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ABSTRACT We report a detailed comparison between calculations of inter-filament interactions based on Monte-Carlo
simulations and experimental features of lateral aggregation of bacteriophages fd and M13 induced by a number of divalent
metal ions. The general findings are consistent with the polyelectrolyte nature of the virus filaments and confirm that the
solution electrostatics account for most of the experimental features observed. One particularly interesting discovery is
resolubilization for bundles of either fd or M13 viruses when the concentration of the bundle-inducing metal ion Mg®™* or Ca®*
is increased to large (=100 mM) values. In the range of Mg®" or Ca®" concentrations where large bundles of the virus
filaments are formed, the optimal attractive interaction energy between the virus filaments is estimated to be on the order of
0.01 KT per net charge on the virus surface when a recent analytical prediction to the experimentally defined conditions of
resolubilization is applied. We also observed qualitatively distinct behavior between the alkali-earth metal ions and the
divalent transition metal ions in their action on the charged viruses. The understanding of metal ions-induced reversible

aggregation based on solution electrostatics may lead to potential applications in molecular biology and medicine.

INTRODUCTION

Many filamentous biopolymers such as DNA and protein
filaments are highly charged polyelectrolytes that frequently
occur in compact and ordered forms in biological systems
(Alberts et al., 1994). The common findings of lateral as-
sociation between these negatively charged filaments sug-
gest a general explanation based on solution electrostatics
(Pelta et a., 1996; Tang and Janmey, 1996; Tang et al.,
1996; Gelbart et al., 2000; Lyubartsev and Nordenskiold,
2002). Recently, much attention has been focused on theo-
retical predictions of the attractive interaction between like-
charged cylindrical polyelectrolytes in an agueous medium,
which isinduced by multivalent counterions (Ray and Man-
ning, 1994; Lyubartsev and Nordenskiold, 1995; Tang et al .,
1996; Rouzina and Bloomfield, 1996, 1997; Gronbech-
Jensen et al., 1997; Ha and Liu, 1997, 1998; Lyubartsev et
al., 1998; Shklovskii, 1999a,b; Gelbart et al., 2000; Nguyen
et al., 2000a,b,c; Nguyen and Shklovskii, 2001a,b).
Several approaches attempt to predict the interfilament
interactions between charged rodlike polyelectrolytes
(Philip and Wooding, 1970; Dewey, 1990; Rajasekaran and
Jayaram, 1994; Ray and Manning, 1994; Lyubartsev and
Nordenskiold, 1995; Sharp, 1995; Sharp et al., 1995;
Stigter, 1995; Rouzina and Bloomfield, 1996, 1997; Gron-
bech-Jensen et a., 1997; Ha and Liu, 1997, 1998; Lyubar-
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tsev et a., 1998; Shklovskii, 1999ab; Nguyen et al.,
2000b,c; Nguyen and Shklovskii, 2001a,b). The first step of
most theoretical analysesis the Poisson-Boltzman equation.
It has been well recognized, however, that no attractive
interactions can be produced based on the mean-field Pois-
son—Boltzman treatment unless some correlation between
counterions is introduced (Le Bret and Zimm, 1984; Guld-
brand et al., 1986; Anderson and Record, 1990; Nilsson et
al., 1991; Lamm et al., 1994; Gronbech-Jensen et a., 1997,
Gelbart et a., 2000). As first noted by Kirkwood and
Schumaker (1952) and treated by Oosawa (1971) using an
approximate analytical treatment, the net force between two
adjacent polyions might become attractive due to the cor-
related fluctuations in the ion clouds surrounding them.
Thus, when the average distance between two filaments of
like chargeislargein comparison with the diameter of small
ions, filament—filament attraction is related to the correla
tion of thermal fluctuations of the screening atmospheres
formed by the small ions. At smaller distances, the Manning
(1978) condensation of ions on the surface of charged rods
may lead to strong spatial correlations of ions (Rouzina and
Bloomfield, 1996; Shklovskii, 1999a; Nguyen et a., 2000a)
or even the formation of Wigner crystals (Gronbech-Jensen
et a., 1997; Shklovskii, 1999b). Independent of these ana-
lytical treatments, an electrostatic attraction for rodlike
polyelectrolytes has also been demonstrated using Monte
Carlo (MC) simulations for a system of hexagonally ordered
rodlike polyelectrolytes such as DNA (Guldbrand et al.,
1986; Nilsson et al., 1991) and filamentous phages (L yubart-
sev et al., 1998).

The long-standing interest in the mechanism of attractive
interaction for cylindrical polyelectrolytes has largely been
motivated by an attempt to understand the formation of
densely packed DNA that occurs upon addition of multiva-
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lent counterions, a phenomenon known as DNA condensa-
tion (Manning, 1978; Baeza et a., 1987; Arscott et al.,
1990; Bloomfield, 1991; Marquet and Houssier, 1991; Ma
and Bloomfield, 1994; Gelbart et al., 2000). Recently, a
number of other negatively charged rodlike biopolymers
such as F-actin and filamentous bacteriophages have been
shown to form laterally ordered aggregates, or bundles, due
to the presence of divalent and multivalent cations, some of
which are their natural counterions (Tang and Janmey,
1996; Tang et al., 1996, 1997).

Filamentous bacteriophages provide an ideal set of test
systems for the effect of electrostatics on the lateral asso-
ciation of highly charged rodlike polyelectrolytes. Two
closely related bacteriophages fd and M 13, for example, are
long and tiff rodlike particles with identical size but dif-
ferent surface charge density (Lyubartsev et al., 1998). Each
virusis coated by approximately 2700 copies of polypeptide
that cover the interior single-stranded, circular DNA, giving
the virion a length of 880 nm and a diameter of 6.6 nm
(Makowski, 1984; Day et a., 1988; Model and Russel,
1988; Tang and Fraden, 1995). The persistence length of
both viruses is greater than 2 um, alowing for the approx-
imation of them as straight rods, whereas the electrostatic
interaction between neighboring filaments is the focus of
consideration. M13 and fd differ by a single amino acid in
their major coat-protein subunit, a 50-amino acid helical
polypeptide (Day et a., 1988). Asaresult of this difference,
M13 has one negative charge less per subunit than fd,
corresponding to a 25-30% reduction in surface charge
density. The protein assembly of the virus particles is
known to near atomic resolution (Makowski, 1984) and the
intact viruses are structurally stable in solution over a wide
range of ionic conditions (Tang and Fraden, 1995). There-
fore, we use these viruses as a model system for testing
theoretical predictions of interactions between rodlike poly-
electrolytes.

