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Temperature Effects on Threshold Counterion Concentration to Induce Aggregation of fd Virus
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We seek to elucidate the dominant mechanism of attractive interaction between like-charged biopol-
ymers by measuring the temperature dependence of the critical divalent counterion concentration (C,.) for
the aggregation of fd viruses. A decrease in either temperature or the dieletric constant alone causes a
decrease in C,, providing evidence for the Wigner crystal model. Surprisingly, the effects of these two
parameters can be combined so that C, is expressed as a function of a single parameter: the Bjerrum
length. C.. decreases exponentially as the Bjerrum length increases, suggesting that an energetic balance
between the entropic effect of counterions and the counterion mediated attractive interaction gives rise to

the onset of bundle formation.
DOI: 10.1103/PhysRevLett.97.048101

Experiments on a variety of charged biopolymers, such
as DNA [1,2], F-actin [3—-5], microtubules, and bacterio-
phages [6,7] show that they can self-assemble to form
bundles in the presence of counterions. The attractive
interaction that holds the like-charged polymers together,
which is often referred to as like-charge attraction, requires
a treatment beyond the prediction of mean-field theory.
During the past few decades, there have been intensive
theoretical investigations to explore the mechanism of
counterion induced attractive interaction between poly-
electrolytes [8—16]. Although other types of interactions
such as hydration [8,16] and depletion [17] are contribut-
ing factors, it has been established that the electrostatic
interaction between the polyelectrolytes and their corre-
lated counterions [4,9—-15] is the major cause of this like-
charge attraction.

Two possible mechanisms of counterion correlation
have been proposed to induce attractive interaction be-
tween rodlike polyelectrolytes. Thermal fluctuations create
transient regions of high and low counterion densities
along the polyelectrolytes, which are typically simplified
to be charged lines each with a thin layer of condensed
counterions [18]. When two parallel polyelectrolytes ap-
proach each other, an attractive force is induced by their
transient complementary counterion density profiles. This
mechanism is referred to as the Oosawa model. Alterna-
tively, the counterions may correlate with each other in
their positions on the surface of the polyelectrolytes. A
representative picture of the attractive interaction induced
by positional correlations of counterions is provided by the
Wigner crystal model [11,19]. In this model, the condensed
counterions form Wigner crystals on the polyelectrolyte’s
surface at the low temperature limit. Cross correlation of
counterions occurs when the distance between two poly-
electrolytes decreases to the lattice constant of the Wigner
crystals. The cohesive energy of the Wigner crystals results
in an attractive interaction and aggregation of the like-
charged rods [11,19]. Although the Wigner crystal model
is a zero temperature approximation, additional analytical
treatment and computer simulations have extended the
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concept to finite temperatures by treating the counterions
as strongly correlated liquid [10,20]. For simplicity, we
refer to this type of theoretical treatment as the Wigner
crystal model.

While both models predict an attractive electrostatic
interaction, their difference in correlation mechanism gives
rise to opposite effects of temperature (7') on the strength
of the attraction. The Oosawa model originates in the
process of thermal agitation. A higher T leads to larger
fluctuations in the counterion density. A stronger correla-
tion is therefore predicted under a higher 7 [9,10,18].
Conversely, the Wigner crystal model predicts a weaker
correlation under a higher 7, since the thermal motion of
counterions destroys the lattice structure of the ionic crys-
tals [10,11,15,21].

Although many experiments show that like-charge at-
traction originates in electrostatic interactions, most pub-
lished works have not been able to distinguish between
different models. Raspaud et al. show the electrostatic
nature of the attractive interaction between DNA [2].
Their results were interpreted by the ion-bridging model,
which is different from the Oosawa model, but similar to
the Wigner crystal model [12]. Using small angle x-ray
scattering, Angelini et al. observed a one-dimensional
counterion density wave (CDW) in the bundles of
F-actin [4]. Instead of providing a proof for either the
Oosawa model or the Wigner crystal model, their results
provide a transitional picture between them.

In this Letter, we present the effects of 7 on the critical
concentration of counterions C., using MgCl, and CaCl,
to induce bundle formation of bacteriophage fd in ethanol
and water mixtures. Ethanol was added to the solution
mainly for the purpose of changing the dielectric constant
(e). The measured effect of T on C,, which was isolated
from the effect of &, provides experimental evidence for
the Wigner crystal model. The Bjerrum length (Ip) is
found, for the first time, to be the sole parameter that
controls C,. A plausible thermodynamic model is proposed
for the aggregation of fd, which is consistent with the
finding that C. drops exponentially as a function of /5.

