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Dielectric Constant and Ionic Strength Effects on DNA Precipitation

Stephane Flock, Rudi Labarbe, and Claude Houssier
Laboratoire de Chimie Macromol6culaire et Chimie Physique, Universite de Libge, Sart-Tilman (B6), B-4000 Li6ge, Belgium

ABSTRACT We have investigated the effect of different zwitterionic compounds on DNA precipitation induced by sper-

mine4+. Glycine, ,B-alanine, 4-aminobutyric acid, and 6-aminocaproic acid have shown an increasing capacity to attenuate
DNA precipitation. This protection effect has been correlated with the dielectric constant increase of their corresponding
solutions. Calculations based on these experimental data and counter-ion condensation theory have confirmed the impor-
tance of this parameter for DNA-ion interactions and precipitation mechanisms. We have also observed a resolubilization of
DNA in the presence of 6-aminocaproic acid at high spermine4+ concentration and in the presence of glycine at high
spermidine3+ concentration. This could be explained by an increase of screening effect with polyamine concentration.

INTRODUCTION

An exact description of the interactions of DNA with var-
ious compounds (cations, histones, polyamines, drugs, wa-
ter, etc.) is important to the explanation of many biological
processes. For example, within eukaryotic cells, DNA is
complexed with histone and nonhistone proteins to form a
highly condensed structure, the chromosomes. In viruses,
DNA is condensed by polyamines into a compact form that
allows its packaging into the limited space afforded inside
the capsid. Moreover, the condensation/decondensation of
nucleic acids is probably implicated in the mechanism of
gene expression and repression.

Condensation and precipitation ofDNA in vitro have thus
been extensively studied, and a wide range of conditions
that cause DNA to collapse into compact structures have
been discovered. Trivalent metals (Gersanovski et al., 1985;
Tajmir-Riahi et al., 1993), metal complexes (Widom and
Baldwin, 1980, 1983; Schellman and Parthasarathy, 1984),
polyamines (Chattoraj et al., 1978; Gosule and Schellman,
1978; Wilson and Bloomfield, 1979), and basic proteins
(Clark and Thomas, 1986; Garcia-Ramirez and Subirana,
1994) have been found to be very efficient. On the contrary,
monovalent and divalent cations like Na+ and Mg2+ are
unable to condense DNA except in the presence of organic
solvents like methanol, ethanol, etc. (Gosule and Schellman,
1978; Wilson and Bloomfield, 1979). However, these cat-
ions are able to induce the condensation and precipitation of
chromatin (DNA-histone complex) (Ausio et al., 1984; Wi-
dom, 1986; Marquet et al., 1988; Fredericq et al., 1988,
1991). This explains the chromatin hypercondensation ap-
pearing in normal cells submitted to a hyperosmotic shock
(Delpire et al., 1985). Such dramatic changes resulting in
cell death do not appear for cells of euryhaline invertebrates
and some others cells like renal papillary cells, where the
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presence in the intracellular medium of low-molecular-
weight organic compounds (glycine, taurine, proline, man-
nitol, sorbitol, etc.) called organic osmolytes (Gilles, 1988)
seems to prevent such structural modifications.
Our laboratory, already involved in the study of nucleic acid

condensation mechanisms (Gersanovski et al., 1985; Marquet
et al., 1985, 1986, 1988; Fredericq et al., 1988, 1991; Marquet
and Houssier, 1991), has included the investigation of this
protection effect in its current research. The study of the
influence of these organic osmolytes on the condensation and
precipitation of nucleic acids in vitro has a double interest.
From the biological point of view, this would yield information
about the in vivo condensation/decondensation processes and
could help to explain the mechanisms of resistance of cells to
osmotic stress. From the physical point of view, this would
lead to a better understanding of the behavior of charged
polymers in solution. Indeed, DNA is a highly charged poly-
anion and is a good probe for studying the influence of cationic
and organic substances on polyelectrolyte behaviors in solu-
tion. Moreover, the results obtained would probably make it
possible to improve the models used to describe polyelectro-
lyte behavior.

Condensation and precipitation experiments in vitro have
thus been conducted in the absence and presence of these
osmotic effectors. Buche et al. (1989, 1990, 1993) have shown
that these organic osmolytes were able to hinder chromatin
precipitation induced by NaCl, KCI, CaCl2, or MgCl2. We
have obtained a similar protection effect in the study of glycine
addition on the DNA precipitation induced by spermine4+,
spermidine3+, and Th3+ (Flock et al., 1995). To explain this
glycine protection effect, we have considered the increase of
the medium dielectric constant resulting from the addition of
this compound to a DNA solution. As a consequence, some
counter-ions would be ejected from the DNA condensation
layer, resulting in a decrease in DNA precipitation.