Present analytical predictions of attractive interactions
are successful only at the qualitative level due to a number
of simplifying assumptions. Specifically, most analytical
treatments have not taken into consideration the finite size
of counterions and co-ions in solution. Such parameters,
along with the size and distribution of individual ions on the
macroions, can be considered in computer simulations (Ly-
ubartsev et a., 1998). We present in this paper a detailed
survey of lateral aggregation of fd and M 13 viruses induced
by a number of divalent metal ions. The experimental data
are compared with the results of grand canonical MC sim-
ulations taking into explicit consideration parameters such
as ion size and surface charge distribution of the virus
particles.

Our experimental findings are consistent with predictions
based on MC simulations in several aspects. First, divalent
cations such as Ca?* and Mg®" mediate sufficient attractive
interaction to cause lateral aggregation of both fd and M13
and the concentrations experimentally required agree with
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predictions of the onset of attraction based on computer
simulations within a factor of two. Second, the MC simu-
lations correctly predict that the divalent cation-induced
attractive interaction is stronger for the more highly charged
fd viruses, which require a lower concentration of the cat-
ions to form lateral aggregates. Third, the prediction that
counterions of larger diameter are less capable of mediating
attractive forces is supported by the experimental data,
considering hydrated ion size. Fourth, monovalent salt com-
petitively interacts with the charged filaments and acts to
reduce the attractive interaction mediated by the divalent
cations.

There are aso two novel findings of our experimental
study that are not directly accounted for by the predictions
of the computer simulations. First, we experimentally de-
tected solubilization of the virus bundles with excess diva-
lent cations on the order of a hundred millimolar. A more
explicit term of resolubilization is used throughout the paper
to describe the two-step phenomenon that the viruses ini-
tially dispersed in solution first form precipitating aggre-
gates and then disperse back to solution by increasing the
concentration of divalent counterions. The computer simu-
lations using an effective hydrated ion diameter yield in-
creasing attraction, whereas the opposite trend is required to
predict the experimentally observed resolubilization behav-
ior for the virus bundles. However, on the basis of addi-
tional simulations using a naked ion diameter, which dis-
play a decrease in attraction between the viruses as a
function of increasing divalent salt in the bulk, we obtain
support for the notion that effects on the ion hydration are
important for the resolubilization phenomenon. Second, we
found distinct features of bundle formation by divalent
transition metal ions including an opposite trend in thresh-
old concentrations required to bundle fd and M13 and no
resolubilization after bundles were formed. The possibility
of specific interactions between the ions and the virus
surface is discussed in addition to the general electrostatics.

MATERIALS AND METHODS
Preparation of fd and M13 viruses

The fd and M13 phages were both prepared by a standard method (Sam-
brook et al., 1989). Freeze-dried fd and M 13 and their host Escherichia coli
bacteria (strain K38) were purchased from the American Type Culture
Collection (Manassas, VA). A large amount of the progeny phages were
separated from the bacterial media by multiple steps of sedimentation and
resuspension, followed by afinal separation step using the cesium-chloride
density-gradient method. The virus suspensions were kept in alow ionic-
strength buffer containing 2 mM HEPES, pH 7.5, and 1 mM NaN,.

Electron microscopy

Electron micrographs were obtained with a JEOL 1200-EX transmission
electron microscope using 1% uranyl acetate for staining (Tang et 4.,
1996). The specimens were viewed and photographed at 100 kV and
50,000 magnification.
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Dynamic light scattering

Dynamic light scattering was performed with a Brookhaven Instruments
(Holtsville, NY) device consisting of a 10-mW He-Ne laser, a BI-160
goniometer, a photomultiplier connected to a BI-2030AT correlator, and a
computer to control the measurement settings and analyze the scattering
data (Janmey et al., 1994). The total scattering events and the intensity
autocorrelation counts were collected at the 90° scattering angle.

Electrophoresis

Agarose gel electrophoresis was used to measure the migration of intact
viruses under an electric field. Aliquots of fd and M13 solutions were
loaded into small wells cast in @ 0.8% agarose gel. The intact viruses were
then subjected to a constant electric field, and the distances of migration
were measured and compared. Instead of using ethidium bromide to label
the polynucleotide within the core of the viruses, we used Coomassie blue
to stain the protein coat after electrophoresis, which allowed convenient
viewing under visible light.

Static light scattering

Measurements of light scattering intensity at the 90° angle were performed
with a Perkin-Elmer LS-5B luminescence spectrometer (Tang and Janmey,
1996; Tang et a., 1996). Theincident wavelength was set to 365 nm (3-nm
dlit) and the scattered light was detected at 375 nm (3-nm dlit) to reduce the
signa level. A rectangular light-scattering cuvette of 10-mm path length
and 5-mm width held 600 ul of typically a 0.1 mg/ml virus solution. The
initial scattering intensities for the solutions of both fd and M13 viruses
were the same within experimental variation. Each subsequent reading
represents a scattering intensity measured when the solution reached a
steady state following an addition of a stock solution of concentrated
MeCl,, where Me represents any of the divalent metal ion species.

Optical microscopy

Large bundles of viruses were observed by means of a Nikon TE-300
microscope under the phase contrast mode with a 60X oil objective. The
images were taken using a Sanyo CCD camera with a 1.5X coupler. The
dimension of the optical field was calibrated using an optical micrometer.

MONTE CARLO SIMULATIONS

Monte Carlo simulations were performed for a model sys-
tem consisting of an infinite array of hexagonally packed
polyelectrolyte rods separated by a variable distance r (dis-
tance between the polyion surfaces) with mobile ions be-
tween them. The fd and M13 virions and the electrostatic
interactions have been modeled in the following way, as
depicted in Fig. 1 (Lyubartsev et a., 1998). The rods are
treated as infinitely long hard cylinders of diameter 6.0 nm
and with discrete negative charges at the surface of the rod.
Four negative elemental charges are assigned to represent
the effective net surface charge for each fd coat-protein
subunit. The positions of the four charges form a square of
10 A on each side, and the centers of such squares are
placed at the surface of the cylinder so that their positions
are consistent with the crystallographic packing of the sub-
units (Makowski, 1984). The only difference in the treat-
ment of the M 13 virion isthat each subunit is assigned three
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FIGURE 1 Schematics of the surface charge positions for the filamen-
tous phages fd and M13. Top Left, Positions of the protein subunits on a
segment of fd/M13 virus. Top Right, Helical net of the virion, viewed by
cutting and unfolding the cylindrical surface. One negative charge is
positioned at every corner of the small squares for fd (bottom left) or
triangles for M 13 (bottomright). All objects are drawn to scale as indicated
on the top right.

