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Precipitation of DNA by Polyamines: A Polyelectrolyte Behavior
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ABSTRACT Conditions of double-stranded DNA precipitation by the polyamines spermidine and spermine have been
determined experimentally and compared to theoretical predictions. The influence of the concentrations of DNA and added
monovalent salt, and of the DNA length has been investigated in a systematic manner. Three regimes of DNA concentrations
are observed. We clarify the dependence of these regimes on the monovalent salt concentration and on the DNA length. Our
observations make possible a rationalization of the experimental results reported in the literature. A comparison of the
precipitation conditions of different kinds of polyelectrolytes suggests a general process. Our experimental data are
compared to the “ion-bridging” model based on short-range electrostatic attractions. By starting from the spinodal equation,
predicted by this model, and using the limiting form of Manning’s fractions of condensed counterions, analytical expressions
of the precipitation conditions have been found in the three regimes. Experimental and theoretical results are in good

agreement.

INTRODUCTION

Ion condensation in the vicinity of DNA has been exten-
sively studied and has a drastic influence on DNA confor-
mation (for a review, see Bloomfield, 1997). Monovalent
cation condensation is implicated, for example, in the sta-
bility and the flexibility of the double helix. Condensation
of multivalent cations such as the polyamines spermine (4 ™)
or spermidine (37) stabilizes the DNA double helix (gen-
erally in its B-form) (Tabor, 1962; Gosule and Schellman,
1978) and leads to its precipitation (see, for instance, Razin
and Rosansky, 1959). Equilibrium dialysis studies indicate
that the interactions of these polyamines with DNA are
predominantly electrostatic (Braunlin et al., 1982).

In the presence of polyamines or other multivalent cat-
ions, a monomolecular DNA collapse can occur in a highly
dilute solution of long DNA chains (Widom and Baldwin,
1983), whereas multimolecular aggregation is generally ob-
served in more concentrated solutions, regardless of the
DNA length (Arscott et al., 1990). Porschke (1984) reports
the existence of two processes occurring in dilute solutions
of long DNA chains (A, T4, and T7): a fast reaction, in the
millisecond time range, associated with the intramolecular
collapse, and a slower reaction, with typical time constants
on the order of 100 s, assigned to a diffusion-controlled
intermolecular process. For measurement times larger than
these intermolecular times, it is not possible to experimen-
tally separate collapse and aggregation processes; this was
also observed by Widom and Baldwin (1983). The poly-

Received for publication 15 May 1997 and in final form 15 October 1997.

Address reprint requests to Dr. Eric Raspaud, Laboratoire de Physique des
Solides, CNRS URA DO0002, Université Paris Sud, 91405 Orsay Cedex,
France. Tel.: 33-01-69-15-53-51; Fax: 33-01-69-15-60-86; E-mail:
raspaud@lps.u-psud.fr.

Dr. Olvera de la Cruz’s present address is Department of Materials Science
and Engineering, Northwestern University, Evanston, IL 60208.

© 1998 by the Biophysical Society

0006-3495/98/01/381/13  $2.00

amine condensation in the vicinity of DNA can therefore
lead to an individual collapse (only for long chains), to a
multimolecular aggregation, and finally to a macroscopic
precipitation of the DNA/polyamines system. Precipitation
allows us to quantify ion condensation without the help of
sophisticated local measurements.

The precipitation or the aggregation induced by tri- or
tetravalent cation is not a consequence of the intrinsic
structure and flexibility of DNA, but is a common feature of
polyelectrolyte solutions. This is illustrated by two extreme
examples. First, a recent study by light scattering and elec-
tron microscopy shows that several rodlike biopolymers
(actin filaments, microtubules, etc.) form bundle-shaped
aggregates in the presence of multivalent ions (Tang et al.,
1996). In the second example, Delsanti et al. (1994) have
built, by visual inspection and light scattering, a phase
diagram for solutions of a synthetic polyelectrolyte, poly-
(styrene-sulfonate) (PSS). Contrary to the actin filament,
this polymer is semiflexible, and in the studied concentra-
tion range, its persistence length is ~10 times smaller than
that of DNA (Spiteri et al., 1996). Furthermore, an excess of
multivalent cations leads to the redissolution of the aggre-
gated chains for both PSS (Delsanti et al., 1994) and DNA
(Pelta et al., 1996), and the phase diagrams of these two
polyelectrolytes are roughly similar. These experimental
results therefore clearly demonstrate that the common
mechanism leading to precipitation or aggregation is qual-
itatively independent of the polymer flexibility. As a con-
sequence, this common mechanism leads to collapsed
chains, aggregates, or pellets, the internal structure of which
may or may not be ordered, depending on the flexibility of
the molecule. The common feature among all of these
systems is, rather, their highly charged character, and this
strongly suggests that electrostatic attractions must be taken
into consideration to explain this mechanism.

In this work, we have used spermidine (3") and spermine
(4™) to precipitate DNA. The effects of monovalent salt
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concentration, DNA concentration, and molecular weight
on the phase diagrams are investigated and compared with
the results reported in the literature. A theoretical analysis of
the experimental data is carried out using the “ion-bridging”
model based on short-range electrostatic attractions devel-
oped by Olvera de la Cruz et al. (1995).

MATERIALS AND METHODS
Materials

Polydisperse (DNA) fragments (referred to here as “polydisperse frag-
ments”) were obtained as described by Sikorav et al. (1994) from a
selective digestion of calf thymus chromatin (Strzelecka and Rill, 1987).
The polydispersity of these fragments ranges from 50 to 10> bp. DNA
fragments with a narrower polydispersity were obtained by fractionation of
these polydisperse fragments. The lengths of these fragments (referred to
here as “150-bp fragments”) are between 130 and 600 bp, and 50% of them
are 146 = 7 bp (Sikorav et al., 1994). Bacteriophage A DNA (5 X 10 bp)
was purchased from GIBCO BRL, and T4 DNA (1.6 X 10° bp) was kindly
provided by Dorothée Jary (CEA/Saclay). All DNA solutions were exten-
sively dialyzed against a solution of TE buffer (10 mM Tris HCI, | mM
EDTA, pH 7.6), or TE + 25 mM NaCl (pH 7.6) buffer, or 2 mM NaCl (pH
5.1). The ratio A,40/A4,g, of the absorbances of DNA solutions measured at
260 nm and 280 nm was between 1.8 and 1.85, indicating a protein-free
preparation. NaCl, spermidine (3 HCI; Fluka), and spermine (4 HCI; Fluka)
were also dissolved in the same buffers.