In this paper we have studied the DNA precipitation
induced by spermine4+ in the presence of different amino-
carboxylic acids (glycine, ,B-alanine, 4-aminobutyric acid,
and 6-aminocaproic acid) that display increasing dielectric
increment in aqueous solution (Cohn and Edsall, 1943).
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MATERIALS AND METHODS 0.75
Calf thymus DNA (Sigma Type I) was purified to reach a residual protein
content smaller than 1%. Stock DNA solutions at high concentration (about
2 g/liter) were prepared and dialyzed against cacodylate buffer (1 mM, pH
= 6.5). An extinction coefficient E(260 nm) = 6600 M-' cm-' was used
to determine their concentration.

Stock solutions of 2 M glycine (USB), 3-alanine, 4-aminobutyric acid,
and 6-aminocaproic acid (Fluka) were prepared in 1 mM cacodylate buffer
(pH = 6.5) and were stored at 4°C.

Different stock solutions (10-', 10-2, 10-3, and 10-4 M) of sper-
mine4+ (spermine tetrahydrochloride; Sigma) and spermidine31 (spermi-
dine trihydrochloride; Sigma) in 1 mM cacodylate buffer (pH = 6.5) were
prepared just before use and were stored at 4°C.

All samples were prepared by dilution of stock solutions in 1 mM
cacodylate (pH = 6.5) to attain a DNA concentration of about 130 ,uM in
mononucleotide residues (absorbance 1 at 260 nm for 1 cm path length).

For the precipitation experiments, the samples prepared by dilution with
gentle stirring were left to equilibrate for about 5 min at room temperature
before centrifugation at 5000 X g for 5 min. The amount of soluble
material was then obtained from the supernatant absorbance at 260 nm, and
at 400 nm to correct for turbidity. The percentage solubility is determined
as Sk = (AcoJA60) *100, where Acor is the supematant absorbance
corrected for turbidity and absorbance of aminocarboxylic acids and poly-
amines, and A(160 is the blank absorbance of DNA alone in the same
conditions.
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Counter-ion condensation theory

Several experimental techniques have been developed to probe the inter-
actions of small cations with macromolecules (Kwak, 1973; Bleam et al.,
1980; Mattai and Kwak, 1981; de Jong et al., 1987; Braunlin and Xu, 1992;
Andreasson et al., 1993; Ma and Bloomfield, 1995). Simultaneously,
numerous papers have been published in the field of the theoretical de-
scription of polyelectrolyte solutions (Manning, 1978; Anderson and
Record, 1990; Jayaram et al., 1994). Among these theories, counter-ion
condensation (Manning, 1978) has been widely used (Wilson and Bloom-
field, 1979; Clark and Kimura, 1990), presumably because of its simplicity
and its ability to predict with reasonable accuracy the various properties of
DNA in solution (colligative properties, transport properties, binding equi-
libria, melting temperature, etc.).

According to this theory, DNA is considered as an infinite line of charge
and is characterized by an axial charge density parameter: ( = q2/
(47re0EkTb), where q is the protonic charge, b the distance between two
charge groups (1.7 A for native DNA), E( is the vacuum permittivity, Er the
medium dielectric constant (Er = 80 for water at 20°C), k the Boltzmann
constant, and T the absolute temperature. For a DNA in water at 20°C, (
amounts to 4.2. The counter-ions are treated as point charges, and their
binding to the polyelectrolyte chain is nonspecific and delocalized. Under
these conditions, the extent of binding of cations to DNA is determined by
the balance between two opposing tendencies: i) the minimization of
electrostatic free energy through charge neutralization on cation binding;
and ii) the maximization of entropy through cation dissociation. At equi-
librium, only a fraction (F = 01 + n - On) of the DNA phosphate charges
are neutralized by counter-ion given by the following relationships:

ln(V(C -01Cd)y) +

1e-8 1e-6 1e-4 1 e-2

[M4+] (M)

FIGURE I (A) Changes in monovalent and tetravalent binding fractions

(01 (U) and 04 (-)) during DNA titration by a tetravalent cation. (B) Total
fraction F of DNA phosphate charges neutralized by counter-ions as a

function of the tetravalent cations concentration (Eqs. 1 and 2, with Cp
130 ,uM, C = 1 mM, and 4) = y =y 1).

where 0, and On are the number of M+ and M" ions, respectively, bound
per DNA phosphate charge; C,, Cn, and Cp are, respectively, the total
concentrations of M+, Mn11, and DNA; y, and 'Yn are the activity coeffi-
cients of unassociated counter-ions, and 't is the osmotic coefficient. V, the
volume per mole of mononucleotide of the region surrounding the polynu-
cleotide within which M+ and Mn+ cations are said to be "bound," is given
by V = 8 * 103 _.T * e * NA,(( - 1)b3 (V has the units dm3/mol
mononucleotide if b is expressed in meters) and K, the Debye screening
parameter, is given by K2 = 2 * 103 * Nav * (q2IEErk) - I, where Nav is
Avogadro's number and I the ionic strength computed from the salts
concentrations.