negative elemental charges placed to form a unilateral tri-
angle. This arrangement gives average axial linear charge
separations of b = 0.825 A and 1.1 A for fd and M13,
respectively. The solvent water is treated as a dielectric
continuum described by a dielectric permitivity e = 78 at
close to ambient temperature (T = 300 K). The mobile ions
and the rod charges are described as point charges g; = ze,
with a repulsive r 12 potential of effective hydrated diam-
eter d;. The value of d; is set to 4 A for the negative charges
on therod and for the monovalent mobileions of either sign.
The diameter d; for the divalent ions can be varied, and this
is then away to take into account not just the bare diameter
of the counterions, but also the effects of the solvent water
on the effective hydration of the multivalent ions in an
averaged form. The total potential energy of the system

(excluding the hard rod term) is
d +d\*
2r;; ’ (1)
wherer; = 1 —

i isthe distance between ionsi and j.
The calculations have been performed in a simulation
“box” with the shape of a hexagonal prism containing one
rod and of height h = 9.9 nm and side length L, defined by
the given variable rod—rod separation r, L = (r + a)/\V/3,

direqer;;

U= 9

i<i j
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where a is the diameter of the rod. Periodic boundary
conditions were applied in all directions, thus modeling an
infinite lattice of hexagonally ordered rods. The long-range
electrostatic interactions from the lattice of surrounding
cellswereincluded asin the previous work using the Ewald
summation method (Lyubartsev and Nordenskiold, 1995).
In the experiments, the well-defined salt concentration of
the bulk isin equilibrium with that of the ordered (bundled)
phase, whereas the salt content of the bundles is unknown
and determined by the condition of equilibrium between the
phases. Therefore, the MC simulations have been performed
within the grand canonical ensemble under the condition of
equal chemical potential in the phases obtained from sepa-
rate simulations of the bulk electrolyte solution (Lyubartsev
and Nordenskiold, 1995). The effective force between the
ordered rods is directly related to the osmotic pressure in the
rod system. The quantity of interest is the relative osmotic
pressure P, for a given separation between the rods,

Posm = Prod(r) - I:)bulk- (2)

Here, P,o4(r) is the pressure of the ordered rod phase at
separation r, and Py, isthe pressure of the bulk phase. The
pressure can be evaluated based on its thermodynamic re-
lationship as the derivative of the corresponding free energy
with respect to volume V. Within the grand canonical en-
semble, the pressure in either of the two systems (P, 4(r) or
Poui) 1S thus given by

9 In(2)
oV ' (3)

Tp

P=KT

Here, E is the grand canonical partition function, and w is
the chemical potential of the system. The right-hand side of
Eq. 3, which is related to the free energy derivative of the
system, has been evaluated using the expanded ensemble
method (Lyubartsev and Nordenskiold, 1995). Within this
method, theratio of partition functions at different distances
r is obtained by varying r within the MC procedure with
biased potential and calculating probability distributions
over r. Other details of the procedure have been published
previously (Lyubartsev and Nordenskiold, 1995).

In the simulations, the bulk has been modeled as a mix-
ture of 2:1 and 1:1 salt, MeX,/MX, where 7, = +2, z« =
—1 and z, = +1. The concentration of divalent salt has
been varied while the monovalent salt is kept constant at 2
mM. This is chosen to conform to the experiments where
the bulk consists of divalent salt MeCl, (where Me = Caor
Mg), as well as ~2 mM monovalent ions in the buffer.

RESULTS

Theresults of thiswork are organized into three parts. In the
first subsection, we characterize the closely related fd and
M13 viruses using three experimental techniques to estab-
lish their suitability for this study. In the next subsection,
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theoretical predictions from MC simulations are presented
with a group of six figures. The simulations results include
osmotic pressure curves for a number of conditions and
distributions of both counterions and co-ions at close to the
rod surface with the presumed hexagona packing. Major
experimental results are presented in the third subsection.
Features of the reversible bundle formation were measured
by static light scattering. The onset bundling threshold con-
centrations are summarized in Table 1 for a total of six
species of divalent metal ions. In addition to results based
on the light scattering detection, morphological character-
istics of the virus bundles measured by optical microscopy
are compared at selected conditions.

The selection of fd and M13 viruses as
model systems

To confirm the structural similarity and the quality of the
virus preparations used in our study, fd and M13 viruses
were imaged by electron microscopy using the widely-used
negative staining method. Fig. 2 compares the two viruses
under the same preparation conditions. The filament length
of fd is dlightly larger than M13 by only a few percent,
which is comparable to the experimenta error. The fd
filaments appear to be surrounded by more staining mate-
rials visible by close comparison of Fig. 2, A and B. This
slight difference between the electron micrograph imagesis
likely because fd particles are more negatively charged and
thus attract more uranium ions used for the staining proce-
dure. Aside from this difference, which varied depending on
the electron micrograph preparation, the two viruses appear
to be nearly identical in size and shape.

We further test whether the point mutation on each of the
major coat proteins of M13 aterstheir packing on the virion
enough to alter filament stiffness using dynamic light scat-
tering, a technique that has been used to measure the per-
sistence length of many filamentous biopolymers, including
fd and M13 (Loh et a., 1979; Maeda and Fujime, 1985;
Song et a., 1991) and the cytoskeletal protein filaments
F-actin (Janmey et al., 1994). Fig. 3 shows identical curves
for the normalized intensity autocorrelation function,
strongly suggesting that the two viruses display the same
stiffness in solution under thermal undulations. These mea-
surements are also consistent with previous light-scattering
studies performed by different laboratories, which obtained
the same persistence length of 2.2 um for fd and M13 (Loh
et a., 1979; Maeda and Fujime, 1985; Song et al., 1991).

One clear difference between the two viruses is that an
M13 virus is expected to carry ~30% less surface charge
than fd based on the biochemical analysis. The only differ-
ence between fd and M13 at the genetic level is a point
mutation in the gene V111, which expresses ~2700 copies of
the major coat protein subunits. As a consequence, the
aspartic acid residue of fd at position 12 from the N-
terminal end is replaced by asparagine for M13 (Model and
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FIGURE 2 Electron micrographs of (A) fd and (B) M13

viruses. Both images were taken with the same magnifica-

tion. The viruses were prepared under the same negative

staining procedure as described in the Materials and Meth- B
ods section.