Methods

Various amounts of polyamines were added to the solutions of DNA and
NaCl. Samples were then generally vortexed, incubated at room tempera-
ture for at least 15 min, and centrifuged at 11,000 X g for 7 min. The
concentration of DNA in the supernatant was determined by the measure-
ment of the absorbance at 260 nm. The precision of the relative absorbance
is evaluated to be 0.005, which corresponds to a relative error of less than
8% in all cases. This relative error depends only on the DNA concentration
and on its absorbance compared to the value 0.005. The concentration of
polyamines required to induce a precipitation or a redissolution was then
defined as the polyamine concentration at which the concentration of the
supernatant and the initial DNA concentration differ by more than this
relative error. We note that this definition differs from that used in previous
studies, where these concentrations correspond to the midpoints of the
transitions (half-point concentration between zero precipitation and the
maximum value obtained in precipitation). Fig. 1 illustrates the determi-
nation of the spermidine concentrations of precipitation Cp.;, and of
redissolution C,gjs. in the case of A DNA and 150-bp fragments. These
solutions were diluted in TE + 25 mM NaCl at a monomer concentration
equal to 9 X 107° mM and 0.9 mM, respectively (1 mg/ml of DNA
corresponds to 3 mM phosphate). The precision of such determinations
mainly depends on the number of experimental points. On average, the
polyamine concentrations Cpecip and Ciogissor. are determined within 15%.
We have compared the results obtained in that way and those obtained by
an increase of the incubation time and centrifugation force. For 150-bp
fragments at a concentration equal to 0.9 mM in TE + 25 mM NaCl, we
have performed measurements on samples vortexed, incubated for 1 week,
and centrifuged at 30,600 X g for 10 min. Results are plotted on Fig. 1. The
values of C,,ecip and Cyogiss01. Temain equal within 15%, but the percentage
of DNA remaining in the supernatant depends on the procedure. This
dependence on centrifugation conditions can be explained by a polydis-
persity of aggregate sizes.

In the case of high spermine concentrations, due to the absorbance of
spermine at 260 nm, a standard curve has been established from measure-
ments at 260 and 315 nm (Chayen and Denby, 1968). A linear relationship
was found between the two measurements, which allows us to subtract the
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FIGURE 1 Variation of the DNA percentage present in the supernatant
after centrifugation as a function of the spermidine concentration. The
spermidine concentrations Cpecip. a1d Cregis501. have been determined in the
case of a TE + 25 mM NaCl buffer, for A DNA at Cpyya = 9 X 1073 mM
(@), and for 150-bp fragments diluted at a concentration Cp, = 0.9 mM

centrifuged either at 11,000 X g (O) or at 30,600 X g (LJ).

spermine absorbance and thus to measure the DNA absorbance of the
samples.

In the case of solutions with a DNA concentration higher than 0.3 mM,
supernatants were diluted in TE + 200 mM or 500 mM NaCl to a range
measurable by optical density. This dilution allows us to determine the
precipitation in an extended DNA concentration range (over 3 decades for
150-bp solutions). In the case of solutions with a DNA concentration
higher than 9 mM, the C,;;..;, and Cogiss01. cOnCentrations were determined
by visual inspection. Indeed, as they are sufficiently concentrated, these
solutions are turbid or are even present as a pellet after vortexing in the

concentration range between C, i, and Cegissor -

RESULTS

Pelta et al. (1996) have found a precipitation of DNA at a
polyamine concentration C,,..;, increasing smoothly with
the DNA concentration Cpya, and a redissolution in excess
of spermine or spermidine at a concentration C,gjqo1. D€arly
independent of Cpyys. The phase diagrams of the two sys-
tems DNA/polyamine and NaPSS/La(Cl); or Th(NO;),
(Delsanti et al., 1994) were found to be roughly similar. We
present here a more detailed study and a comparison be-
tween DNA experiments.

DNA concentration and molecular weight effects

In Fig. 2, the spermine concentrations C,,..;, and Ciegissol.
are plotted as a function of Cpy, over 4 decades for the
150-bp fragments and over less than 2 decades for A DNA
in TE buffer. The concentration C,4;ss,, Was measured only
for the 150-bp fragments and found equal to 105 = 10 mM
over the whole DNA concentration range. For C,...,, dif-
ferent variations corresponding to three regimes are ob-
served. The three regimes are arrowed in Fig. 2. In the
intermediate regime, in a Cpy, range between 0.1 and 10
mM, values obtained for the 150-bp fragments and those for

A DNA superimpose. In addition, the spermine concentra-
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FIGURE 2 Spermine concentrations C.qip and € giss01. VErsus DNA
concentration. Precipitation and redissolution conditions were obtained for
solutions of 150-bp fragments (O) diluted in TE buffer and precipitation
conditions for A DNA solutions (®). The lines indicate three different fits:
solid line, constant ratio C,ecip/Cpna = 0.20 = 0.02; dashed line for the

precipitation, a power [aw Cypeeip. = Cpna®”’ = %% dashed line for the

redissolution of the 150-bp fragments, a constant C,gisor. = 105 £ 10 mM.
tion C..ip. increases linearly with Cpy,, and the ratio

Corecip/Cpna 1s found to be constant and equal to 0.20 =
0.02. In the following, we will refer to this intermediate
regime, where Cp..i,/Cpna 1S proportional to 0.2, as the
second regime or regime 2. The first regime (regime 1) is
observed at high DNA concentrations (above 10 mM). Here
the concentration C,;, deviates from the linearity, and the
concentration C,.., follows a power law of exponent
0.77 = 0.03 (indicated in Fig. 2 by the dashed line). As this
regime is observed for just over one decade in Cpy,, this
power law may be not effective. In this first regime, the
ratio Cp,ecip/Cpna 1s lower than 0.2. The third regime (or
regime 3) is observed at low DNA concentrations (below
0.1 mM in Fig. 2). Here the ratio C,,.;,/Cpna 18 larger than
0.2; the concentration C,,.;, increases smoothly with Cpya
and depends on the molecular weight. In this last regime,
the data may be fitted by a linear relationship C,,e.ip,, = @ X
Cpna 1+ B (fit not shown; this linear relationship does not

show up on the log-log plot of Fig. 2).

NaCl concentration effects in the three regimes

The influence of added NaCl on C,., (measured for
150-bp fragments) is illustrated in Fig. 3. In addition to the
increase in C,., With the NaCl concentration, one may
observe that NaCl does not affect C,,,.;, in the same man-
ner in the three regimes. In the third regime (for C, i,/
Cpna = 0.2, at low Cpya values), the spermine concentra-
tion Cpecip. becomes independent of Cpy,. The DNA
concentration range of the third regime increases with in-
creasing NaCl concentration. This effect has been reported
in the literature. For example, Hoopes and McClure (1981)
have found a spermine concentration C,,;, independent of
DNA concentration, over two decades, from 3 to 300 uM
and at “moderate” salt buffer (10 mM Tris HCI, pH 8, 0.1
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FIGURE 3 Effect of NaCl and TE concentrations on the precipitation
conditions. The 150-bp fragments were precipitated by spermine at differ-
ent NaCl and TE concentrations: [\], 2 mM NaCl; O, 10 mM TE; A, 10 mM
TE + 10 mM NaCl; [], 10 mM TE + 75 mM NaCl. The lines are similar
to those in Fig. 2.

mM KCI, 10 mM MgCl,). Widom and Baldwin (1983) have
observed a similar behavior in the case of highly dilute
solutions of A and 1/2A DNA chains collapsed by cobal-
thexamine; they found a cobalthexamine concentration re-
quired for the collapse (Cjjapse) that was independent of the
DNA concentration but dependent on the molecular weight.