RESULTS

DNA precipitation and counter-ion
condensation theory

= - 2(1 - 0 -nOn)Oln(l
On

In
V(Cn OnCp)Ynj

e- kb)

= -2n(1 - 0 - nOn)oln(- e kb),

(1) In spite of the large number of studies that have appeared in
recent years on DNA condensation and precipitation (Ri-
emer and Bloomfield, 1978; Manning, 1989; Bloomfield,
1991; Marquet and Houssier, 1991), the mechanism of this
precipitation remains somewhat unknown. However, these

(2) studies have shown that these transitions are largely gov-
(2) enmed by the ability of counter-ions to neutralize the DNA

phosphate charges.
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On the basis of Eqs. 1 and 2, we have reported in Fig. 1 the
fraction of DNA phosphate charges neutralized by monovalent
(0k) and tetravalent (04) cations during the titration of a DNA
solution (130 ,uM) in a sodium buffer (1 mM). Starting at a
concentration of about 1 ,uM, the tetravalent cations progres-
sively replace the sodium ions condensed to DNA. This is
illustrated by the sharp decrease of 01 and the concomitant
increase of 04. However, the ejection of four M+ from the
condensation layer by one M4+ is entropically favorable. As a
consequence, an increase of the phosphate charge neutraliza-
tion from 76% at 1,uiM M4+ to 93% at 1 mM M4+ will appear
during the titration (Fig. 1 B).

Experimentally, Fig. 2 shows that 50% of DNA is pre-
cipitated in presence of 37 ,uM spermine4+. According to
the counter-ion condensation theory, this corresponds to
91% of DNA phosphate charge neutralization. This is in
good agreement with the observations of Wilson and
Bloomfield (1979), Yen et al. (1983), and Marquet et al.
(1985) based on DNA condensation/precipitation induced
by spermine4+ and by spermidine3+. This value can thus be
considered the percentage of phosphate charge neutraliza-
tion necessary to decrease sufficiently the repulsive electro-
static forces between macromolecules and thus allow their
precipitation due to attractive forces coming from the fluc-
tuating counter-ion atmosphere surrounding DNA (Guld-
brand et al., 1986) or from a hydration mechanism (Leikin
et al., 1993).
We must notice here that the DNA concentration does not

have a great influence on this threshold value: Wilson and
Bloomfield (1979) have obtained the same result with 3 ,uM
DNA solution, Yen et al. (1983) with 10 to 60 ,uM, and
Marquet et al. (1985) with 75 ,uM. However, the intramo-
lecular condensation is preferentially obtained at very low
DNA concentration (<15 ,uM) (Gosule and Schellman,
1978; Post and Zimm, 1982). At the concentration used in
this work (130 ,uM), the condensation is largely replaced by
an intermolecular aggregation.
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Dielectric constant effect

The fact that, in the presence of glycine, the concentration
of spermine required to produce DNA precipitation in-
creases (Flock et al., 1995) is interesting in relation to the
resistance of euryhaline cells to osmotic stress and to the
role played by the solvent in the polyelectrolyte behavior. In
the counter-ion condensation theory, the solvent is consid-
ered as a dielectric continuum. The only way to take into
account a solvent change is thus to modify the dielectric
constant. Because glycine is a zwitterionic compound at pH
6-7, its addition to a DNA solution increases the medium
dielectric constant. As the axial charge density parameter (
and the Debye screening parameter K are dependent of this
dielectric constant, such modification of the dielectric prop-
erties of the solvent changes the fraction of DNA phosphate
charge neutralized by counter-ions. We have compared in
Fig. 3 A the fraction of DNA phosphate charge neutralized
during a titration by a tetravalent cation for dielectric con-
stant values of Er = 80, 100, and 120. The phosphate charge
neutralization decreases when the dielectric constant in-
creases, so that more tetravalent cations have to be added in
a solution of higher dielectric constant to reach the required
level of phosphate charge neutralization producing DNA
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FIGURE 2 Percentage solubility of DNA (130 ,uM) as a function of

spermine4+ concentration. 0, DNA alone; *, in 1 M glycine; A, in 1 M

,B-alanine; V, in 1 M 4-aminobutyric acid; *, in 1 M 6-aminocaproic acid.