200 nm

Russel, 1988). Position 12 is exposed at the viral surfacein
proximity with four other negative residues and one posi-
tively charged lysine at the end of the subunit exposed to the
solvent. Therefore, M13 is expected to carry approximately
Ya less surface charge at near neutral pH. The exact ratio of
the surface-charge density is expected to vary as a function
of pH. We confirm this prediction at pH 7.5 by electro-
phoresis (Fig. 4). The ratio of the travel distances between
the two viruses is determined to be 0.73:1 (M13:fd), which
is close to the predicted ratio of their surface-charge densi-
ties based on the molecular composition of the viruses. Note
that such an agreement is only approximately true for the
two viruses of identica sign and shape and under the
restricted experimental condition that only monovalent
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counterions are present. A detailed electrophoretic study of
fd and M 13 viruses with the presence of divalent counteri-
ons forms the subject of a separate ongoing study.

Monte Carlo simulations results

Osmotic pressure was calculated for two surface-charge
distributions, as described in the Monte Carlo Simulations
section, to mimic that of fd and M13. For both viruses, the
pressure curves are repulsive at low concentrations of diva-
lent cations. At increasing divalent counterion concentra-
tions, the pressure becomes less repulsive at intermediate
distances (~10 A). Above a threshold concentration of the
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FIGURE 3 Intensity autocorrelation function of fd and M13 viruses. The
data were collected using a dynamic light-scattering setup. The complete
overlap between two autocorrelation profiles suggests that the thin fila-
ments of the two types of viruses have most likely identical length,
diameter, and persistence length.

divalent salt, an attractive minimum is shown at ~11 A
spacing. Asshown in our preceding publication (Lyubartsev
et a., 1998), the attractive force appears when the concen-
tration [MeX,] in the bulk islarger than 25 mM for the case
of the fd virus. Additional increases of the divalent salt give
more pronounced levels of attraction. For M13, the onset of

Loading
Wells

M13

fd

FIGURE 4 Agarose gel electrophoresis of fd and M13 viruses. Theratio
of migration distance of the M13 viruses to the fd viruses is measured to
be 0.73. The viruses have identical size, and their mobility is found to be
proportional to their net surface charge as predicted by their molecular
composition.
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FIGURE 5 The calculated osmotic pressure P, as a function of rod—
rod surface separation r, for an array of hexagonally packed fd or M13
viruses. The simulations were performed for 50 mM divalent salt (MeX.)
with diameter dy,, = 5 A. A fixed ion diameter of 4 A was used for all
monovalent ions throughout the simulations.

attraction starts at a significantly higher concentration of
~70 mM divaent cations.

Figure 5 shows a close comparison between the pressure
curves of fd and M 13 with the divalent cation concentration
set at 50 mM with ionic diameter of 5 A. For the more
highly charged fd viruses, the osmotic pressure becomes
negative when the distance between the hexagonally packed
filaments of higher charge is in the range of 11-16 A. This
result suggests spontaneous formation of bundles. The pres-
sure curve remains positive for the less charged M 13 under
the same ionic conditions, suggesting no lateral aggregation
at this condition.

To evaluate the effect of the hydrated counterion diame-
ter on lateral interaction between the highly charged fd
filaments, osmotic pressure was calculated from the simu-
lations with ion diameters of 4, 5, and 6 A, respectively,
taking 35 mM as the concentration of divalent salt. A
monatonic reduction of the negative pressure region is seen
in Fig. 6 astheionic radius is increased. At a diameter of 6
A or above, the pressure curve remains positive through the
entire range of spacing, suggesting that no aggregation
occurs with counterions so large. Our simulations predict
that the onset of negative pressure is displaced from ~25
mM divalent salt to ~50 mM when increasing the divalent
ion diameter from 5to 6 A. A similar effect is observed for
M 13, in which case the divalent ion concentration for onset
negative pressure is increased from ~70 mM to 100 mM.

Solutions of biological polyelectrolytes often contain a
complex mixture of salts. Because monovalent sat is ex-
pected to interfere with the association of divalent counte-
rions with the polyelectrolyte, MC simulations were per-
formed for a fixed concentration of 100 mM Me*" of
diameter 5 A with various concentrations of monovalent
salt. The set of four curves shown in Fig. 7 shows that

Biophysical Journal 83(1) 566-581
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FIGURE 6 The calculated osmotic pressure P, as a function of rod—
rod surface separation r, for a large bundle of hexagonally packed fd
filaments. The different curves have been calculated for 35 mM concen-
trations of varying diameters of the divalent counterion diameter (dy,. = 4,
5, and 6 A), showing a diminishing region of negative osmotic pressure
with increasing counterion diameter.

increasing the concentration of monovalent salt reduces the
depth of the pressure minimum. This implies that, with an
increasing amount of monovalent salt present, a larger
concentration of divalent counterions is needed to induce
bundling.

The calculation of pressure was extended to the extreme
condition, in which hundreds of millimolar divalent metal
ions are present in solution. The purpose of this calculation
was to show whether a regime of resolubilization is pre-
dicted by the simple electrostatics alone. The set of four
curves in Fig. 8 A show a deepening region of negative
pressure up to 830 mM Me*" with 5-A effective hydrated
ion diameter. The position of attraction minimum also shifts
toward a shorter separation distance with the increasing
concentration of divalent ions. It should be noted that small
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FIGURE 7 The calculated osmotic pressure P, as a function of rod—
rod surface separation r, for a large bundle of hexagonally packed fd
filaments. The curves show four different concentrations of the monovalent
salt, whereas the concentration of divalent counterion is fixed at 100 mM.
The ion diametersare d,, = 5A and d,. = 4A.
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FIGURE 8 (A) The caculated osmotic pressure P, as a function of
rod-rod surface separation r, for a large bundle of hexagonally packed fd
filaments. The different curves have been calculated for varying concen-
trations of divalent counterions with diameter 5 A. A range of negative
pressure is shown for all concentrations of divalent ions above athreshold,
and the magnitude of attractive interaction grows with the concentration of
divalent cations. (B) Same calculations, except with the divalent counterion
diameter 1 A. The region of negative pressure becomes narrower and
shallower upon increase of the salt concentration.

kinks on the curves reflect statistical fluctuations of 0.3 atm
or so, which is deemed insignificant due to the limited
simulation size used. We have performed an additional
simulation at 500 mM divalent salt for a system using seven
polyions in the MC cell and obtained essentialy the same
result as for a single polyion (data not shown). As will be
discussed below, the experiments actually show resolubili-
zation of the virus bundles at high concentrations of divalent
salt, which is not predicted under the conditions used in the
simulations.