In the first and second regimes (with Cpeci,/Cpna < 0.2
and C, /Cpna = 0.2, respectively), the addition of NaCl

recip.

has a fiiffgrent effect. The spermine concentration Cj...;, 18
independent of the NaCl concentration, and the DNA con-
centration range of the second regime shrinks with the
addition of NaCl. The independence of C,,;, of the mono-
valent salt concentration is noteworthy. It means that in the
first and second regimes, the spermine concentration re-
quired for precipitation or aggregation does not depend on
the kind of added salt, its concentration, or the DNA mo-
lecular weight.

In the third regime, another effect on C,,.;, is observed
at high Cy,cr- At Crginact = 110 mM, there is no more
detectable precipitation of the 150-bp fragments at the low-
est DNA concentration (9 X 107> mM). This Cpyy, thresh-
old, below which no precipitation occurs, increases with the
monovalent salt concentration; at Crp  nac1 = 210 mM, for
instance, DNA fragments at a concentration equal to 9 X
1072 mM do not precipitate. This threshold may be consid-
ered as the junction of the precipitation and the redissolution

curves, enclosing the phase separation region.

Conditions of precipitation and redissolution in
the third regime

The concentration C,.;, measured in the third regime is
plotted in Fig. 4 (for spermine) and in Fig. 5 (for spermi-
dine) as a function of the monovalent salt concentration
Crg 1 nact- For 150-bp and polydisperse fragments, the mea-

surements have been performed at various DNA concentra-
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FIGURE 4 Variation of spermine concentration C,,..;, as a function of

the added monovalent salt concentration in the first regime. The different
symbols correspond to different molecular weights: O, 150-bp fragments;
A, polydisperse fragments; @, A DNA; [\], T4 DNA.

tions, and for A and T4 DNA, only at 9 X 1073 mM. The
concentration C,..;, of multivalent cations increases with
Cresnact- These results are in agreement with those ob-
tained by Widom and Baldwin (1983) for cobalthexamine.
These authors reported a slope of 0.6 in a log-log plot of
Co’*(NH,), versus Na' concentrations. However, this
power law holds only for a limited range of Na™ concen-
tration (between 0.5 and 2 mM). At higher concentrations,
the slope is reported to increase, leading to a convex curve
similar to the curves obtained here. These results contrast
with those of Subirana and Vives (1981), which were ob-
tained for the same NaCl range. Subirana and Vives re-
ported the existence of a slope of 2.6 in a log-log plot of
spermine versus Na™ concentrations. Even if we consider
that this discrepancy is due to the mixture of monovalent
salts (10 mM TE + various amounts of NaCl), we do not
find a power law of exponent equal to 2.6 in the range where
the Tris-HCI concentration (10 mM) is negligible compared
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FIGURE 5 Variation in the spermidine concentrations, which makes it
possible to precipitate and to redissolve DNA in the first regime, as a
function of the monovalent salt concentration for different molecular
weights. The symbols are the same as in Fig. 4.
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to Cnacr- The only difference between the two experiments
is the presence of Tris-HCI, which in our case maintains the
pH of the solution at 7.6.

In Figs. 4 and 5, a similar increase in Cjyeqip, With Crpynac
is observed independently of molecular weight. It must be
recalled that because the fractionated and unfractionated
fragments are polydisperse, the concentrations C., and
Cleqissor. are mainly sensitive to the longest chains (equal to
600 bp and 10° bp, respectively). In Figs. 4 and 5, one notes
that the fractionation has an important effect on the Cpccip.
value. In return, the C,.;, values for polydisperse frag-
ments (=10 bp) are close to those measured for A and T4
DNA (within 30%). One may thus consider that the molec-
ular weight effect on C,,.;, is important for short DNAs
but is attenuated when DNA is sufficiently long. This effect
was previously obtained by Marquet et al. (1987) for DNA
lengths between 750 and 6000 bp.

In Fig. 5, the spermidine concentration of redissolution
Credissor. 18 also plotted as a function of Crg . nac) for 150-bp
fragments, A, and T4 DNA. Unlike C,.;,, the concentra-
tion C,.gisso1 decreases smoothly when Crpp o Increases,
and increases with molecular weight. In other words, the
coexistence range that constitutes the phase diagram is
broadened when the DNA molecular weight increases. This

feature is also observed for NaPSS (Delsanti et al., 1994).

Minimum of the DNA supernatant concentrations

As shown in Fig. 1, the DNA concentration in the superna-
tant may present a minimum Cp;, supernatane d€tectable by
absorbance measurement. As the value of this minimum
concentration depends on the centrifugation conditions (cf.
Methods), we have been interested in its variation rather
than in its absolute value. Using identical experimental
conditions (same incubation times and centrifugation con-
ditions), we have measured Ci, supernatane @ @ function of
the initial DNA concentration Cj;;, for different ionic
conditions. Results are plotted in Fig. 6 for the 150-bp and
the polydisperse fragments. Surprisingly, Fig. 6 shows an
identical increase in Cin supernatant With Cinigial, Whatever
the type of polyamine and whatever the monovalent salt
concentration. This increase is fitted by a power law with an
average exponent equal to 0.68 = 0.02 (close to 2/3). This
power law holds over 2 decades of Cj,;;,- For comparison,
a dashed line corresponding to the first bissectrice (of ex-
ponent 1) and to the limit of precipitation is also drawn in
Fig. 6.

For a given monovalent salt concentration, the concen-
trations of polyamines required for the maximum precipi-
tation of DNA chains are curiously found to be independent
of the initial DNA concentration (in the studied range) and
of the centrifugation procedure (cf. Fig. 1). Furthermore, in
the case of spermidine, the values of this concentration are
found to increase linearly with the monovalent salt concen-
tration (data not shown); these values, measured for the
150-bp fragments, the unfractioned fragments, and the A
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FIGURE 6 Minimum concentration of DNA in the supernatant for sam-
ples centrifuged at 11,000 X g as a function of the initial DNA concen-
tration. Symbols: For spermidine, 150-bp fragments diluted in TE + 25
mM NaCl (O) and in TE + 10 mM NaCl (V¥); polydisperse fragments in
TE + 25 mM NaCl (A). For spermine, 150-bp fragments diluted in TE +
200 mM NaCl (X), in TE + 150 mM NaCl (@), and in TE + 50 mM NacCl
((\). In all cases, the data are well fitted by a power law with an exponent
0.68 = 0.02, indicated by straight lines. The dashed line represents the first
bissectrice (C,, = Cinuar)s Indicating the precipitation limit.

in. supernatant

DNA, are aligned on the same straight line and are localized
in the middle of the phase separation lines C.;, and
Clredissol. (data not shown).