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.97.048101

PRL 97, 048101 (2006)

PHYSICAL REVIEW LETTERS

week ending
28 JULY 2006

Bacteriophage fd is a rodlike polyelectrolyte approxi-
mately 880 nm in length and 6.6 nm in diameter. There are
approximately 2700 copies of coat proteins arranged on the
virus surface. At neutral pH, each coat protein contributes
four net negative charges on the surface of a virus. A virus
therefore has a linear charge density of approximately
12.5 e/nm, quite close to that of a double stranded DNA.
Because of this high charge density, the lateral aggrega-
tion of fd viruses can be induced by divalent counter-
ions such as Mg?* and Ca’* [6,7]. Aggregation of fd
viruses was detected by measuring the scattered light
intensity at a fixed angle of 90° with a PERKIN ELMER
LS-5 luminescence spectrometer. 800 ul of 0.1 mg/ml
[22] fd virus was added to a rectangular cuvette of
10 mm path length and 5 mm width. The scattering inten-
sity was recorded when the reading became stable follow-
ing the addition of a stock solution of concentrated CaCl,
or MgCl,. The sample temperature was controlled using a
water bath ISOTEMP 10068, Fisher Sci., Inc.) connected
to the sample holder. When increasing the counterion
concentration, an abrupt increase in the light scattering
intensity was observed at the critical concentration C..
The C, was defined as the divalent concentration where
at least a tenfold increase in the total scattering intensity
was observed.

The threshold concentration was measured in the ab-
sence of ethanol at 7 = 10, 20, 30, and 40° C. The data in
Fig. 1(a) shows that the threshold concentrations for both
MgCl, and CaCl, decrease as T increases. The & for the
solution, which is approximately equal to that of water,
also varies as a function of T, &(T) = a + bT + cT? +
dT3, where a, b, ¢, d are empirical constants [23]. The
calculated ¢ is shown to decrease from 83.9 to 73.2 when T
increases from 10 to 40° C.

Within our experimental range (7" = 50 °C), there is no
structural change of the viruses. The fd viruses survive at T’
up to 90° C [24,25], suggestive of their robust structural
integrity. The changes in & with increasing 7', however, do
affect our measurements, since a change in & directly
affects the strength of electrostatic interaction.

To explore the effect of &€ on the aggregation of fd virus,
the C. was measured for samples in ethanol and water
mixtures under a fixed temperature 7 = 20 °C. The data in
Fig. 1(b) show that as the amount of ethanol in solution
increases up to 18.5 v/v%, C, decreases monotonically.

Adding ethanol effectively decreases the & of the sol-
vent. For a mixture of ethanol and water, & depends on the
ethanol concentration as (T) = (1 — ¢,)e,,(T) + c,&,(T)
[26], where ¢,,(T) and &,(T) are dielectric constants of
water and ethanol at 7', respectively, and c, is the volume
fraction of ethanol in the solution. At 20° C, g,, = 80.37
and g, = 25.00, the calculated & of the bulk solution is
shown in Fig. 1(b) to decrease with c,.

The nonpolar ethanol molecules are known to be ex-
cluded from the high electric field region, since its polar-
izability is much smaller than that of water. One can then
argue that the local € near the charged virus surface might
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FIG. 1 (color online). An increase in temperature (7') leads to a
decrease in dielectric constant (&) of the solvent, thus causing C,
to decrease. (a) When the ¢ of the solvent is not a fixed value, the
C. for either MgCl, (@) or CaCl, (A) decreases with increasing
T. As T increases, ¢ () drops. (b) C, for MgCl, (@) decreases
with the amount of ethanol at 20° C. Addition of ethanol leads to
a decrease in ¢ (H).

be different from that in the bulk ethanol/water mixture.
Arscott et al. have shown by the use of various alcohols
with dielectric constants smaller than that of water, how-
ever, that the threshold hexammine cobalt (III) concentra-
tion to induce DNA condensation is primarily a function of
¢ of the solvent [1]. In the presence of aminocarboxylic
acid, which is known to increase ¢ of the solvent, the C,. of
multivalent counterions needed to induce DNA condensa-
tion has also been shown to increase with increasing € [27].
Moreover, results of recent studies show that & of the
solvent is a key factor in determining the conformational
behavior of single DNA molecules [28]. These experi-
ments indicate that, although there is debate on whether
the added ethanol changes the local € close to the virus
surface, we can practically interpret the decrease of C,. as a
result of increased electrostatic interaction due to the de-
crease in €.