Additional simulations were performed to test whether
the failure of the simulations to predict resolubilization is
caused by the dehydration effect at high concentrations of
divalent salt. At very high concentrations of divalent coun-
terions, there are perhaps insufficient water molecules to
fully hydrate all the ions, and the hydration shells of theions
may be disrupted. This would suggest that, experimentally,
a very high divalent bulk salt, the effective hydration di-
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FIGURE 9 Density profile of divalent cations near fd filaments in a
hexagonal lattice of several lattice spacings. The ion density is plotted up
to the half |attice spacing. Note the curves appear rather flat inther < 35-A
region, and the ion density near the virus surface is ~1 M when the virus
filaments are larger than 7 A apart. The bulk concentration of the simulated
divalent cations is 50 mM.

ameter of all charged species is much smaller than 5 A. To
test this hypothesis, we performed a set of simulations for
small ion diameters of 1 A of all charged speciesin the bulk
for anumber of divalent salt concentrations. The results are
displayed in Fig. 8 B. The set of three curves clearly shows
atrend that the magnitude of osmotic pressure decreases
at high Me*" concentrations. This behavior is opposite
from the case of large (5-A) ion diameter when an in-
crease of the divalent salt concentration leads to further
increase of attraction.

One additional aspect of the simulation results is the
radial distribution of counterion density. The diameter of
the rod was chosen so that the center of Me?* ionsare 30 A
from the axis of the rod as they are in direct contact. The
calculated counterion density is shown in Figs. 9 and 10 as
a function of such a radial distance. Because of the pre-
sumed hexagonal packing, the calculated radial ion density
data are only meaningful up to the closest hexagonal cell
boundary, i.e, midpoint between the neighboring rods.
Nevertheless, the simulation results for the case of fd with
50 mM Me?* show that the ion density is rather flat within
the r < 35 A region, and the ion density near the virus
surface is ~1 M when the virus filaments are larger than 7
A apart (Fig. 9). Such a feature confirms the general pre-
diction of counterion condensation in the sense that the
counterion density does not decay exponentialy near the
rod surface as would be expected based on the simple
Debye screening effect. Even as the charged rods are packed
rather tightly, the counterion density does not reach much
above 2 M, a value till significantly lower than the solu-
bility limit. Figure 10 compares the density profiles of both
the divalent counterions and monovalent co-ions near the
surface of fd and M13 viruses. The virus filaments are
placed with a rod—rod surface spacing of 80 A, sufficiently
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FIGURE 10 Density profiles of the divalent counterions and monovalent
co-ions near the surface of fd and M13 viruses. The virus filaments are
placed with the rod—rod surface spacing of 80 A, sufficiently far away from
each other for this calculation so that the ion density distribution approx-
imates those surrounding a single filament.

far away from each other for this calculation so that the ion
density distribution approximates those surrounding asingle
filament.

Experimental results

Bundle formation induced by divalent alkali-earth
metal ions

The divalent cations of akali-earth metal elements have
complete shells of electrons and no chemical interaction
with polyelectrolytes other than the nonspecific electrostat-
ics is expected. To test the predictions of computer simula-
tions, a series of light-scattering measurements was per-
formed to locate and compare the threshold concentrations
of these ions required to induce lateral aggregation. All four
alkali-earth metal ionstested induce bundle formation of the
highly charged fd viruses. The order is shown in Fig. 11 A,
with decreasing potency in the order of Ca®" > Mg?* >
Ba®" > Sr?", and concentrations of 45, 65, 75, and 90 mM,
respectively, required to bundle the fd viruses. The calcium
ion, having the highest bundling potency in the series, isthe
only one capable of inducing bundle formation of the less
charged M 13 viruses (Fig. 11 B). The experimental results
are qualitatively consistent with the computer simulation
results showing the same trend of variation and threshold
concentrations expected in the range over 25 mM divalent
cations in solution. The bundling efficiency of the alkali-
earth ions does not scale simply with either their crystal or
hydrated ionic radii. In contrast, the hydrated radii of 4.5,
5.9, 3.7, and 3.7 A for Ca®*, Mg?*, Ba&", and Sr*,
respectively (Bianchi, 1968), are within the range where
simulations predict that fd virus should be bundled by them.
We aso note that different values are given for these hy-
drated ion radii in a few newer references. For instance, the
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FIGURE 11 Light-scattering intensity versus concentration of added al-
kali-metal ions, including Ca?", Mg?*, Ba®*, and Sr?*. (A) All four ions
induce bundle formation of fd filaments, but (B) only Ca?* induces bundle
formation of M13 filaments. The curves for Ba?" and Sr*" are as flat as
that for Mg®* (not shown in the figure for clarity).

hydrated ion radii of Mg®" and Ca?* are dlso listed as 5.72
and 5.39 A, respectively (Vericat and Grigera, 1982), and
552 A for Mg?" (Corti and Fernandez-Prini, 1986). It
appears from the existing literature that the exact radius of
a hydrated metal ion remains a rather poorly defined pa-
rameter (which is perhapswhy it isnot tabulated in the CRC
Handbook of Chemistry and Physics).

The light-scattering measurements show slow Kinetics of
fd aggregation near the threshold concentration of ions
required for the lateral association (Fig. 12). While sequen-
tially adding CaCl, into an fd solution, no aggregation
occurred until [CaCl, ] was 40 mM. Addition of CaCl,, to 45
mM led to a slow increase in light-scattering signal that
maintained a constant rate up to 24 min. At that time,
another addition of CaCl, to 50 mM markedly enhanced the
speed of the aggregation to reach a plateau level on atime
scale of 10 min. Further addition of CaCl, to 60 mM and
beyond caused no subsequent increase of the light-scatter-
ing signal, suggesting that the virus bundles have either
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FIGURE 12 Light-scattering signal monitored following each addition
of Ca?*. No meaningful data were obtained within the first 2-4 s, which
was required to mix the solution following each addition. Slow kineticsis
noted at 45 and 50 mM Ca®*, a narrow range that defines the onset
bundling threshold. The final values on al four curves were plotted in the
corresponding curve for the case of Ca?* in Fig. 11 A.

reached some average terminal size or grown large enough
to saturate the light-scattering signal detectable at the 90°
angle. When CaCl, was added to excess starting from a
concentration much below the threshold, we observed im-
mediate aggregation with a shorter time scale than a second
or so required to mix the added stock solution of CaCl,, with
the suspension of virus particles (data not shown).