DISCUSSION

Polyelectrolyte aggregation or precipitation has long been
and is still extensively studied (see, for instance, Bungen-
berg de Jong, 1949, for a historical perspective, and Barrat
and Joanny, 1996, for a recent review). Because chains
carrying the same charges are expected a priori to repel each
other, the attractive force responsible for this self-assembly
must be due to the presence of counterions. In the case of
monovalent counterions, the existence of an attractive force
between two rodlike polyelectrolytes mediated by an over-
lap of condensed counterion sheaths has been proposed by
Ray and Manning (1994). Experimentally, aggregation in
standard conditions is generally not observed, except in the
experiments of Wissenburg et al. (1995), performed on
DNA fragments in concentrated solutions. In the case of
multivalent counterions, several theories have been devel-
oped to explain the chain aggregation or precipitation. The
common feature of these theories is the prediction of a
dominant local attraction (either via an electrostatic process
or via a chemical process known as complexation; Wittmer
et al., 1995). For instance, the electrostatic interaction re-
sulting from the fluctuations of condensed counterion con-
centrations in the sheath of two polyelectrolytes is expected
to be attractive at short distances on the order of the Bjerrum
length (defined in the following section) (Oosawa, 1971;
Barrat and Joanny, 1996). An “ion-bridging” model has
been developped by Olvera de la Cruz et al. (1995) to
account for the existence of an electrostatic attraction. This
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model relies on the existence of a random alternation of
negative and positive charges along the polyelectrolyte. In
this model, the different fractions of condensed ions are
determined using the Poisson-Boltzmann equations. This
model has been used to study poly(styrene-sulfonate) solu-
tions. More recently, Rouzina and Bloomfield (1996) have
developed another model, where the surface of the counte-
rion sheath is composed of a periodic alternation of positive
and negative charges. A spatial correlation of condensed
counterions belonging to two different polyelectrolytes is
observed, resulting in an electrostatic attraction. In this
article, we will consider a modified form of the “ion-
bridging” model, where the different fractions of condensed
ions are determined by Manning’s theory (Manning, 1978).

An “ion-bridging” model

This modified “ion-bridging” model describes the phase
diagrams of highly charged polyelectrolyte chains. It can
explain some of the features of the DNA phase diagram
shown in Fig. 2. The ion condensation notion, in the case of
linear chains, involves the classical structural parameter £ =
Ig/b, where Iz and b are, respectively, the Bjerrum length
and the distance between adjacent charges (for double-
stranded DNA, & = 4.2). The Bjerrum length /; corresponds
to the characteristic distance for which the electrostatic
interaction potential between two unit charges (e) in solu-
tion counterbalances their thermal energy (k7). According
to the model of ion condensation introduced by Manning
(1978), highly charged polyelectrolyte chains (HCPCs) are
chains with a distance b such that & > 1/|zz,,|, where z, and
z,, are the valences of the ions in the solution and of the
charged units of the chains, respectively. In HCPCs, the ions
condense along the chains, and the “ion-bridging” model
shows that the condensation of multivalent ions can lead to
the precipitation of the chains. The model presented here
incorporates the condensation of the ions along the HCPC
chains, and the resulting interactions in the equation that
determines the limit of instability of the homogeneously
mixed state (the spinodal line). The phase separation of this
homogeneously mixed state corresponds to its decomposi-
tion in two macroscopic phases, one rich in polymer and the
other rich in solvent.

We recall that the phase separation of a polymeric solu-
tion is described by two curves, the coexistence curve and
the spinodal curve. The first one is obtained by equating the
chemical potentials of all the components in the two phases;
it is computed from the first derivative of the free energy
and allows us to determine the composition of the two
phases. The spinodal line itself is obtained by setting to zero
0°F/a¢?, the second derivative of the free energy F with
respect to the polymer concentration ¢ (¢ = p,,a°, where p,,
is the polymer density and a is the size of the monomer).
The spinodal curve determines when the homogeneous one-
phase system is first unstable, i.e., when an infinitesimal
concentration fluctuation of infinite extension decreases the
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free energy of the system, resulting in its decomposition.
The spinodal line, however, gives only the limit of instabil-
ity of the one-phase region, and does not correspond to the
coexistence line, which occurs before the system is unsta-
ble. Starting from a one-phase region and progressively
decreasing the solvent quality, the system crosses the coex-
istence curve first, passes through the metastable region,
and finally crosses the spinodal line, to reach the spinodal
region (cf., for instance, de Gennes, 1979). When a system
is in the spinodal region, a fluctuation in the composition of
infinitesimal magnitude will initiate the decomposition (spi-
nodal decomposition). In contrast, when the system is be-
tween the coexistence and the spinodal lines, it is metasta-
ble, and the decomposition occurs only when a sufficiently
large composition fluctuation of a size bigger than a critical
nucleus occurs (i.e., there is an energy barrier to the decom-
position process).

In many cases, it is difficult to determine precisely
whether the decomposition limit observed experimentally
corresponds to the coexistence or spinodal curves, or if it is
located within the metastable or spinodal regions. For in-
stance, in the case of neutral polymeric solutions, Grosberg
and Kuznetsov (1992) have determined quantitatively the
theoretical phase diagram of polystyrene solutions and have
compared this diagram to the experimental diagrams. It
appears that, depending on the experimental groups and on
the degree of polymerization of the chains, the decomposi-
tion limits observed can correspond to any of the four
possibilities mentioned above (i.e., superimposition on the
spinodal or coexistence curves, or localization within the
metastable or spinodal regions).

In our system, the Flory-Huggins free energy of mixing
reads

FIkT = (¢/N)In ¢ + (1 — @)In(1 — @) + xo(1 — @) (1)

where y is the Flory interaction parameter, which describes
the solvent quality. In Eq. 1, the two first terms come from
the translational entropy of the chains and of the solvent
molecules, respectively, and the last term from the energy
term describing the interactions. In the limit of dilute poly-
mer concentrations, the spinodal line corresponding to the
second derivative, 9°F/d¢® = 0, is given by

1/(Npy) +v=10 (22)

and as explained above, the system is unstable (within the
spinodal region) when

1/(Np,) +v<0 (2b)

where v is the effective monomer-monomer interaction or
second virial coefficient. In neutral systems, v is equal to v,,
with

vo=a’(1 —2x) 3)

In fact, v = v, corresponds to the integral d*» of [I —
exp(— U(r)/kT)], where U(r) is the potential at a distance r
from the monomer. The integral from » = 0 to » = a, the
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monomer size, with a hard-core infinite potential, gives the
first term in Eq. 3, which is the volume of the monomers a°.
The second term, —2ya’, comes from the integral of the
effective van der Waals interactions per thermal energy, ¥,
for which [1 — exp(—U(r)/kT)] =~ U(r)/kT. Therefore, ac-
cording to Egs. 2a and 3, in neutral systems, the decompo-
sition is due to a competition of the translational entropy
terms of the chains and solvent molecules, 1/(Np,,) and a°,
respectively, with the net interaction .