To define the net effect of T on C,, the & was fixed under
different temperatures by adding appropriate amounts of
ethanol. Both curves in Fig. 2(a) show that an increase in T
causes C, to increase under fixed €. At ¢ = 73.2, C,. for
MgCl, was measured to increase from 10 to 45 mM as the
temperature rose from 10 to 40° C. At € = 69.9, the C,
was observed to increase monotonically from 5 to 40 mM
as T increased from 10 to 50° C. The curve for ¢ = 69.9 is
lower than the curve for € = 73.2. This is expected, since
we know that a lower € leads to a lower C,.

Based on the observation that a decrease in either 7 or &
alone leads to a lower C,, the drop of C, in Fig. 1(a) can be
interpreted as the net effect of an increase in 7 and a
decrease in &, which is induced by the rising 7. Further-
more, the [z, which is defined as Iy = e?/4meeykyT,
appears to be the single parameter that combines the effects
of T and ¢ to control the C,. By fixing the Bjerrum length,
C. was measured as a function of 7. As shown in Fig. 2(b),
the measured values for C,. were 45 and 40 mM for [z =
7.28 and 7.38, respectively. No observable effects of T on
C. was detected at a constant Bjerrum length. The change
in /3 has been observed to drastically affect C,.. By plotting
C. as a function of Ip, Fig. 3 shows that C,. decreases
exponentially. The logarithm of C, (omitting the unit in
mM) fits to a linear function of /3: InC,. = —Alp + B, with
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FIG. 2. Effect of temperature (7) on C, under fixed dielectric
constants (&) and fixed [z. (a) At ¢ = 73.2 (@) and & = 69.9
(W), C. increases with increasing 7. (b) When the solution ¢ is
adjusted to fix Iz, C. does not vary with 7. At fixed Bjerrum
lengths, C, is 45 mM with [z = 7.28 (@), and 40 mM with [ =
7.38 ().

A=189 A", B=17.6 for MgCl, and A =2.09 A,
B = 18.5 for CaCl,, respectively.

The Bjerrum length is often used to quantify the strength
of counterion correlations through a coupling parameter
I' = 277330, where z is the valence of counterions and o
represents the surface charge density of polyelectrolytes
[20]. A larger [y indicates a stronger counterion correla-
tion. Therefore, our result of a lower C,. observed at a
larger [z is consistent with the picture that a stronger
correlation leads to a lower threshold concentration.

By adding charge density fluctuations to the mean-field
theory, Oosawa derived an attractive force between
charged lines [10,18]. The predicted attractive interaction
is stronger at a higher 7', which is contrary to our experi-
mental findings. This suggests that the thermal fluctuation
of counterion density is not the dominant mechanism for
like-charge attraction.

The Wigner crystal model takes into account the strong
correlation between counterions. Prior to aggregation, each
fd virus is surrounded by a layer of condensed counterions,
which partially compensates the charge of the fd virus. As
a result of the decrease in fd surface charge, the viruses are
able to move close to each other by means of Brownian
motion, since the Coulomb repulsion is reduced. When the
distance between two viruses is small enough, the counter-
ions around each virus start to correlate with each other.
This correlation creates an attractive interaction between

100

C, (mw)
=
7 > :
-

7 75 8 8.5
IB (Angstrom)

FIG. 3 (color online). C. as a function of /g. Results for MgCl,
(A) and CaCl, (@) indicate that C,. decreases exponentially with
increasing /. Dashed lines are fits to the experimental data with
InC. = —Alg + B.

the two viruses. Each counterion gains an energy of G,
from this attractive interaction. Since I' = 14.8 for fd virus
at room temperature and £ = 80, the condensed counter-
ions can be treated as a strongly correlated liquid. The long
range order of counterions, which should be observable
using low angle x-ray scattering, does not occur in the
strongly correlated liquid. Nonetheless, the counterion
correlation in the strongly correlated liquid keeps the char-
acteristics of the Wigner crystal model. G, is therefore
estimated as the energy of interaction between a counterion
and its Wigner-Seitz cell [11],

Z
Geor = % (Zb/r)3/4lBkBT’ (D

where b is the charge spacing on the polyelectrolyte when
considering it as a charged line, and r is the radius of a
virus. Within a bundle of fd viruses, G, is estimated to be
0.1313kpT per counterion using b = 0.8 A and r = 33 A.