The morphology of the large virus bundles was observed
by optical microscopy. Figure 13 compares bundles of fd
and M13 formed by addition of 100 mM CaCl,,. Both types
of the virus particles laterally aggregate into cylinders of
contour length much larger than the length of individual
viruses. The M13 bundles have shorter average length and
appear to be more disordered with more branched structure,
perhaps indicative of weaker attractive interactions in these
bundles.

The diameter of these large bundlesis rather well defined
asvisualized by optical microscopy. Very few much smaller
bundles were seen, which would still be well within the
detection limit of the microscope used. This observation
was also confirmed by low-speed centrifugation under cho-
sen conditions at which only large aggregates sediment.
When large bundles were observed by microscopy, nearly
al viruses sedimented into a pellet after centrifugation at
10,000 X g for 2 min.

We estimated the average diameter of fd bundles by
counting the number of virus bundlesin afield of measured
area under the microscope. The spread area of a 5-ul
suspension of fd virus bundles was measured to cover an
area of ~1 cm?. The total number of virus particles can be
calculated from the concentration (typically 0.1 mg/ml) and
molecular weight (16.4 X 10° for either virus). The number
of virus particles per bundleis therefore equal to the number
of virus particles in the sample divided by the number of
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FIGURE 13 Phase contrast microscopy images of (A) fd and (B) M 13 bundles, both induced by 100 mM CaCl,. Each bundle was determined to contain
thousands of virus filaments, and the average diameter of the tubular bundles is ~0.2 um. M 13 bundles are shorter and occasionally branch open toward

the ends, indicative of weaker interfilament association.

bundles determined. This number is estimated to be ~8.0 X
10* per bundle of an average length of 20 um or so. The
cross-sectional diameter is therefore estimated to be ~150
nm, assuming that the filaments are nearly close packed in
the bundle. We did not attempt to estimate the average
diameter of M13 bundles using this method, because the
M13 bundles are shorter, more branched, more distorted,
and thus harder to yield a reliable estimate.

To determine the effect of monovalent salt on bundle
formation, light-scattering measurements of bundle forma-
tion were performed with 0, 50, and 100 mM KCI, respec-
tively, before sequential additions of CaCl,. The onset con-
centration of CaCl, required for bundling was 45, 65, and
80 mM, respectively (Fig. 14). Such experiments were
performed for both viruses and with a number of divalent
metal ions, and the results are shown in Table 1. These
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FIGURE 14 Light-scattering detection of fd bundle formation by Ca®*
with three KCI concentrations of 0, 50, and 100 mM. The shift of the onset
bundling condition is consistent with the theoretical prediction that mono-
valent salt competitively reduces the bundling efficiency of the divalent
counterions.

results are in agreement with the theoretical predictions of
Fig. 7, which show that the attraction between fd viruses at
100-mM divalent metal ion concentration with effective
hydrated ion diameter of 5 A is reduced upon increasing the
concentration of the monovalent salt. Similar results are
known for the phenomenon of DNA condensation both
theoretically (Manning, 1978) and experimentally (Li et al.,
1998). The competition effect of monovalent salt is remark-
able, especidly in the case when the cationic species are
weak to induce bundle formation. Presence of 100 mM KCl
totally obliterated the bundle formation by Mg?*, Sr?*,
or Ba&*.

Bundles of fd and M13 were solubilized by an excess
concentration of divalent metal ions such as Ca®" (Fig. 15).
Similar results were reported for condensed DNA using the
trivalent cobalt hexamine and polyamines such as spermine
and spermidine (Pelta et al., 1996). The concentration range
of Ca?* for resolubilization is 300—430 mM for fd and
200—290 mM for M13. Bundles of the more highly charged
fd viruses require a higher concentration of CaCl, to dis-
solve than the less-charged M13 viruses. The range of
resolubilization concentrations is nearly independent of the

TABLE 1 Threshold concentrations (in mM) of six divalent-
metal ions for bundle formation of fd and M13
fd M13

[KCI] 0 50 100 0 50 100
[Mg**] 65 90 - - — —
[Ca?™] 45 65 80 60 90 -
[Sr2*] 100 140 - - — —
[Ba?"] 80 100 - - — —
[Mn?*] 20 275 35 15 30 35
[Co*™] 10 125 175 6 13 15

—, No bundle formation up to 500 mM divalent salt added.
—, Not tested because no bundle formation is expected based on the trend.
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FIGURE 15 Bundle formation and subsequent solubilization following
sequential additions of Ca2". The experiments are shown for both (A) fd
and (B) M13, each with three concentrations of monovalent salt KCI.

monovalent salt in solution, as predicted by a recent ana-
lytical treatment (Nguyen et al., 2000c). The other alkali-
earth metal ions also led to resolubilization of fd as they
caused bundle formation when the monovalent salt concen-
trations were low (Table 1). For example, the resolubiliza-
tion concentration of Mg?" is about the same as that of
Ca?*. The resolubilization concentration of Sr®* is ranged
250—300 mM, which is lower than that for Mg?* and Ca?".
Not only is the range of [Sr?*] within which fd bundles are
formed narrow, but also the scattering intensity does not
reach nearly as high as for the Mg?*- or Ca?*-induced
bundles. These results suggest that Sr*" is a weaker bun-
dling cation than Mg*" or Ca?™.

The analytical treatment by Shklovskii and co-workers
(Perel and Shklovskii, 1999; Nguyen et a. 2000c) can be
applied to the data shown in Fig. 15 to estimate the con-
centration of Ca®* at which the attractive interaction be-
tween the virus filaments in the bundles are strongest (N,)
and the interaction energy per virus surface charge (€). From
the fd curve without monovalent salt (Fig. 15 A), we take N,
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FIGURE 16 Light-scattering experiments of fd and M13 bundle forma-
tion by adding transition-metal ions Mn®* and Co®*. No solubilization
behavior is observed, in contrast to the results shown in Fig. 15 by adding
ca®".

= 45 mM as the onset bundling concentration, Ny = 400
mM as the onset solubilization concentration, and the virus
radius a = 3.5 nm, and follow the calculation described in
the reference to obtain N, = 158 mM and e/kT = 0.02.
Similarly, from the M 13 curve without monovalent salt, we
take N, = 60 mM and Ny = 280 mM, to obtain N, = 140
mM and e/KT = 0.013.