FIGURE 3 (A) Total fraction F of DNA phosphate charges neutralized

by counter-ions as a function of the tetravalent cation concentration for

different dielectric constants Er (Eqs. 1 and 2, with Cp = 130 ,uM, Cl = 1

mM, and = -yi = y4 = 1). (B) As in A, but for a titration by a trivalent
cation.
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aggregation. Moreover, for a sufficiently high dielectric
constant we can suppose that the threshold value would not
be attained, however high the tetravalent cation concentra-
tion is, and so DNA precipitation would thus become im-
possible (see also the change in the threshold value with
dielectric constant later in this section).
To verify this theoretical prediction, we have studied

DNA precipitation by spermine4+ in the presence of differ-
ent aminocarboxylic acids: glycine, f3-alanine, 4-aminobu-
tyric acid, and 6-aminocaproic acid. The dielectric constant
of their solutions increases linearly with the number of
methyl groups between the amino and carboxyl groups
(Cohn and Edsall, 1943). Fig. 2 shows that these compounds
have a marked effect on DNA precipitation: the solubility
curve of the macromolecule is moved to greater polyamine
concentrations in the presence of these zwitterionic com-
pounds. In Fig. 4 we have displayed the spermine4+ con-
centration necessary to reach 50% DNA precipitation as a
function of aminocarboxylic acid concentration. It is clear
that the efficiency of these compounds increases with their
concentration and their charge separation. The largest effect
is thus found with 1.5 M 6-aminocaproic acid, which pre-
vents DNA precipitation by spermine4+ up to 0.02 M (the
highest concentration tested).
The order of efficiency of these compounds can be cor-

related with their dielectric constant increments, namely:
22.6 for glycine, 34.6 for ,B-alanine, 51 for 4-aminobutyric
acid, and 77.5 for 6-aminocaproic acid (Cohn and Edsall,
1943). On the basis of these data we can see that 50%
precipitation is obtained with approximately the same sper-
mine4+ concentrations when the solution displays the same

dielectric constant: 64 and 53 ,uM in the presence of 1 M
glycine (Er = 102.6) and 0.5 M /3-alanine (Er = 97.3),
respectively; 104 and 97 ,uM in the presence of 1.5 M
glycine (Er = 113.9) and 1 M /3-alanine (Er = 114.6); 203
and 223 ,uM in the presence of 1.5 M ,3-alanine (Er = 131.9)
and 1 M 4-aminobutyric acid (Er = 131.0); 1160 and 1760
,uM in the presence of 1.5 M 4-aminobutyric acid (Er =

156.5) and 1 M 6-aminocaproic acid (Er = 157.5). Fig. 5
shows the concentration of spermine4+ necessary to induce
50% DNA precipitation as a function of the calculated
dielectric constant of the corresponding aminocarboxylic
solutions; the correlation between these two parameters is
manifest.

It has been shown above that in the absence of amino-
carboxylic acid, the precipitation of DNA appears when
91% of phosphate charges are neutralized by spermine4+.
Thus, on the basis of the experimental data, we have used
Eqs. 1 and 2 to calculate the fraction of phosphate charges
neutralized at 50% DNA precipitation (Fig. 6). Variation of
the resulting threshold value from 0.91 to 0.85 with the
dielectric constant is not surprising. Indeed, until now, we
have only discussed the effect of the increase in dielectric
constant on DNA phosphate charge neutralization. How-
ever, the coulombic repulsive forces between phosphate
charges of different DNA molecules are also dependent on
the medium dielectric constant. As the increase of this
parameter decreases the electrostatic forces, the repulsion
between phosphate charges must decrease and, in conse-
quence, the DNA precipitation appears for a lower phos-
phate charge neutralization.

Resolubilization of DNA by addition of
spermine4+ in the presence of
6-aminocaproic acid

It could have been supposed that an increase in spermine4+
concentration above the value responsible for 100% precip-
itation would not further change the behavior of DNA,
which would remain totally aggregated. Fig. 7 shows that, in
1 M 6-aminocaproic acid, an increased solubility of DNA
appears for a spermine4+ concentration greater than about
10 mM, and almost 100% of soluble DNA is found in the
presence of 60 mM spermine4+ and above. It is also im-
portant to notice that, like the protection effect, this resolu-
bilization is dependent on aminocarboxylic acid concentra-
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FIGURE 4 Spermine4+ concentrations required to reach 50% DNA pre-
cipitation as a function of aminocarboxylic acids concentration. *, glycine;
*, j3-alanine; A, 4-aminobutyric acid; V, 6-aminocaproic acid.
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FIGURE 5 Spermine4+ concentrations required to reach 50% DNA pre-
cipitation as a function of dielectric constant of the aminocarboxylic acid
solutions.
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FIGURE 6 Variation of the total fraction of phosphate charge neutral-
ized at 50% DNA precipitation with the dielectric constant of the amino-

carboxylic solutions (Eqs. 1 and 2, with Cp = 130,uM, Cl = I mM, =

y, = y4 = 1, and C4 given by the precipitation experiments).

tion. Indeed, 100%, 70%, and 4% of DNA is found to be
precipitated by the addition of 0.1 M spermine4+ in the
absence and presence of 6-aminocaproic acid (0.5 M and 1

M, respectively) (Fig. 7, right ordinate).
The soluble DNA found in these conditions has the same

UV and circular dichroism spectra as in the absence of
spermine4+ (not shown). No denaturation or transition to
another form than the B right-handed double helix can thus
be found to explain this resolubilization (it would be pref-
erabe to speak of increased solubility because we added the
aminocarboxylic compound before polyamine addition to
the DNA solution).

