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Absence of charge inversion on rodlike polyelectrolytes with excess
divalent counterions
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Filamentous viruses such as fd and M13 are highly charged rodlike polyelectrolytes. In this study,
we employ fd virus to test the recent prediction of charge invergldguyen, Rouzina, and
Shklovskii, J. Chem. Physl112 2562 (2000]. Light scattering measurements show bundle
formation and resolubilization of fd viruses when MgQbas added from 0 to 600 mM. The
effective charge of fd was studied by measuring their electrophoretic mobility using a filament
tracking method uniquely suited for the system. Monte Carlo simulations were performed under
canonical ensemble to predict the charge distribution around the rodlike virus. Charge inversion,
which has been suggested theoretically to accompany with bundle resolubilization, was not
observed in either experiments or simulations. A modified analysis of force balance is called upon
to account for these new findings. @004 American Institute of Physics.
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I. INTRODUCTION terms interchangeable to charge inversion have been used in
the literature, such as charge revetsaid overchargind®*®

In aqueous solutions, polyelectrolytd®E) are sur- o ; . .
rounded by their counterions. These counterions mediatg0 avoid mixed terminology, only the term charge inversion
is used for the remaining of this paper.

electrostatic interactions between the PE. The distribution o . . .
Charge inversion has been observed in molecular-

the counterions around them has been studied by applying ) imulati d . ; DNA and
the Counterion CondensatioitC) theory? Monte Carlo ynamics simuations an Oﬁ‘ﬁg’e”me” s on and some
other colloidal biopolymer&®=22 Until now, however, there

simulations® or by solving the Poisson—Boltzman(®B) ) I : tal evid to show that bundl
equatiorf The results of these theoretical studies predict that® MO clear experimental evidence to show that bundie res-
lubilization is caused by charge inversion. Therefore, we set

the counterions are condensed in a very thin layer around the . . !
PE surface. A short range attractive force between the ljk@ut directly measure the effective charge for fllgmentous
charged PE due to correlations of counterions is predicted tBhage . .fd’ . Wgh'.Ch undergoes b”f‘d'e formation .and
induce aggregation of PE® Experimentally, bundle forma- resolubilization® in a practically attainable concentration

tion induced by multivalent counterions has been observelf"9¢ ofldlvalent metal ion salt, |.e.,'0—600 mM MgCI.
for a variety of cylindrical PE such as DN F-actinl2 In this paper, we study the effective charge of fd viruses

and the filamentous phages M13 and-td. by electroph_oresis measur_eme_nts and Monte C_:arlo simula-

Aggregates of PE can redissolve when counterions arions I_3acter|0phage fd, which is very s_table against changes
added in excess. Such a phenomenon has been shown ébd'on'c strength and te_mperature, Is a suitable merI
referred to as resolubilizatioh:>~° The recent theoretical iopolyelectolyte for studying changes of PE charge during

treatment by Nguyeet al'® provides an explanation as fol- :)hqndlte dforma?gn_ anq resc;llublllzdatlo;. ';? rl thethpufr%cgsoe of
lows. Due to strong lateral correlations, which are underes- IS Study, an fg virus 1S a charged rod with fength of 564 nm
nd diameter of 6.6 nm. The surface of an fd virus consists of

timated in the CC theory and the PB equation, counterion&

condense within a thin layer surrounding the PE and form a~2700 copies of a major coat protein that covers the single

structure similar to a Wigner Crystal on the PE surfaté. Stfa”ded (_:ircular DNA at the i”te”of- Each copy of coat pro-
The counterions screen the charge on the PE and thus gen contributes up to 4 net negative cha_rges on the vIrus
crease the repulsion between PE. When the repulsive force & rface. After belng scr_eened by counterions, the effective
surpassed by the attractive force, aggregation occurs. At th arge Q. of an fd virus in the solution IS related .to thg elec-
neutralization point, the surface charge of the PE is totaIIQr0phoretlc mobility as Q=pf, whgr_ef Is the ongntaﬂon .
neutralized and the repulsive force drops down to zero. Aftef”“’er"’Iged hydrodynamic drag coefficient on the virus when it

neutralization, the counterion charge surpasses the charge iGyoves n solutlpn. . . .
the bare PE and the net charge of PE changes its sign. This This paper is organized in the following order. In Sec. Il,

effect is called charge inversion. The magnitude of inversed'© describe experiments using electrophoresis in free solu-
jon in order to detect the effective charge of fd viruses. In

charge increases with the counterion concentration, Ieadin% " q be th thod of Monte Carlo simulati
to increased repulsion. When the repulsive force between P ec. 11, we describe the method of Monte Larlo simufations
order to predict the charge distribution around the fd virus

dominates again, resolubilization is observed. Note tha} . S .
g treated as a cylinder with discrete charges distributed on the

: surface. In Sec. IV, we show and discuss the results of ex-
Electronic mail: jaytang@brown.edu periments and Monte Carlo simulations. In Sec. V, we de-
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scribe an alternative mechanism to explain our results. In
Sec. VI, we draw an overall conclusion.