Bundle formation by transition metal ions

Divalent ions of transition-metal elements interact with fd
and M 13 differently from the alkali-earth metal ions. First,
the divalent transition-metal ions are more potent in causing
bundle formation. Concentrations on the order of 10 mM are
required for Mn?* and Co?* to bundle either fd or M13
(Table 1). These concentrations are a few-fold lower than
those required for bundling by Mg?* and Ca?". The con-
centration required for other transition-metal ions, such as
Cu?" or Zn**, is much lower (data not shown). The avail-
able estimates of the hydrated radii of transition-metal ions
are very similar to those of akali-earth metals. Corti and
Fernandez-Prini (1986) list theion diametersto be 5.0, 4.94,
4.92, and 4.86 A for Mn?*, Zn**, Co**, and Cu®", respec-
tively. This suggests that a higher ability of the transition-
metal ions to cause bundle formation is due to more specific
metal—protein interactions. Second, the threshold concentra-
tion of either Mn?" or Co®" to bundle M13 virusesis lower
than for fd. Thistrend is opposite to the case of alkali metal
ions (Table 1). Third, resolubilization did not occur when
excess transition-metal ions were added, but rather the light-
scattering signal decreased only slightly due to the dilution
effect (Fig. 16). Large aggregates persist even when the
concentrations of Mn?* and Co?* surpass 1M (data not
shown). All three features suggest a different mode of
interaction between transition-metal ions/viruses and alkali-
metal iong/viruses.
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The morphology of both fd and M 13 bundles induced by
transition-metal ionsis also markedly different from that of
virus bundles formed by akali-earth ions (Fig. 17, in con-
trast to Fig. 13). The bundles formed by 50 mM Mn?*
extended over 100 wm, with frequent loops intertwined in
huge aggregates. Such morphology is consistent with stron-
ger interactions among filaments within the bundles com-
pared to those induced by akali-earth metal ions.

DISCUSSION

A number of experimental techniques were used to charac-
terize the divalent metal-ion-induced aggregation of bacte-
riophages fd and M13, which are two model cylindrical
polyelectrolytes with identical size but distinct surface-
charge densities. Among the findings in this study are
resolubilization of virus bundles as the divalent counterion
concentration is increased to large (>100 mM) values, a
qualitatively distinct behavior between the akali earth-
metal ions and the divalent transition-metal ions in their
action to induce the bundle formation, and large but well-
defined finite bundle size. Very good agreement was found
between the concentrations of Mg®" and Ca?" required to
bundle both viruses, including the dependence of the thresh-
old concentration on monovalent salt, and the MC predic-
tions of the concentration for the onset of attraction, taking
into account a realistic size and charge distribution of the
viruses and the approximate diameters of the two hydrated
metal ions.

The dynamic light-scattering technique has been
widely used for determining particle size and diffusion
coefficients of a vast variety of macromolecules in solu-
tion. For the filamentous bacteriophages fd and M13,
dynamic light scattering was the primary technique used
to determine the hydrodynamic diameter, the transla-
tional diffusion coefficient (Newman et al., 1977), and
the persistence length of both viruses (Maeda and Fu-
jime, 1985; Song et al., 1991). In this study, we obtained
identical intensity autocorrelation profilesfor fd and M13
(Fig. 3). These identical intensity autocorrelation profiles
confirm the published results by different groups, giving,
within ~10% error, the same length, diameter, and per-
sistence length of the two viruses. The curves in Fig. 3
also fit well the most recent theoretical predictions for the
dynamic scattering of semiflexible polymers (Kroy and
Frey, 2000), and a detailed analysis was performed in a
separate study (Augustin, 1999).

Static light-scattering measurements provide a conve-
nient detection of lateral aggregation, i.e., bundle formation
of the filamentous viruses. Through sequentia additions,
the minimal concentrations required for bundling were mea-
sured for six species of divalent metal ions. To account for
these experimental findings, predictions based on the MC
simulations of attractive interactions are successful only at
the qualitative level, dependent on a number of simplifying
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FIGURE 17 Morphology of (A) fd and (B) M13 bundles induced by 50 mM MnCl,. The diameter of the tubules is comparable to the bundles induced
by Ca?*, as shown in Fig. 13. One distinctive feature here is that the tubular bundles surpass 100 wm in length, forming large looped and intertwined

structures.

assumptions. First, water molecules are not included in the
simulations, but instead, water is treated as a dielectric
continuum. Second, the position of the charged residues is
approximate and does not reflect the reality that these
charges are at the ends of the acidic amino-acid side chains
and are mobile in solution by at least several angstroms.
Third, estimated values are used for the size of both the
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counterions in solution and the ions fixed on the vira
surface. Fourth, the effect of hydration is approximated by
simple adjustment of ion size.

One result of the MC simulations is the deepening of the
negative pressure minimum with increasing concentration
of divalent counterions using a hydrated ion diameter of 5
A, which suggests enhanced stability of a large bundle.



Bundle Formation of fd and M13 Viruses

However, we experimentally observed resolubilization of
both fd and M13 bundles at concentrations of Ca?" ions
greater than a few hundred millimolar. The additional sim-
ulations performed with an ion diameter of 1 A give results
opposite to that for the hydrated ions. One possible reason
for such a behavior in the case of 1-A ion diameter is the
formation of microclusters consisting of one divalent and
two monovalent ions of opposite sign, aknown effect in the
primitive polyelectrolyte model (Weis et al., 1998). Such
microclusters, although contributing to the total salt concen-
tration, are neutral and do not contribute to the electrostatic
force between the polyion. Another reason (which is actu-
aly related to the first) is a substantially higher concentra-
tion of co-ions in the ordered phase, which suppresses the
fluctuation effect of divalent counterions. For example, for
the 0.5-M divalent bulk salt concentration and 10-A sepa-
ration between the polyion surfaces, the average concentra-
tionsof +2 and —1ionsin the ordered phase were 0.34 and
0.2 M for 5-A diameter and 0.38 and 0.3 M for 1-A
diameter, respectively. Although our data for small-ion di-
ameter do not fully account for the resolubilization effect
(the attraction does not disappear even at up to 1.7 M
divalent ion concentration), they clearly show atrend in the
right direction. The suggested explanations above are till
incomplete. For instance, because the effective hydrated ion
radius depends on the local salt concentration, it is aso
likely to be different between the ordered and the bulk
phases. Such an effect can only be treated by explicit
considerations of water molecules. Nevertheless, our data
strongly suggest that the resolubilization phenomenon is
likely caused by a complex interplay between pure electro-
statics and the hydration effect (Rau et a., 1984; |sraelach-
vili and Wennerstrom, 1996). A more complete theoretical
treatment of this phenomenon is beyond the scope of the
present work and we aim to investigate this further in a
future study.