In charged systems there are electrostatic contributions to
the second virial coefficient, v = v, + v'°. We shall
construct v°'°, assuming that when the polymers in the
solution are highly charged, the strong electrostatic attrac-
tion between the monomers and the ions in the solution
gives rise to the condensation of a fraction of the ions along
the polymer. Throughout this section we denote by sub-
script i the initial monovalent ions present in the solution,
before the high-valence salt ions are added, and by subscript
+ the high-valence salt added. The charge per monomer,
z,, = —1, is modified in the neighborhood of the condensed
ions (we assume here that b, the distance between charges,
is equal to the monomer size a). In the presence of mono-
valent ions (z; = 1 at a density p;) and other high-valence
ions (z, > 1 at a density p. ), a fraction f; and a fraction /.
of the monomers have a condensed ion of valence z; and z , ,
respectively. There are three types of monomers: A, B, and
C. Monomer A carries a monovalent condensed ion; mono-
mer B has no condensed counterions; and monomer C
carries a condensed ion of valence z_ . Therefore, the effec-
tive valences of the A, B, and C monomers are z, = z; —
1 =0,z = —1,and zo = z, — 1, respectively, and their
concentrations are py = fipm Ps = (1 — f1 — f)pm, and
pc = f+Pm The virial v'* must include all of the electro-
stactic interactions resulting from this condensation. For
example, the electrostatic virial coefficient between the C
and B particles is given by

Vert = fd37’{1 — exp( — Ucp(r)/kT)} 4)

where
Ucg(r)/kT = lgzczgexp( — kr)/r ®))

is the screened Coulombic potential and « is the screening
constant of the ions that contribute to screening of the
interactions between the C and B monomers in the solution.
Equation 4 is integrated, expanding the exponential. The
expansion up to first order in Ugg(r) gives the Debye-
Huckel approximation,

VeB DH — 47TIBZCZB/K2 (6)

Summing all of the contributions (vgg and v¢), weighted
by their probability, one obtains

V! = Aqlpz o/ K (7
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where z. is the average (effective) monomer valence after
the ions condensed,

Zer = (2ofs T zfi— 1) 3
which can also be expressed as

_ 2
DH —

where k., is the “screening” from the monomers,

Kgm = 4ml Bzszpm ©)

At the Debye-Huckel level of approximation, the electro-
static contribution to the left-hand side of Eq. 2a is always
positive. The effectively charged chains repel each other,
helping to stabilize the solution. The corrections to Debye-
Huckel due to electrostatic attractions (Ucg(r) < 0) are
large at short distances, because in that case exp(— Ucg(r)/
kT) is very large and a linearization (expansion until first
order in Ucg(r)/kT) is not appropriate. Integrating the sec-
ond order term in the expansion gives

V(cz})3 = = W(IBZCZB)Z/K (10)
This term must therefore be included when there are elec-
trostatic attractions, such as between the C and B mono-
mers. The contribution must also be weighted by the frac-
tion of such binary contacts, 2/, (1 — f, — f,). Because B
and C have opposite charges, they strongly attract each
other. These attractions are responsible for the precipitation
of the HCPC in the solution when ions of high valence
condense on the polyelectrolyte.

Adding the electrostatic virial coefficient,

vele = VPH —of (1 — £, — fi)m(lszezs) /K (11)

to the spinodal equation, we obtain the limit of instability of
a charged polymer solution:

1N + puve + K2/ — puf(1 — f — f)m(lgzczp)/k = 0
(12)

Equation 12 shows that even when the solvent (water) is a
good solvent (v, > 0), one can have segregation in effec-
tively charged chains (z. < 0) because of the short-range
attractions betwen the C and B monomers. From now on we
assume that initially, before the high-valence salt is added,
only the monovalent counterions that make the polymer
solution electrically neutral are present. Therefore, by elec-
troneutrality (pz + pnzm = 0), the initial monovalent con-
centration p; is equal to p,,. In the approximation that only
the free ions contribute to the screening, k> is equal to

K> = 4mly(Zpl + Zp- + 25 + pl) (13)

where p! and p', are the concentrations of free monovalent
counterions and free high-valence salt ions, respectively,
and p_ is the concentration of the counterions of the high-
valence salt added, p_ = (—z,/z_)p, = z,p,. (In Olvera
de la Cruz et al., 1995, it was shown that the condensed
counterions contribute to the screening but are weighted by
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a reduced factor, because they do not move all along the
system, but only along the polymer. Here this effect is
neglected.)

In this model it is necessary to find f; and /. to evaluate
the spinodal. The values of f; and f, in Eq. 12 must be
computed, in principle, from the free energy, equating the
chemical potentials of the condensed and free ions when the
system decomposes. These fractions, in principle, will be a
function of the chain conformation. There is, however, a
universal region where the solution of Eq. 12 is indeed
independent of the details of the system, such as chain
conformation. This region corresponds to a polymer in the
hypothetical case, where all of the high-valence ions added
to the solution are condensed along the polymer (f, =
p+/py), and where there are no condensed monovalent ions
(fi = 0). This region is quite workable when the added salt
consists of high-valence ions, because they are most at-
tracted to the strongly charged polyelectrolyte. The initially
condensed counterions (before the high-valence salt is
added) are therefore replaced by high-valence condensed
ions. In such circumstances, the effective charge of the
polymer is

Zgr = (zofs T zifi— 1) =zipi/pm — 1 (14a)

and

K= dmly(pm + zop1) (14b)

Because z.4 < 1, the transition must be at a salt concentra-
tion p, less than p,/z ., giving a value of p, at the spinodal,
denoted by p* . Substituting Eq. 14 in Eq. 12, we obtain the
spinodal line,

1N+ puvo + zop% Ipm — (1 + z,p% /py)

— p%(1 = p* lp)zy — DHal(pu[1 + z,p% Ipn])}2 = 0
(15a)

where p% is the value of the salt added at which the system
is unstable. In this region the first two terms are negligible,
and the above equation can be rewritten as

=D +x)" — Ax(1 —x/z,) =0 (15b)

where x = z,p* /p,, and 4 = (z, — DX (wlgp,) "z, .
Because p,, << I, x =1 — €, with e = [2'24(1 — 1/z,)]"?
— A(1 — 2/z,)/2"2, the model predicts an instability inde-
pendent of both N and the conformation at

pt = (pu/z N1 — (22 — DQalgp,) (1 — 1/z,)/z,]"
+ (24 — 1)2(7Tll33pm)1/2(1 - 2/Z+)/(21/ZZ+)} (16)

For example, for p,, = Cpya = 107 mM = 6.023 X 10~*
particles/A* in Fig. 2 (setting z, = 4 and Iy = 7 A in water),
we obtain p% (= Cypeeip) =~ 0.217p,,, whereas for p,, = 1
mM, p% ~ 0.194p,,. The approximation gets worse as p,,
increases.

Actually, this region is predicted by Manning’s model to

exist in the presence of high-valence salt. This model is
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applicable to an infinitely long charged polymer with a
charge density & > 1. In the case of only monovalent
counterions and high-valence salt ions, the model in its
limiting form predicts three regions, which we denote a, b,
and c, depending on the value of r, = z,p,/p,,. They are
related to the three experimental regimes in the manner
discussed below.