According to Eqs. 1 and 2, an increase in the tetravalent
cation concentration over about 1 mM slightly decreases the
fraction of phosphate charges neutralized (Fig. 1). Thus, for
a sufficiently high spermine4+ concentration, a decrease in
the phosphate charge neutralization under the threshold
value for DNA precipitation could be obtained, resulting in
a DNA resolubilization. However, as the decrease in the
phosphate charge neutralization with the increase of the
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M4+ concentration is small, the DNA resolubilization
would be possible only when the maximum of the neutral-
ization curve is close to the threshold value for DNA pre-

cipitation. This is probably why no resolubilization is found
in the absence of aminocarboxylic acid and why the effect
is more important in the presence of a higher concentration
of 6-aminocaproic acid.

If this explanation is correct, it should also be possible to
observe a resolubilization effect with DNA precipitation
induced by spermidine.3+ However, trivalent cations are

less efficient than tetravalent cations in neutralizing DNA
phosphate charges (Fig. 3). As the resolubilization phenom-
enon is expected to occur when the maximum of the neu-

tralization curve is close to the threshold value for a DNA
precipitation, it should thus appear in a medium of lower
dielectric constant with spermidine3+ (Fig. 3 B) rather than
with spermine4+ (Fig. 3 A). We have shown in a preceding
paper (Flock et al., 1995) that, in the presence of 1.5 M
glycine (q = 113.9), no DNA precipitation is detected for
a concentration of spermidine3+ up to 20 mM. The maxi-
mum of the charge neutralization curve (Fig. 3 B) is under
the threshold value at this glycine concentration. We could
thus suppose that for a slightly lower dielectric constant,
i.e., in the presence of 1 M glycine (F = 102.6), a resolu-
bilization effect would be visible. This is indeed what we

observed, as shown in Fig. 8: in 0.06 M spennidine3+
almost all of the DNA remains in solution in 1 M glycine.

DISCUSSION

Although obtained from rather simple precipitation experi-
ments, the above experimental data provide much informa-
tion about the DNA solutions and their polyelectrolyte
behaviors.

Dielectric constant and protection effect

The polyelectrolyte sensitivity to the medium dielectric
constant is manifest. Fig. 5 clearly illustrates the effect of an
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FIGURE 7 Solubility profile of DNA (130 ,uM) as a function of sper-
mine concentration in the presence of 1 M 6-aminocaproic acid (6-AC).

FIGURE 8 Solubility profile of DNA (130 ,LM) as a function of sper-
midine3+ concentration in the presence of 1 M glycine.

*lb

DNA + glycdne 1 M

1 460 Biophysical Joumal



DNA Precipitation

increase in this parameter: DNA becomes less sensitive to
the action of precipitating agents like polyamines when the
dielectric constant of the medium increases. Already in
1979, Wilson and Bloomfield had pointed out the impor-
tance of this parameter for the structural behavior of DNA
in solution. Indeed, Gosule and Schellman (1978) had been
unable to detect any evidence for DNA collapse in water by
using the divalent cations Mg2+ and putrescine2+. On the
contrary, by decreasing the solution dielectric constant by
adding methanol, Wilson and Bloomfield observed a DNA
condensation by these cations. They have also observed that
the spermidine3+ concentration needed to cause DNA con-
densation was reduced on going from water to methanol/
water mixtures. Recently, Arscott et al. (1995) have shown
that the critical concentration of cobalt-hexaammine3+ re-
quired to induce DNA condensation decreases from 21 ,uM
to about 16 ,uM as the dielectric constant decreases from 80
to 70.

In conclusion, DNA precipitation is largely dependent on
the dielectric constant of the solution, and the greater this
parameter, the more difficult it is to aggregate the macro-
molecule. From the electrostatic point of view, we can
assume that, in sodium salt solution, the strong repulsive
forces between phosphate charges of DNA molecules pre-
vent their precipitation. Thus, this transition appears only
when the negative charges are sufficiently neutralized by
the addition of multivalent cations. Therefore, the dielectric
constant increase acts at two levels:

i) As the electrostatic force is inversely proportional to
the dielectric constant, the repulsion between the remaining
phosphate charges decreases when this parameter increases.
The DNA precipitation thus occurs for a lower phosphate
charge neutralization.