A recent analytical approach by Shklovskii and co-work-
ers has qualitatively predicted not only the resolubilization
phenomenon but also a peak value of attractive interaction
(e) a a defined concentration of divalent counterions (No)
(Perel and Shklovskii, 1999; Nguyen et a., 2000c). As
mentioned by these authors, their treatment is highly ap-
proximate at high concentrations of divalent salt (Perel and
Shklovskii, 1999). This follows because they treat the in-
fluence of the divalent salt on the attractive force between
the condensed rods using a Debye—Huckel screening. Con-
sequently, resolubilization is aways expected at high
amounts of multivalent salt in the bulk due to reduction of
the Debye radius. By invoking our experimental data in
their analytical treatment, we estimated e to be 0.02 KT for
fd and 0.013 KT for M13, and N, to be 158 mM for fd and
140 mM for M13, al for the case of Ca®*-induced bundle
formation. Because each virus carries on the order of 10,000
charges on its surface, the interaction energy is on the order
of 100 KT per virus in the bundled state. This value agrees
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well with that estimated based on the results from the MC
simulations, showing a sub-atm negative pressure for over a
range of a few-angstrom spacing when filaments pack to
form bundles. Shklovskii and co-workers further propose
that the resolubilization phenomenon is due to the reversal
of surface charge (Nguyen et al., 2000c). We are currently
working on testing this latest prediction of charge reversal
using a number of electrophoretic techniques.

The comparison of electrostatic energy from the simula-
tions of this report and that performed in our previous report
(Lyubartsev et al., 1998) suggests that an infinitely large
bundle is more electrostatically favored than small ones
containing only two or three filaments. The simulation
results suggest that, at the onset of counterion-induced bun-
dling, the electrostatic interaction energy islower for alarge
bundle than for many small bundles, hence the large bundles
are more stable than the small ones. Such a prediction is
supported by electron microscopy, which detects bundles of
thousands of the virus filaments at a typical bundling con-
dition (Tang et al., 1996). In addition, a sharp rise in
light-scattering intensity by over an order of magnitude at
the transition of bundle formation also suggests that, at the
onset bundling condition, the lateral aggregation tends to
proceed to form large bundles. However, because the for-
mation of small bundles precedes that of larger ones, the
formation of small bundles as the necessary initial step may
pose a kinetic barrier for the formation of large bundles.
Indeed, we observed slow light-scattering increases that
took over an hour to reach stable readings within a narrow
range of concentration of divalent metal ions. It is aso
worth noting that, due to other effects, such as afree energy
barrier to add charged filaments to large existing bundles
(Ha and Liu 1998) or loss of orientational entropy accom-
panied by the growth of large bundles (Park et al., 1998),
bundles of finite final sizes may be expected and indeed are
consistent with our experimental observations at the quali-
tative level. The kinetics and stability of the bundle forma-
tion requires consideration of many physical effects includ-
ing those discussed above.

The six divalent metal ions tested in this study show no
evidence for specific chemical binding to either fd or M13
virus. However, the overall trend we observed agrees quite
well with the Irving—Williams series of stability, namely
Ba < Sr < Ca< Mg < Mn < Co (Irving and Williams,
1948). The only notable exception in our data is that Ca?™*
clearly induces bundle formation more potently than Mg®".
The uniquely large shell of hydration an Mg ion carries is
likely to account for its weaker bundling activity. This order
of bundling efficiency is the same as was observed for
bundling of actin filaments (Tang and Janmey, 1996). The
order is also identical to that of the binding affinity of these
metal ions to DNA detected by Raman spectroscopy (Du-
guid et a., 1993), suggesting certain common features of
electrostatic origin. A recent Mg NMR study of the weak
binding of Mg*" to the negatively charged protein filament
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F-actin shows that the Mg ions remain hydrated as they
bind, at least before bundle formation (Xian et a., 1999).

Mn?* and Co®" bundle the less-charged M 13 viruses at
lower concentrations than the more-charged fd viruses. This
property is oppositeto al cases of alkali earth-metal ions. In
addition, the bundles induced by Mn?*" or Co®" did not
dissolve when either ion was added to large excess, another
property distinct from the bundles formed by the akali
earth-metal ions. Both results suggest that perhaps weak
ion-specific bonds play a dominant role in the aggregation
induced by the transition-metal ions, whereas the counte-
rion-mediated electrostatic interactions are primarily re-
sponsible for the bundle formation induced by the alkali
earth-metal ions. It would be interesting to know the
exact location and mode of coordination of the divalent
ions inside the large bundles. This goal may be achieved
in certain cases by an ongoing x-ray study (G. Wong et
a., University of Illinois at Urbana—Champaign, private
communication).

Although the primary goal of this work is to test the
theoretical predictions of counterion-induced lateral aggre-
gation using filamentous viruses fd and M13 as simple
experimental systems, the results of our experimental study
have implications of biological and medical interests as
well. The well-known phenomenon of DNA condensation
based on essentially the same electrostatic mechanism as
tested in this paper continues to be a subject of extensive
study both theoretically and experimentally, with practical
relevance ranging from transcription regulation to gene de-
livery (Huang et a., 1999). Filamentous bacteriophages
have been widely used as vectors for molecular genetics.
Their aggregation properties under various solution condi-
tions may consequently affect their infectivity and cellular
transport, which are of practical concern to molecular biol-
ogists. Highly charged bacteriophages are also rather com-
mon ground-water contaminants, and removal of which,
based on the concept of polyelectrolyte flocculations, is
recently shown to be a very useful approach (S. Grant of
University of California-lrvine, private communication).
Finally, because formation of large aggregates of biopoly-
meric filamentsincluding DNA, F-actin and polysacharides
appears in certain cellular and physiological states, such as
in human airway secretions, understanding the mechanisms
of solubilization of such aggregates may lead to intervention
of certain disease symptoms (Sheils et a., 1996). The quan-
titative study of the polyelectrolyte behavior of the simple
systems of fd and M13 virus solutions performed in this
work may form the groundwork for more applied studiesin
targeted areas, such as these briefly alluded to here.
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