The three theoretical regions a, b, and ¢ are shown in Fig.
7 a, where we have plotted the fraction of initial condensed
monovalent counterions «; = pf®*¥/p; and the fraction of
condensed multivalent salt ions a, = p°>™%p, versusrt,. In
the absence of multivalent salt, », = 0, Manning’s theory
predicts the saturated fraction o = 1 — 1/&, which for DNA
is equal to 0.76 (¢ = 4.2). The added multivalent cations
replace first the initial condensed monovalent counterions,
and if we assume that a multivalent cation replaces z, initial
monovalent counterions, the value of «; then decreases

A

1-1/¢

0
r 1c r 2¢
+ +
region a b c
B region b
100 //
c - r 2¢ O
vq) ) + \ é O
£ region ¢ 00'
2 c.@' 1o
© P o
= qeg
o ;
001 L o ?1:,.- region a
| ] [ i |
0.01 1 100

(mM)

DNA

FIGURE 7 (a) Three regions of condensation of initial (monovalent)
counterions and added high-valency (multivalent) ions. The fractions of
initial condensed counterions (thick line) and the fraction of condensed
multivalent salt ions (thin line), a; = p>™p; and o, = p™Y/p,, respec-
tively, are plotted as a function of », =z, p,/p,,. (b) Localization of the
three regions a, b, and ¢ in the diagram (p,, = Cpnas P+ = Cypermine) and
comparison with the experimental data presented in Fig. 2 (O corresponds
to the 150-bp fragments diluted in TE buffer). The two parallel dotted lines
enclosing region b correspond to the two equations p, = p,(1 — 1/&)/z,,
and p, = p.(1 — 14z, €)/z.., given by the constant ratios 'S = 1 — 1/¢
and °C = 1 — 1/(z, §), respectively.
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linearly as r, increases, up to a ratio of r\°. At this ratio
(*'¢ = 1 — 1/&), all initial monovalent counterions are free
(the fraction «; becomes equal to 0), and only the multiva-
lent ions are condensed. This delimits the region a of
Manning, which for DNA and z, = 4 corresponds to p, <
0.19p,,. The value of «, in this region is equal to 1; that is,
all of the added multivalent ions are condensed. The value
of a, remains equal to 1 throughout the next region (region
b), given by r'¢ < r. < %S, where °C = 1 — 1/(z,§)
corresponds to the saturation limit of multivalent cation
condensation. For DNA and z, = 4, region b is given by
0.19p,, < p, < 0.235p,.. For r, > r°C, a, decreases and
should tend toward zero when the amount of added multi-
valent salt is very high. Compared to the DNA concentra-
tion, the multivalent salt is in excess, and the concentration
of free multivalent cation increases linearly with its total
concentration. This region is denoted by region c. In Fig. 7
b we have plotted the three regions, a, b, and c, of the
Manning model in a log-log curve of p,, (= Cpna) Versus
P+ (= Cypermine) and superimposed an experimental curve
p% (= Cprecip.) taken from Fig. 2. This figure shows that the
region where p? is nearly p,, independent (the most dilute
polymer regime experimentally studied) corresponds to
Manning’s region c. Furthermore, the nearly linear relation
p% = 0.2p,, is confined to Manning’s region b, and the
more concentrated polymer regime corresponds to region a
of Manning. The three experimental regimes 1, 2, and 3 are
therefore located in the theoretical regions a, b, and c,
respectively. Below we solve the spinodal line, using Man-
ning’s theory in its limiting form in the three regions. The
distribution of the initial monovalent and added multivalent
cations is illustrated in Fig. 8 for the three regions.

Region a

In region a, both initial monovalent and multivalent cations
are condensed, and there are only monovalent cations free in
solution. Manning’s theory gives the fractions of monomers
having a condensed ions, f; = (1 — 1/§) — z,.p./p,, and
f+ = pi/py,- Therefore, the spinodal line is given by

UN + puvo + (1 /(pu(1/E + 22.p% /p,) — (/E+ (2 — 1)
DA al /([ 1/€ + 22, p% Ip, )} * =0 (17)

Clearly, the first two terms are negligible in this region. For
P, concentrations such that 7 is close to 7} but still with
1/€ < (z,. — Dp*/p,, Eq. 17 gives

ph = pal(E'2z,(z, — 1)°mly)"” (18)

When the concentration of polymer increases (p’ decreases),
we find the region (z,. — 1)p% /p,, < 1/€ < 2z, p*% /p,,, for
which Eq. 17 gives

Pl )z —

ph = pol(E2z,(z — 1)*mly)"” (19)

For DNA with salt valence ions z, = 4, when p,, = 10 mM,
Eq. 18 gives p*% = 2 mM, whereas for p,, = 100 mM, it
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gives p* = 12.8 mM, very close to the value given by Eq.
19, p?} = 12 mM. This is not unexpected, because this value
corresponds to a crossover for the applicability of Egs. 18
and 19. These equations are in close agreement with the
experimental results reported in Fig. 2. Indeed, experimen-
tally, in regime 1, one obtains a variation Cpecip =~
Cona 77509 for Cypermine/ Cona = 0.11 that is close to
the theoretical prediction given by Eq. 18, p* ~ p° for
p+/p, > 0.08.

For larger polymer concentrations, such that 2z p* /p,, <
1/& (a region not studied experimentally), Eq. 17 gives

Pt = PLNEG, — i ml)" (20)

Region b

In region b, the initial monovalent counterions are com-
pletely free and the added multivalent cations are all con-
densed. Manning’s theory gives, then, the values reported in
Eq. 14, and the spinodal line is therefore given by Eq. 16.
Inside this region, there is no constraint of saturated con-
densation (given by the limiting formulae of Manning), and
the spinodal line is independent of the charge density &.
Moreover, as in Eq. 15a, the term associated with the
translational entropy of the chains is negligible, which
means that the instability limit is predicted to be indepen-
dent of the molecular weight, in agreement with the results
presented in Fig. 2, in the second regime.

Finally, one may also note that in regime 2, the experi-
mental data on the precipitation lead to a constant ratio
Cypermine/Cona = 0.20 = 0.02, which suggests that there
exists a constant fraction f, of DNA phosphates carrying a
condensed spermine, regardless of the DNA concentration.
However, this idea is not consistent with the theoretical
model, which predicts a weak variation of the fraction /| =
pi/py (from (1 — 1/€)/z, = 0.19 to (1 — 1/(z, &)z, =
0.235. This variation, however, is experimentally undetectable.