CoverSh
Il. MEASUREMENT OF EFFECTIVE CHARGE AglRgLl 5P

A. Preparation of fd virus

fd virus was prepared by following the standard protocol
using E. Coli K-38 as host bacteria, and purified by centri-
fuging at 130 000 d27 k RPM using a BECKMAN SW-28
rotor) for 48 hours in CsCI gradient. The purified virus was '
dialyzed againsa 5 mM imidazole buffer at pH 7.0. The
dialysis buffer was replaced with a fresh one at least twice
over 48 hours. Concentration of fd viruses is determined by
measuring absorbance at 269 nm using an ultravidJ&t)
spectrophotometefSHIMADZU UV-1601) with an extinc-
tion coefficient ofe=3.84 mg*-cn?. Quartz cuvettes with
1.5 ml volume and 1 cm path length are used for the con-
centration measurements.

The viruses were labeled by rhodamine succinimidyl es-
ter, a kind gift from Paul A. Janmey, University of Pennsyl-
vania Medical School, and storedi ia 5 mM imidazole
buffer, pH=7.0. The dye molecules were added at a low
concentration on the order of micromolar and the ratio ofFIG. 1. (a) Schematic representation of the experimental setup for electro-
rhodamine molecule added in order to label the virus coabhoresis. The cover slip is 222 mm. A 5 V potential drop was applied
cross the sample over two Ag—AgCl electrodes each buried in a 3% agar-

protein was 1:1. The unreacted dye was removed by Sedﬁ'se gel in buffer solution, thus generating an electric field of 2.26m7*.,

menting the viruses and resuspending the pellet with the imigy) A fluorescence image of single fd viruses labeled with thodamine suc-
dazole buffer. The extent of labeling was found to-b#:10  cinimidyl ester.

of dye/coat protein molecules. Due to the low ratio of label-
ing, no detectable effects on the mobility of fd viruses were
expected. The mobility of unlabeled fd viruses were mea-

sured by DELSA 440SXCouter, which is a commercial 2580 3 SoCm2a, e Cod B e e T necirae
instrument for measuring zeta potential and mobility of col- P ) 9 y

loids and polymers. However, we found that DELSA 44OSX°f the measurement and how the setup was further optimized

does not work well at extremely high salt concentrations, dud® descnbed In a separate p_ubhcat?én. . .
Video segments of the viruses moving under the electric

to aggregates of salt and polymers generated near the elefclséld were recorded by a Cool-Snap CCD caméRmper

trodes. Scientific, New Jersgyat the rate of 5 frames per second.
Image acquisition and analysis were performed usiaga-
MORPH software(Universal Imaging Co., IndianapalisThe

A single molecule tracking method was used to measureelocity of a single virus) = Ax/At was obtained by track-
the electrophoretic mobility of labeled fd viruses. Experi-ing its trajectory, where\t is the time interval between the
ments were performed using a Nikon Eclipse E800 epifluofirst and last frame, and x is the displacement of the virus
rescence microscope with a 200oil immersion objective along the direction of the electric field ovart. By tracking
lens. Figure 1 shows a schematic of the assembly of a sampéenumber of trajectories, a velocity distribution for viruses at
chamber, followed by a snapshot image of a few fd virusesa certain counterion concentration was obtained. The veloc-
Briefly, a thin layer of 8<10”*mg/ml virus solution was ity histogram follows a Gaussian distributipRigs. 2a) and
confined between a cover slip and a glass slide. Two opposXb)]. The average velocity is that of the directed motion
ing sides were sealed with vacuum grease, allowing easynder the electric field and Brownian diffusion accounts for
adjustment of sample thickness ta10 um. A drop of 3%  the width of the peak. The electrophoretic mobility is deter-
agarose previously dissolved in the virus buffer by heatingnined by =uv/E, wherev is the average velocity.
was applied on each end to seal the sample chamber and in
the meantime form an electric bridge between the sample
and a silverfAg) wire electrode on either end. The combina- C. Static liaht scatteri
tion of the Ag electrodes and the embedding gel in our ex-"" alic light scattering
perimental setup prevented the aggregation of salt, thus en- 90° static light scattering were performed using a Perkin-
abling us to measure the mobility of fd at high counterionElmer LS-5B luminescence spectrometer. The excitation and
concentrations. Both the microscope slide and the cover slipmission wave length were set to 365 (Bmm sliy and 375
were incubated in the virus buffer with 1.5 mg/ml BSA for at (3 nm sliy nm, respectively. Scattering intensity was re-
leag 1 h before use so that the viruses do not stick to thecorded when the reading reached a steady state following the
glass surfaces. The error caused by electro-osmotic effect eddition of a stock solutionf@ M MgCl,.