ii) However, such a variation of the dielectric constant
decreases the neutralization of the DNA charges. In a first
approximation, we can see (Fig. 3) that the charge remain-
ing on a phosphate group at a given salt concentration
increases proportionally with the dielectric constant. Thus
the same amount of phosphate charge neutralization is ob-
tained for a higher cation concentration.
As a result, the total repulsion force between two mac-

romolecules would increase with the dielectric constant and
more multivalent cations would be necessary to aggregate
the DNA. Our experimental data are well explained on the
basis of these hypotheses: although the neutralization of
phosphate charges required to induce 50% DNA precipita-
tion slightly decreases with the dielectric constant (Fig. 6),
a larger concentration of spermine4+ is necessary to reach
this threshold value (Fig. 5).
A modification of the threshold value with the dielectric

constant has also been observed by Arscott and co-workers
(1995), but the slight increase in this threshold value (from
0.89 to 0.91, with methanol) with the slight decrease in the
dielectric constant (from 80 to 70) was not considered
meaningful. On the contrary, in our work, the large increase
in the dielectric constant (from 80 to 160) is clearer evi-

Some controversy over the nature of the forces responsi-
ble for DNA condensation has appeared in the literature
(Guldbrand et al., 1986; Marquet and Houssier, 1991;
Bloomfield, 1991; Leikin et al., 1993). The fact that differ-
ent zwitterionic compounds with different dipole moments
give rise to the same effects at the same medium dielectric
constant argues for an electrostatic explanation rather a
hydration force mechanism based on polarization of water
dipoles. This conclusion has also been reached by Arscott et
al. (1995) from their experiments in different alcohol-water
mixtures with Er = 80-70. In addition, activity coefficients
reported for glycine, ,B-alanine, and 6-aminocaproic acid
(Edsall and Wyman, 1958) are not correlated with the
observed protection effect. The possibility that the effects of
zwitterionic compounds come from their osmotic coeffi-
cients, as suggested by Buche et al. (1993) for glycine,
proline, and taurine, can thus be rejected. In conclusion,
experimental results reported in this paper and a previous
one (Flock et al., 1995) are well explained by considering
only electrostatic repulsive forces, and we believe that it is
not necessary to consider other forces, which have probably
a minor importance in the protection effect of aminocar-
boxylic acids.

In a forthcoming paper, we analyze by 23Na NMR the
effect of aminocarboxylic acids on the sodium condensation
layer of DNA. Results clearly demonstrate the decrease in
the amount of sodium ions in the vicinity of DNA with an
increase in the medium dielectric constant (in accord with
counter-ion condensation theory). As interaction between
DNA and spermine4 has been described as a loose elec-
trostatic interaction (Braunlin et al., 1982; Wemmer et al.,
1985; Besley et al., 1990), we can expect the same behavior
with this polyamine in the presence of zwitterionic com-
pounds, and work is in progress to check this hypothesis.

Ionic strength and the
resolubilization phenomenon

We turn our attention now to the variation of the fraction of
DNA neutralization with the cation concentration. Although
Eqs. 1 and 2 qualitatively explain the behavior of DNA in
the conditions of our precipitation experiments, the slight
decrease in the fraction of phosphate charge neutralization
when the multivalent cation concentration becomes higher
than about 1 mM is surprising (Fig. 1 and 3). Our experi-
ments seem to verify this theoretical analysis.
An explanation for that decrease has been found by

studying the role played by the ionic strength in Eqs. 1 and
2. For a titration by a tetravalent cation, we have seen (Fig.
1) that, after a sharp increase due to the displacement of
monovalent counterions, the fraction of phosphate charge
neutralized became invariant at moderate cation concentra-
tion and slightly decreased at high concentration. This pro-
file contrasts with the theoretical titration curve obtained by
taking a constant ionic strength in Eqs. 1 and 2 (I = 10-3):

dence of the variation in the threshold (Fig. 6).

Flock et al. 1461
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neutralized increases continuously with the tetravalent cat-
ion concentration (Fig. 9). We have also reported in this
figure the total fraction of phosphate charge neutralized
during a DNA titration by di- and trivalent cations. As for
tetravalent cations, when a constant ionic strength is used
for the calculation, the neutralization fraction increases con-
tinuously with the cation concentration, whereas an invari-
ance of this fraction is found at moderate salt concentration
when the cation concentration added is taken into account in
the ionic strength expression. For the trivalent cations, a
slight decrease in the fraction of phosphate charge neutral-
ization is also obtained at high salt concentration (Fig. 9 B)
and probably explains the resolubilization effect obtained
with spermidine3+. Such a neutralization decrease does not
appear when the titration is done with a divalent cation (Fig.
9 C).