Region ¢

In region c, the initial monovalent cations are all free, and
there are both free and condensed multivalent cations. Be-
cause Manning’s theory gives the constant saturation frac-

tion f, = (1 — 1/(z §)/zy = a,p,/p,,, the spinodal equa-
tion is given by

I/N + ppvo + pm/(Z+§)2/(p+Z+(1 +z)(1— ¢
- Bpxn/(P+Z+(1 + Z+)(1 - E))l/z = 0 (213)
where

€=punz: — V&= D/(zip(1 +2,)) (21b)
and

B = (mly)"*(1 = V(@ 9)1 — Uz + U E)(z: — 1)z,
(21c)

Notice that Eq. 21 has two solutions: p* and p**. For p* <
p. < p**, the left-hand side of Eq. 21a is negative, showing
the two-phase region of instability. This explains the redis-
solution as the salt concentration increases above p**

which is given by
i = B(U/(Npw) + voPz.(1 +2.) (22

suggesting that the redissolution is strongly dependent on
vo- The value of v, may change as salt is added, because the
van der Waals interactions are affected when the ions are
condensed along the polymer.

Because the precipitation in region c is at very low
polymer concentrations, the first two terms in Eq. 2la
cannot be neglected. In the limit of infinitely long chains
and for v, = 0, we obtain

PjZ+(Z+ +1)= 1/((Z+§)2B)2 + Pulzy — 1+ 1/§) (23)

which, when p,, goes to zero, p* is a constant equal to
3.7 X 10~* mM. Therefore, for DNA and z, = 4, Eq. 21
gives a linear relationship,

p%(mM) = 0.14p,, + 3.7 X 107* (24)
For finite N, the corrections are

Pf— =91+ 8z,(z, + 1)/(PmN)2(1 +28z,(z4 + 1)/(PmN)2)]
(25)

where

§=[v + Bzs — 1 + 1/9pnJA(B* = 2v/(Npp)z. (2. + 1)}
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and
v=1(z:8*— (z, — 1 + 1/§/N

It works for p* z, (z,. + 1)/(p,,N)*> << 1. For a typical value
(P, = 1072 mM), this approximation breaks down for N <
1000. Actually, at N = 914, independently of p,, 7y is
negative and other approximations are more appropriate.

In this region (c) or in the experimental regime (3), the
prediction of the precipitation and redissolution conditions
is delicate, because no term can be neglected in Eq. 21. This
is due to the presence of free ions, which screen the elec-
trostatic interactions. In particular, the screening due to an
excess of free multivalent ions prevents the phase separation
and induces a redissolution of the DNA chains.

In this context of strong screening, one can understand
why the two concentrations Cpecip. and Cgissor. depend on
the chemical nature of the added cations, as shown by Pelta
et al. (1996) for spermidine and cobalthexamine (both 3™
cations). This dependence is likely to originate from the
nonelectrostatic interaction terms (via v,). One can also
understand why the experimental concentrations C,,.;, and
Clredgissol. are sensitive to the molecular weight for small
DNA chains: we suggest that this dependence comes from
the translational entropy of the chains. However, the theo-
retical predictions (Egs. 22 and 25) do not quantitatively
account for the experimental dependence on the molecular
length of the two concentrations.

Indeed, according to Eq. 22, the redissolution concentra-
tion p** depends not solely on N, but also on the product p,,,
X N. This variation is not observed experimentally, because
the concentration C,.gio1. 15 found to depend on the molec-
ular length but not on the DNA concentration.

According to Eq. 25, the precipitation concentration p*
follows two kinds of variation with the monomer concen-
tration p,,: starting from very low p,, values, the concen-
tration p* sharply decreases and then increases slightly
when p,, increases. The smaller the length of the DNA
chains, the smaller the period of increasing concentration,
and it may even disappear. This prediction was not observed
experimentally, but perhaps we should use smaller frag-
ments.

In contrast, one expects that the junction between precip-
itation and redissolution lines occurs in the period of de-
creasing concentration. This was observed experimentally,
although the curve has not been established. In the case of
large N, the variations predicted by Egs. 22 and 24 are also
in good agreement with the experimental observations: the
concentration of redissolution is independent of the DNA
concentration, and the concentration of precipitation fol-
lows a linear relationship as a function of the DNA concen-
tration, Cpecip. = @ X Cpya + B

To summarize the comparison between theoretical and
experimental results, the analytical equations predicted in
the three regions (Eqgs. 16, 18, and 24) have been compared
in Fig. 9 to the experimental data obtained for 150-bp
fragments diluted in TE buffer and in 2 mM NaCl. Data
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FIGURE 9 Comparison between experimental data and theoretical pre-
dictions in the three regions (Eqs. 24, 16, and 18 in regions c, b, and a,
respectively). O, [\], 150-bp fragments diluted in TE pH 7.6 buffer and in
2 mM NaCl pH 5.1, respectively. V¥, Data deduced from figure 2 of
Porschke (1984) (A DNA solution in 4 mM NaCl, 4 mM sodium cacody-
late, pH 6.4).

determined by Porschke (1984) on A DNA are also included
in Fig. 9. The agreement is quite surprising. We conclude
that Manning’s model in its limiting form, together with the
simple spinodal equation, is in excellent agreement with our
results. To find the coexistence curve (i.e., the composition
of the two phases), the free energy must be computed; this
will be done elsewhere.

Further theoretical work is also required to take into
account the effect of monovalent salt (NaCl), which is
added experimentally. Because the concentration of added
monovalent salt py,c is lower than or of the order of the
multivalent ion concentration p,, the corrections are not
large, and the theoretical results in regions a and b do not
change. This is not the case for region c, which is very
sensitive to the addition of monovalent salt. For py,c; =
p., 1.e., in the experimental conditions, the theoretical sit-
uation becomes more complex and will be discussed else-
where. Actually, it can be considered that the addition of
NaCl implies that a fraction of these new Na™ ions will
condense, most probably changing the different fractions f°
and, consequently, the diagram shown in Fig. 7 a. As
mentioned by Olvera de la Cruz et al. (1995), the addition of
NaCl decreases the number of condensed multivalent coun-
terions, and NaCl participates in the electrostatic screening
via k, resulting in a decrease in the effect of the “ion-
bridging” attraction. We will come back to this point of
discussion later.

Comparison with the results reported in the
literature on DNA solutions

Most of the experiments reported in the literature have
been performed in the third regime, and the reported ratio
Cprecip/Cpna of the data is always close to or larger than
0.2. Moreover, the different characteristics of collapse, ag-

gregation, and/or precipitation conditions determined by the
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different authors are in good agreement with our observa-
tions in the third regime:

1. The concentration C,.;, is sensitive to the addition of
the monovalent salt and to the molecular weight of small
DNA chains (cf., for instance, Osland and Kleppe, 1977,
who report a molecular weight dependence on C.;, for
short d(A-T), fragments).

