregates there-
fore remains negatively charged between the two lines
defined above, the total electroneutrality occurring at 1 mM
(for NCP) and 2 mM (for dsDNA) spermine.

Above this electroneutrality line there is no detectable
charge reversal for dsDNA aggregates, even close to the
redissolution line. Aggregates remain neutral. On the con-
trary, the surface of the NCP aggregates becomes positively
charged. This is not predicted by the ion condensation
models. What could explain this difference of behavior
between dsDNA and NCP? The phosphate charges, being
roughly neutralized by the spermine molecules (as deduced
from the behavior of DNA), we suspect that the positively
charged proteic tails extend out of the particle and give this
positive total charge to the NCP. This effect of the tails
could also qualitatively explain the shift in the spermine
concentration required for the electroneutrality (from 2 to 1
mM): the positive charges of the tails would counterbalance
the DNA phosphate still negatively charged. Thus, the total
charge of NCP would be controlled by the negative charges
of the DNA phosphate groups below 1 mM and by the
positive charge of the proteic tails above 1 mM. One may
expect the same behavior with H1-depleted chromatin: the
total electroneutrality should occur at a spermine concen-
tration intermediate between 1 and 2 mM because of the
presence of linker DNA between NCP particles. It is likely
that NCP remain positively charged after resolubilization in
excess of cations, and one would expect the same behavior
in the case of chromatin, as already suggested by early
experiments of Bungenberg de Jong (1949). An analogous

situation, with a charge reversal of the aggregate, was
reported in other colloid systems (for instance, see Mabire et
al., 1984). In this case, the charge reversal is due to an
excess of cationic polymer adsorption onto the colloidal
surface. Flocculation also starts before complete neutraliza-
tion of the colloids and total electroneutrality is observed at
the maximum of the flocculation.

In the range of DNA concentration where mobility ex-
periments have been performed (regime c), the line of
maximum of precipitation (total electroneutrality line) de-
pends on the monovalent salt concentration (Fig. 8), but not
on the DNA concentration (Fig. 6b for dsDNA). The
presence of added monovalent salts is responsible for the
high spermine concentrations at which total neutrality oc-
curs. This indicates the presence of an excess of spermine in
the solution, which is due to the competition with the
monovalent added salts. At the surface of the aggregates
(peripheral layer), mono and multivalent cations compete to
condense onto the chains. Higher spermine concentrations
are necessary to displace Na1 ions. Experimentally, we
cannot exclude that, in the central part of the aggregates, a
fraction of the Na1 ions remains trapped, although this has
not been considered in the simplified model using the lim-
iting laws of ion condensation predicted by Manning. Com-
plementary experiments should now be undertaken to de-
termine the precise ionic composition and distribution
within the core of the aggregates.

As a conclusion, we have shown that in an intermediate
concentration regime, the precipitation conditions are sim-
ilar whatever the DNA state: from flexible chains to rigid
rods and quasi-colloidal particles, as predicted by the “ion-
bridging” model. Our results suggest that the precipitation
occurs when;80% of the accessible charges are neutral-
ized by spermine molecules. In this regime, one expects

FIGURE 8 Conditions required to induce the maximum precipitation of
dsDNA fragments as a function of the added monovalent salt concentra-
tion. These conditions, which we assume to correspond to the total elec-
troneutrality line, do not depend on the DNA concentration in the studied
range. The values are deduced from the electrophoretic measurements in
the caseCTE1NaCl 5 10 mM and from measurements of DNA concentra-
tion in the supernatant in the other cases.
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chromatin to precipitate, self-aggregate, or fold following
the same criterion. Taking into account the concentration of
the phosphate charges in the eucaryotic nucleus (assuming a
homogeneous distribution of chromatin in the volume), the
average spermine concentration required to induce a com-
plete aggregation of chromatin would be larger than the
concentration known to exist in the nucleus (in the milli-
molar range, Bloomfield et al., 1999). This allows poly-
amines to play a role in regulating the degree of condensa-
tion of chromatin by simple fluctuations of their
concentration. Because the local ionic fluctuations can de-
termine the surface charge of chromatin, the nucleosomic
chain can be envisioned as a succession of domains, either
positive, negative, or neutral, in dynamic equilibrium.
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