Similar results are obtained when we study the neutral-
ization of phosphate charges in sodium salt solutions (Eq. 1
with On, = 0). When the ionic strength due to NaCl concen-
tration is used, the calculations predict a nearly constant
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FIGURE 9 Total fraction F of DNA phosphate charges neutralized by
counterions as a function of the N-valent cation concentration (N = 2, 3
and 4) for a concentration-dependent ionic strength I = C, + CN.(N2 +

N)12 (0) and a constant ionic strength I = 10-3 (U) (Eqs. and 2, with Cp
= 130 AxM, C, = 1 mM, and = y, = y4 = 1).

phosphate charge neutralization (76%) up to 0.1 M NaCl.
Above this concentration, an increase is observed. On the
contrary, the calculations made by considering a constant
ionic strength predict a continuous increase of the binding
fraction (Fig. 10). The effect of the increase of ionic
strength with salt concentration can be discussed in more
detail by analyzing this rather simple equation. When NaCl
is added to DNA, the free sodium concentration (Cl -
01 Cp) increases and the left member of the equation de-
creases. However, at the same time, we have an increase in
ionic strength that decreases the right member. As a conse-
quence,

if the left member decreases to a larger extent as com-
pared to the right member, the system will react by increas-
ing the sodium-bound fraction;

if the left and right members of the equation decrease in
the same way, no change in the fraction of phosphate charge
neutralization appears;

the left member could also become bigger than the right
member of the equation. In that case, the system will restore
the equality by decreasing the phosphate charge neutraliza-
tion.

In summary, whatever the valence of the cation used (1,
2, 3, or 4), the ionic strength increase with salt concentration
explains the invariance of the fraction of charges neutralized
at moderate salt concentration. This well-known invariance
has been experimentally verified by NMR and has been
called "the condensation limit." The ionic strength increase
also explains the slight decrease in the fraction of phosphate
charge neutralization when the tri- or tetravalent cation
concentration increases further.
A few years ago, Fenley et al. (1990) modified the line

model of Manning's theory to take into account the double-
helical array of B-DNA. They were surprised by the fact
that this model predicted a decrease in the binding fraction
as salt concentration increases. Considering that no experi-
mental data had evidenced such a behavior, they restored

0.95 -

0.90 -

L 0.85-

0.80-

0.75 -

0.001 0.01 0.1 1
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FIGURE 10 Variation of the DNA phosphate charges neutralized with
the sodium salt concentration for a concentration-dependent ionic strength
I = C, (i) and a constant ionic strength I = l0-3 (U) (Eq. 1, with On =
0, Cp = 130 j,M, and 4= y, = y4 = 1).
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the invariance of On in their theory by means of a distance-
dependent dielectric function. However, considering the
above discussion, we cannot categorically reject the idea of
a decrease in phosphate charge neutralization at high salt
concentration.

Similar "resolubilization" of short DNA fragments (130
to 600 base pairs) at high spermidine3+, spermine4+, and
cobalt-hexaammine3+ concentration (± 0.1 M) have re-
cently been observed by Pelta and co-workers (Pelta et al.,
manuscript submitted for publication). Two explanations
have been envisaged by the authors: i) a screening of the
short-range electrostatic attraction between multivalent ions
and DNA and ii) a charge reversal of the macromolecule (a
well-known phenomenon in colloid chemistry). Because
electrophoresis experiments have shown that the net charge
of DNA remains negative, they have rejected the last hy-
pothesis. Our results agree also, as discussed above, with a
screening effect. According to our views, "resolubilization"
occurs if the dielectric constant increment AEr is sufficient
for the total fraction F of phosphate charges neutralized to
decrease just below the threshold value for precipitation. If
AEr is too small, F will remain above the threshold and no
"resolubilization" will be possible. If it is too large, F will
remain below the threshold whatever the spermine' con-
centration, and precipitation of DNA will be impossible.
Thus, for AEr = 116.3 (1.5 M 6-aminocaproic acid) no
precipitation of DNA is detected up to 0.1 M spermine4+,
and for AEr = 77.5 (1 M 6-aminocaproic acid), the precip-
itation and resolubilization of DNA when spermine4+ con-
centration increases from 1 mM to 0.1 M are clearly appar-
ent in Fig. 7. Because of its lower charge, dielectric constant
increments required to observed the same effect with sper-
midine3+ are lower than for spermine4+: for AEr = 33.9 (1.5
M glycine) no precipitation of DNA is detected, and for AEr
= 22.6 (1 M glycine) the precipitation and resolubilization
of DNA are observed (Fig. 8). We have not observed a
resolubilization phenomenon for DNA in the absence of
zwitterionic compounds. This contrasts with the results of
Pelta et al. (manuscript submitted for publication) but can
probably be explained by the short length of the DNA
fragments used in their work.