The strong correlation also drives more counterions
from the bulk solution into the space between two viruses
[12,13]. In addition to increasing the attractive free energy,
these extra counterions roughly neutralize the residual
charge of the fd viruses, thus diminishing the Coulomb
repulsion. The entropy loss of these counterions, however,
incurs an energy penalty. Assuming that a fraction y of all
counterions in the condensation layer are the extra ones,
the average energy penalty per counterion is

Gr = ykgT 1II(CO/C), ()

where C is the counterion concentration in the condensa-
tion layer.

Aggregation of fd viruses occurs when the energy gain is
larger than the energy penalty, i.e., G, — Gg > 0. Using
Egs. (1) and (2), the critical concentration C,. can be
calculated as

Z/Ap1/4

lnCC == _WIB

+ InC,. 3)

From Eq. (3), v can be estimated by setting the fitting
Jap1/4
- z;;rb;M .

1.89 A~! and 2.09 A™!, we obtain y = 6% and 7% for
CaCl, and MgCl,, respectively. When calculated from the
Manning counterion condensation theory, approximately
94% of the surface charge of a virus is neutralized by
divalent counterions at the onset of aggregation. These
predictions suggest that the viruses are essentially totally
neutralized when they aggregate.

The second term in Eq. (3) contributes to the fitting
parameter B. The counterion concentration in the conden-
sation layer has been measured to be on the order of 1 M
[29]. Using C; = 3000 mM for both Mg?>* and Ca?", the
parameter B is estimated to be 8.01. This value is much
smaller than the fitting result. The discrepancy likely origi-
nates from the change in the counterion hydration state. A
counterion loses its waters of hydration when it resides in
the condensation layer. The Mg NMR measurements of

parameter as A Based on the values of A =
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F-actin solutions indicate that only a small fraction of the
condensed Mg?" lose their waters of hydration [30]. If a
small portion, say 10%, of the extra counterions lose their
waters of hydration, an energy penalty of approximately
10kpT is expected for each extra counterion, since the
energy penalty for a Mg?* or Ca’* ion to lose all of its
waters of hydration is on the order of 100kz7T [31]. When
taking into account the hydration effect, G is rewritten as,
Gr = ykgT(InCy/C + 10). Accordingly, the constant
term in the fitting shown in Fig. 3 is translated to B =
InCy + 10 = 18, which is close to the values from the
fitting. This estimate suggests that partial loss of hydration
contributes to the change in G, thereby affecting the C,. of
multivalent counterions for bundle formation. Addition-
ally, Gg may also be affected by a change in counterion ac-
tivity, which varies with the ion concentration and the
added alcohol. The effect of such a change on Gy is
expected to be small as the activity enters into the argu-
ment of the logrithm term in Eq. (2). The effect of counter-
ion activity, however, is not analyzed due to the lack of the
data on activities of Mg?>" and Ca®" in alcohol and water
mixtures.

In the DNA condensation experiments [8], the threshold
concentration of Mn?>* ions to induce DNA condensation
has also been reported to decrease with increasing 7'. This
phenomenon is similar to the result in Fig. 1(a). When
taking into account the variation in solution &, the data in
Ref. [8] indicate an exponential decay of C, with increas-
ing /g as well. Instead of discussing the effect of variations
in dielectric constant, the data was interpreted by assuming
that the attractive force originates in the release of excess
water from the polyelectrolyte surfaces [8,16]. It is inter-
esting to note that the analysis based on the release of water
molecules also predicts an extra binding of counterions in
the process of DNA condensation [16]. The coexistence of
distinct physical models reminds us of the nondefinitive-
ness of the current state of understanding of the subject.

In summary, we have studied the thermodynamic effect
of like-charge attraction by measuring the effects of 7' on
threshold concentrations for divalent counterions to induce
bundle formation of fd viruses. The decrease in C, as a
function of the added ethanol has been attributed to the
effect of the lowered . Assuming that the major effect of
ethanol in our experiments was tuning &, we found that C.
varies with the Bjerrum length as a single variable. Our
results show for the first time that there is a linear relation-
ship between InC, and /g, which is well interpreted using
the Wigner crystal model, supporting the assertion that it is
applicable at finite temperatures with the notion of a
strongly correlated liquid.
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