Glass Slide

B. Electrophoresis
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woo] P ability of accepting a random walk follows the Metropolis
| *oe Algorithm 2" After pre-equilibration, a new distribution was
3o ® @ 2y © collected after each fQVIC steps.
%‘ 400 — ém gm.
£ 1" A IV. RESULTS AND DISCUSSION
i R “. . '\.,:4.313).‘ ) As shown by the light scattering data in Fig. 2, MgClI
0 200 400 600 induces bundle formation in the concentration range of

[MgCL] (mM) 60 MM< Cygci, <400 mM. A sharp increase in scattering in-

FIG. 2. Light scattering intensities for an fd virus solution following sequen- tensity, which occurs immediately whenyge,,>60 mM, in-
tial additions of MgC}. Insets:(a) Velocity distribution at Giec,,=2 MM dicates the formation of fd bundles. A sharp decrease of scat-

with ©=3.96:042um-s"; (D) Cuge,=600MM with v=0.29  taring intensity near uc,=400mM is attributed to the

+0.42um-s™%, (c) A fluorescence image of the fd virus bundles taken at el 2 .

100 mM MgCl,. resolubilization of fd bundles. In the bundle formation re-
gion, fd bundles were observed using fluorescent microscopy
[see Fig. Zo)]. Beyond that region, single viruses were de-
tected as shown in Fig.(). Since the fd bundles tend to

. MONTE CARLO SIMULATIONS adhere to the glass slides, filament tracking can only be per-

By taking into account the interaction between the Coun_formed beyond the range of bundle formation. Typical veloc-

terions, we use Monte Carl@C) simulations to study the ?ty d?stributiqns of single viruses are presented by histograms
effective charge of fd viruses at different ionic strengths. In'" Fig. 2, with MgC} concentration at 2 mMa) and 600

MC simulations an fd virus was modeled as an infinitelym'vI (.b)' respectively. . .
| . . _ . . . Figure 3 shows a comparison of experimental measure-
ong cylinder of diameted=6.6 nm with discrete negative

. ments, CC theory prediction, and MC simulation results on
charges on the surface of the rod. The four negative Chargeﬁectrophoretic mobility of the fd virus. In Fig.(@, the fd

contributed by one major coat protein of fd form a square Omobility is measured at ’%Clz up to 60 mM, which is

10 A on each sidé* The packing of subunits has a period- = _
icity of 3.3 nm along the fd axis. This model for fd is more slightly lower than the threshold for bundle formation. Mo-

realistic than considering the rod to be a uniformly charged?ility of fd at NaCl concentrations up to 200 mM are shown

line for CC theory and other analytical treatments. The sol!" Fig. 3(b). o ) )
vent water was treated as a dielectric continuum with permit- __ BY considering the PE as a linear array of point charges
tivity of e=80 at temperaturd =300K. The mobile ions with spacingb, Manning developed a two variable approxi-

and virus charges are considered as point charges; of mation to ce_lllculate the net chargg.; of PE and predicted
=z, each with an effective hydrated diametgr.? d, is  the PE mobility as:

set to be 4 A for ali;= — 1 ions including the coions and the et

negative charges on fd. For divalent and monovalent counte- &= m |In b, (2
rions, the values ofl; are chosen to be 6 and 5 A, respec-

tively. The interaction between these spheres can be writtetherex is the inverse of the Debye screening length, and
as is the solution viscosity. At low MgGl concentrations, the

- theoretical prediction agrees well with the experimental re-
di+dj) sults. However, when (. >20mM experimental data
, (1) , cl,

2rj; show lower mobilities than predicted. Because the viscosity
wherer;; =|r;—r;| is the distance between the ionandj. ~ of the medium is practically constant whenyge,,

Periodic boundary conditions were applied in the direc-<60 mM,?® a lower mobility indicates a smaller net charge.
tion of the fd axis, and the calculations have been performedhus, there are more counterions condensed around the vi-
in a cylindrical simulation box with length of 3.3 nm, which ruses than theoretically predicted. The CC theory does not fit
reflects the periodicity of subunit packing, and diameter ofwell to the experimental data taken at high divalent counter-
40 nm, which is sufficient to enclose all counterions affectedon concentrations. This marked discrepancy is due to the
by the virus segment. Thus, only a cylindrical segment withfact that the theory ignores the correlations between counte-
charge of—40e was included in the simulation box. The rions, the effect of which becomes stronger with increasing
amount of divalent counterions and monovalent coions wereounterion concentratiorts.
set according to their bulk concentrations. To keep the charge By taking into account the interaction between counteri-
neutrality of the system, 40 extra monovalent counterion®ns, MC simulations yield results consistent with the experi-
were added. The total number of ions was kept constant tmental data. In the MC simulations, values of integrated
make an NVT ensemble for the simulation system. A LeknerchargeQ, , which is normalized by the surface cha@e of
summation methdd?® was applied to calculate the long- a bare virus around the viruses at different counterion con-
range electrostatic interaction from other cells. The systencentrations, were calculated. The results are shown in Fig. 4.
was pre-equilibrated by-10° MC steps before collecting Taking the value of the integrated charge at the distance of
data for statistics. In each MC step, a mobile ion was ran4.80 nm(3 times the diameter for divalent counteripasvay
domly selected and then assigned a random walk. The prolfirom the rod surface as the effective charge of fd virus, we