Limitations to the counter-ion condensation
theory: arbitrary choice of V

It is important to notice here that the parameter V, the
volume of the region surrounding the polynucleotide within
which counter-ions are said to be "bound," is present in the
left side of Eqs. 1 and 2. Its value will thus influence the
equilibrium discussed above. We have reported in Fig. 11

the fraction of phosphate charge neutralized as a function of
the salt concentration for DNA in sodium salt solution.
Three different values of V has been used for these calcu-
lations: V = 643.3 cm3/mol phosphate (the value used in
this work), and half (321.6 cm3/mol) and twice (1286.5
cm3/mol) this value. The influence of this parameter is
clearly evidenced.
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FIGURE 11 Variation of the DNA phosphate charges neutralized with
the sodium salt concentration for different values of V (Eq. 1, with on = 0,

Cp = 130 uM, and = -YY= y4 = 1)

This figure summarises the main drawbacks of Man-
ning's theory: if we want to estimate the fraction of charge
neutralization at finite ionic strength, a priori knowledge of
the condensed phase volume V is necessary. However, we
have no way of determining this value. In the literature, the
bound volume is generally assumed to be constant and equal
to its limiting value for Cn -> 0. However, V given by this

method is a function of the valence and number of counter-
ions and co-ions in the salt formula (equation 13 of Man-
ning, 1978). It is thus difficult to choose a value of V when
different salts are present in solution.

In their equations, Wilson and Bloomfield (1979) have
considered different values of V according to the valence of
the cation considered. Using this method in our calculation
yielded results similar to those reported here and obtained
with V corresponding to NaCl solution. It does not affect the
discussion about the dielectric constant and ionic strength
effects at low and moderate salt concentration. However, at
high salt concentration, the slight decrease in the fraction of
phosphate charge neutralization with the increase in the tri-
and tetravalent cation concentration (evidenced experimen-
tally by DNA resolubilization) is replaced by an increase.

Possibility of control of the osmotic stress by a
variation of the intracellular medium
dielectric constant

The effect of dielectric constant change on the DNA pre-

cipitation is also found in the case of chromatin precipita-
tion. Indeed, Atchley and Bhagavan (1964), who studied the
aminocarboxylic acids effects on the solubility of crude
deoxyribonucleoprotein (DNP) extruded from malignant
mammalian cells, have observed that the addition of gly-
cine, 13-alanine, 4-aminobutyric acid, and 6-aminocaproic
acid significantly increased the solubility of DNP in 0.01
MgCl2. By a careful analysis of their results, we can see that
the same percentage inhibition of precipitation was obtained
for the same dielectric constant in solution: 15% and 12% in

V=1286.5 cm /mole

3
V=643.3 cm /mole

3
V=321.6 cm /mole
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the presence of 1.2 M glycine (Er = 107) and 0.8 M
f3-alanine (Er = 108), respectively; 23% and 25% in the
presence of 1.6 M glycine (Er = 116) and 1.2 M B3-alanine
(Er = 122); 82% and 80% in the presence of 1.2 M y-ami-
nobutyric acid (Er = 141) and 0.8 M E-aminocaproic acid (Er
= 142). These results suggest that the resistance in vivo of
euryhaline cells to osmotic stress is partially controlled by a
medium dielectric constant modification due to variation in
the concentrations of intracellular zwitterionic compounds
(glycine, taurine, proline, etc.). Such variation of osmotic
effector concentrations with the change in the osmolality of
the external medium of these cells is a well-known phe-
nomenon (Gilles, 1988).

CONCLUSION

Experiments conducted in this work with zwitterionic com-
pounds of different chain lengths make it possible to under-
stand the protection effect of glycine met in DNA and
chromatin precipitation experiments. Because of its zwitte-
rionic character, this compound increases the medium di-
electric constant of solution and produces a decrease of the
polymer charge interaction with counter-ions. In the formal-
ism of Manning's counter-ion condensation theory, this
corresponds to a reduction in the fraction of phosphate
charge neutralization, which explains why the polyanion
precipitation is hindered.
We have also shown that in the presence of glycine and

6-aminocaproic acid a complete resolubilization of DNA
appears at high spermidine3+ or spermine4+ concentration
(+ 0.1 M). According to counter-ion condensation theory,
the screening effect resulting from the ionic strength in-
crease with the polyamine concentration would be respon-
sible for this surprising behavior. Indeed, by increasing the
multivalent cation concentration we should increase the
phosphate charge neutralization. However, the ionic
strength concomitantly increases and the electrostatic forces
between phosphate charges and counter-ions decrease. For a
moderate salt concentration, the two effects would cancel,
resulting in an invariance of the counter-ion binding fraction
with cation concentration, as predicted by Manning's lim-
iting equation over a wide range of salt concentration and
verified experimentally. At high salt concentration, the ionic
strength effect would become more important and would
then explain the resolubilization phenomenon.

However, we have also shown that the competition be-
tween the cation concentration increase and the concomitant
ionic strength increase is dependent on the value of the
volume of condensation layer used in the counter-ion con-
densation equations. This volume, introduced in the
counter-ion condensation model, is an ill-defined concept. It
is pictured as the volume surrounding the macromolecule
and containing the condensed counter-ions. Its value is
assumed to be constant and equal to its limiting value when
the salt concentration tends to 0. In this study, we have used
the binding volume corresponding to DNA in sodium salt at

infinite dilution. Using another value does not change our
conclusions, except in the case of the resolubilization ex-
periments: the decrease in the charge neutralization is not
predicted for a higher V.
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