2. The concentration C,,...;, follows a linear relationship
with the DNA concentration of the type C, iivalent cation —
a X Cpya T B

The fact that some ratio Cp,...i,/Cpna Of the data given in
the literature remains close to but higher than 0.2 may be
explained by the difference in definition of the concentra-
tion C,eeipp.» corresponding in the present work to the onset
of precipitation, and in previous works to the midpoint of
the transition as explained above. The midpoint concentra-
tion must be used carefully, and only for transitions where
initial and final states are well defined. We think that this is
the case for the coil-globule transition, but not for the
coils-aggregates transition, because aggregates do not dis-
play a stable, well-defined size with time (cf., for instance,
the electron micrographs reported by Ma et al., 1995). The
DNA aggregates cannot be compared, for example, to sur-
factant or copolymer micelles, because there is no thermo-
dynamic reason to explain a well-defined size of the aggre-
gates. These aggregates remain in solution or precipitate
according to their size, and the aggregation process may be
compared to a macroscopic phase separation or to a demix-
ing process. On that account, the ratio of C,eimine/Cona
(with Cypermine corresponding to the onset of the transition
and therefore to the solubility line) reported in the literature
in low monovalent salt buffer may be in good agreement
with the value 0.20 £ 0.02. For instance, the ratio obtained
from Porschke’s experiments performed at 8 uM with A
DNA is equal to 0.185 £ 0.015 (Porschke, 1984), and that
from Marquet’s experiments, performed at 75 uM with
6000-bp DNA, is between 0.19 and 0.24 (Marquet et al.,
1985).

As already noted, most of the experimental results re-
ported in the literature correspond to the third experimental
regime, with py,c; => p, >> p,,. These are the conditions
that have been treated by Manning (1978), and indeed,
using Manning’s theory, one finds that both mono- and
multivalent cations are condensed when collapse (or precip-
itation) occurs (cf., for instance, Wilson and Bloomfield,
1979).

The hypotheses that have been used here to give a theo-
retical description of region c are different (py,c; = 0). As
a result, in our description, one finds only multivalent
condensed cations. This makes the connection between
Manning’s conditions and ours difficult. We have consid-
ered adding a fraction of condensed Na™ cations in region
¢ to approach Manning’s conditions. The difficulty is then
to find the limit of the applicability of such an approach. In
regions a and b, the precipitation conditions are found to be
insensitive to the concentration of added monovalent salt.
This implies that such an approach is of no benefit for the
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understanding of regions a and b. The applicability of this
approach seems to be restricted, therefore, to a portion of
region c, the boundaries of which are difficult to define.

Comparison with other polyelectrolytes

Similar experiments have been performed on other poly-
electrolytes and other multivalent cations. The different
studied polyelectrolytes may be viewed either as flexible
chains (single-stranded DNA and poly(styrene-sulfonate))
or as rodlike chains (actin filaments and microtubules).
Their highly charged nature constitutes their unique com-
mon characteristic. In all cases, the observations reported in
the literature are found to be surprisingly similar to those
made for double-stranded DNA solutions, regardless of the
flexibility. We have reported here some of the observed
characteristic features:

1. In the case of single-stranded DNA, Chaperon and
Sikorav (personal communication) have observed a redis-
solution in excess of cobalthexamine (3*) and of spermine
(4™), and an absence of aggregation at low Cpy, and at
high Cy,c- Experiments performed on macrocyclic bis-
acridine 1 (4") by Slama-Schwok et al. (1997) show a
concentration Cpyaregation independent of Cryy 4 and a strong
dependence of C,yqregpation On the molecular weight of the
short DNA chains. All of these observations are character-
istic of experimental regime 3.

2. In the case of poly(styrene-sulfonate), a constant ratio
Cprecip/Cpss has been found by Narh and Keller (1993) with
AICl; (3") and by Delsanti et al. (1994) with LaCl; (3)
and Th(NO;), (47). Delsanti et al. have also shown chain
redissolution and reported phase diagrams on their systems.
These diagrams are similar to the diagram plotted in Fig. 2,
and the solubility lines follow the same variation: a constant
ratio Cpecip/Cpss and a concentration C,g;s501. N€arly inde-
pendent of the monomer concentration. Moreover, the con-
stant ratio is found to be independent of the molecular
weight (between 4 X 10° and 1.6 X 10° g/mol). In the
presence of 50 mM NaCl, the authors have also observed
the characteristics of our regimes 2 and 3. In particular, in
regime 2, the ratio Cp,,..i,/Cpss is constant and independent
of the presence of added monovalent salt. This observation
indicates that in theoretical region b and in the presence of
added NaCl, one cannot include a fraction of Na* con-
densed ions, as discussed above.

3. In the case of actin filaments and microtubules, Tang et
al. (1996) have reported bundle formation by cobalthexam-
ine (3™) and polylysine (18 ™). They also found the different
characteristics of regime 3, for instance, an independence of
Caggregation With the molecular weight for the longest actin
filaments, and a concentration of microtubules following a
linear relationship of type @« X C + .

It should be mentioned that another parameter, different
from the flexibility, changes in all of the systems reported
here. As the polystyrene chain that constitutes the poly(sty-
rene-sulfonate) skeleton is well known to be highly hydro-
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phobic, one may think a priori that its precipitation results
from a neutralization of the sulfonate charged group and
then from the local repulsion between the skeleton and the
water. But, as noted by Olvera de la Cruz et al. (1995), this
argument is mistaken, because all of the polyelectrolytes
reviewed here are certainly not constituted by a hydropho-
bic skeleton. Thus the charge neutralization by multivalent
cations is not sufficient to explain the precipitation, and one
has to involve another process, such as an electrostatic
attraction. Although monovalent cations alone can induce
aggregation theoretically (Ray and Manning, 1994) and
experimentally (Wissenburg et al., 1995), we think that the
short-range electrostatic attractions in the presence of mul-
tivalent ions are responsible for the precipitation, as in the
model of Rouzina and Bloomfield (1996).

In conclusion, we found experimentally three regimes of
DNA concentration that have been explained theoretically
by the ion-bridging model, restricted to the case where no
monovalent ions are added:

1. At high DNA concentration (first regime), we found
experimentally that the conditions of precipitation do not
depend on the added monovalent ion concentration; they vary
as Ciivatent ions =~ Cona’” = %%, This variation is in good
agreement with the theoretical predictions. Moreover, we pre-
dict that the precipitation conditions depend only on the charge
density & of the chains. In these conditions, multivalent cations
are all condensed on the chains, whereas monovalent ions are
partly condensed and partly free in solution.

2. At low DNA concentration (third regime), the exper-
imental conditions of precipitation depend on all parameters
(molecular length and added monovalent salt concentra-
tiOl’l); they vary as Cmultivalent jons — & X CDNA + B The
dependences on these parameters and on the charge density
are expected theoretically. In the restricted case of no added
monovalent salts, precipitation occurs when only multiva-
lent cations are condensed, with both monovalent and mul-
tivalent cations free in solution.

3. In the medium range of DNA concentration (second
regime), we show experimentally that there is no depen-
dence on the polymer length or added monovalent ion concen-
tration; conditions of precipitation vary as Cypermine/Cona =
0.20 = 0.02, in good agreement with theoretical predictions.
We also predict that there is no dependence on flexibility or the
charge density of the polymer, or on the shape of the particle.
It is thus a universal regime that, in principle, could also be
observed with colloidal polyelectrolyte suspensions. The only
condition for the existence of this universal regime is a work-
able state in which all of the multivalent cations are condensed,
with no condensed monovalent ions.
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