Qiq;

1 4meger;;

|
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351 D (nm)
6 1'0 2'0 3'0 4'0 5'0 6'0 FIG. 4. Distribution of the integrated charge as a functiopthe distance
[MgCl] (mM) from the virus surfaceQ, is the integrated charge &t Qg is the surface
gL, charge of a bare fd virus. Curves from top to bottom represgibiG=0,
0.2, 0.5, 1, 2, 5, 10, 20, 40, 60, and 600 mM, respectively. Note that the
0.0 predicted values of the normalized effective charge remain above the dashed
(b) line drawn atQ,=0, indicating no charge inversion.
0.5
T, 104 ing to a nonuniform distribution of counterions along the
< . longitudinal axis of PE have been suggestég:Thermal
£ 2 fluctuation of counterions on the PE surface causes instanta-
E 20l neous variations in charge distribution along the PE axis,
< which intercorrelate on parallel PEs and lead to an attractive
£ 5l force/?°30 |n the thermal fluctuation picture the attractive
2 force increases with temperatdtéiji) counterions may be
-3.0- longitudinally arranged on PE surfaces, forming a Wigner
crystal. The arrangement of the counterions on two opposing
-3.5 PEs correlate to induce attractive foft®In the Wigner
0 50 100 150 200 crystal picture, Grgnbech-Jensehal. show that the attrac-
[NaCl] (mM) tive force decreases with temperatéas T~ 2).° The Wigner

crystal can survive to ambient temperature and has been ob-
FIG. 3. Comparison of the electrophoretic mobility data with predictions served in experiments, in which one-dimensior(aD)
fcr:ch:mtﬁ:C theqry and.MC 5|mulat|ons.' Solid line is prediction by Manning charge density waves along PE axis in actin bundles have
eory. Filled circles are experimental results. Empty triangles are
Monte Carlo simulation resuiltéa) Mobility values af MgCl,]<60 mM. A D€en observed using x-ray scatterfi@herefore, the short
detailed view of MgCl,]=<10 mM is shown in the insetb) Mobility values range spatial correlation in counterion positions is primarily
at[NaCl] up to 200 mM. responsible for the attractive interaction.

At Cygc,=450 and 600 mM, which are above the
threshold concentration for resolubilization, the virus mobil-
ity was measured to be practically z€fb11+0.18 and 0.13
g . . +0.18 um-cm-V 1.s71, respectively. The results of MC
— . . 1, 1 _ '

N i'?“m cm v ; § " is the mobility of fd virus mea simulations at the divalent counterion concentration of 600
sured by experiments. mM only show charge neutralization when the distance from

Both simulation and experimental results indicate thatthe rod surface is larger than 1.2 nm. No charge inversion,

bundle formation occurs prior to the total neutralization of_, . ; - : o
which would yield positive electrophoretic mobility, was ob-
the fd charge. At gggz 60 mM, which is the threshold served y P P 4

concentration for bundle formation,u=-0.63+0.18
um-cm-V~1.s7L The mobility bears the same sign as that
for CM9C|2=0 mM but its magnitude is reduced by 82%. In
contrast, up to 200 mM NaCl causes only a 67% mobility =~ Most theoretical works on resolubilization give results of
decrease, which is not large enough to induce bundleharge inversion. The charge inversion theory of Nguyen and
formation?*3 It could be concluded that aggregation of PE Shklovskii, as introduced in Sec. I, can be successfully ap-
occurs when counterions partially neutralize the fd charge tplied to colloidal particles with their counterioASBased on
such a large extent that the repulsion between like chargean Ising-type mean-field model, Yu and Carlsson developed a
viruses is surpassed by the attractive force. treatment to explain the counterion induced bundle formation

The attractive force, which causes bundle formation, isand resolubilization of F-acti¥f In their calculations, F-actin
induced by correlated nonuniform counterion distributionsis also expected to be charge inversed when the counterion
near the PE surfacés®2°~3Two possible mechanisms lead- concentration is increased to a few hundred fiMlowever,

calculated the mobility of fd using = (Q/Qg) o, WhereQ
is the effective charge of the rod atyer, =0, and ug

V. MECHANISMS FOR BUNDLE RESOLUBILIZATION
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