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Abstract. Attractions between like-charged polyelectrolytes have been observed in a variety of systems
(W.M. Gelbart, R.F. Bruinsma, P.A. Pincus, V.A. Parsegian, Phys. Today 53, September issue, 38 (2000)).
Recent biological examples include DNA, filamentous viruses, and F-actin. Theoretical investigations on
idealized systems indicate that counterion correlations play a central role, but no experiments that specifically probe such correlations have been performed. Using synchrotron X-ray diffraction, we have directly
observed the organization of multivalent ions on cytoskeletal filamentous actin (a well-defined biological
polyelectrolyte) and found an unanticipated symmetry-breaking collective counterion mechanism for generating attractions. Surprisingly, the counterions do not form a lattice that simply follows actin’s helical
symmetry; rather, the counterions organize into “frozen” ripples parallel to the actin filaments and form
structures reminiscent of charge density waves. Moreover, these 1D counterion charge density waves form a
coupled mode with twist deformations of the oppositely charged actin filaments. This counterion organization is not sensitive to thermal fluctuations in temperature range accessible to protein-based polyelectrolyte
systems. Moreover, the counterion density waves are “pinned” to the spatial periodicity of charges on the
actin filament even if the global filament charge density is varied, indicating the importance of charge
periodicity on the polyelectrolyte substrate.
PACS. 82.35.Rs Polyelectrolytes – 82.35.Pq Biopolymers, biopolymerization – 87.16.Ka Filaments, microtubules, their networks, and supramolecular assemblies – 87.64.Bx Electron, neutron and X-ray diffraction
and scattering

1 Introduction
Electrostatics in aqueous media is often understood
in terms of mean-field theories such as the PoissonBoltzmann formalism [1–3], in which like-charged objects
such as polyelectrolytes, always repel. Indeed, DNA chains
in water containing monovalent ions always repel one another. Linearized versions of mean-field theory provide the
theoretical underpinning for widely employed tools such
as Debye-Hückel theory and DLVO (Derjaguin-LandauVerwey-Overbeek) theory [4, 5] which constitute the usual
starting point for understanding charged polyelectrolyte
or colloidal systems.
In systems with strong electrostatic interactions (containing, for example, high surface charge densities, multivalent ions, etc.), however, the physics is qualitatively
different. Interactions between polyelectrolytes can be
a
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controlled by the structure and dynamics of the condensed ions surrounding the polyelectrolyte. It has been
recognized for some time that the mean-field PoissonBoltzmann approach cannot produce attractions unless
some form of correlation between counterions is introduced [6–10]. As Kirkwood [11] suggested and Oosawa [12,
13] showed using an approximate analytical model, likecharged attractions between polyelectrolytes may be possible due to the correlated fluctuations of the condensed
ion layers around strongly charged polyelectrolytes. A
large number of recent theoretical investigations have
focused on the existence and form of multivalent-ion–
induced like-charge attraction between cylindrical polyelectrolytes [14–44], and on the collapse behavior of the
polyelectrolyte itself [45–52]. A number of excellent general reviews have recently been published [53–56].
Like-charge attractions have been experimentally observed in a wide range of polyelectrolyte systems. DNA
can be condensed by multivalent ions into dense, ordered
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states and is one of the most thoroughly studied systems
in this context [57–71]. The volume fraction occupied by
condensed DNA within the T4 viral capsid is estimated
to be approximately 1/2 [66]. This is indeed a remarkable phenomenon, if one considers the barriers against
such condensation, such as the strong electrostatic repulsion between the highly charged sugar-phosphate backbone, the large bending modulus of the DNA double helix,
and the loss of configurational entropy of the long DNA
molecule. The role of non-specific electrostatic interactions
is quite important in DNA condensation. For example, recent experiments on polyamine condensation of DNA have
shown that the Raman bands associated with the negatively charged DNA phosphate backbone exhibit significant spectral changes upon condensation, in a sequenceindependent way, and indicate that these condensing ions
interact with DNA non-specifically [67].
Other, more general, counter-intuitive phenomena
such as like-charge attraction and overcharging, which
are beyond the explanatory scope of mean-field theories,
have been investigated by a large number of theoretical
studies, using a wide range of approaches [72–80]. Recently, a number of anionic biopolymers (with persistence
lengths of 1 µm or more) have been used as experimental systems for the study of like-charge polyelectrolyte attraction, such as the filamentous bacteriophages, microtubules, and F-actin [81, 82]. Due to their large persistence
lengths, they can be thought of as idealized rod-like polyelectrolytes, and a number of interesting new effects have
been found. For example, in the presence of divalent ions,
F-actin progressively condenses into close-packed bundles
via an intermediate state comprised of 1D lamellar stacks
of liquid-crystalline actin networks [52, 83, 84]. The dependence of DNA and actin condensation on ion valence, size
and structure has been systematically studied experimentally [68, 81], and an empirically motivated criterion for
the valence dependence has been proposed based on experimental results for “dumbbell” divalent ions [85].
These condensation phenomena are important for a
wide range of biological and biomedical processes, such
as DNA compaction in bacteria and viral capsids, selfassembly of synthetic gene delivery systems, nucleic acidprotein interactions, cytoskeletal regulation, as well as industrial processes such as multivalent salt-induced condensation of impurities in water treatment, and cellulosic
fiber flocculation in paper making. Counterion correlations can also have unexpected applications. For example, the nanometer-scale organization of condensed ions by
polyelectrolytes such as DNA may have interesting applications in biomineralization and solution templating [86].
The helical sugar-phosphate backbone of DNA creates a
spatially periodic anionic ridge that organizes condensed
Cd2+ and guides subsequent CdS crystallization.
Although experiments show unambiguously that an attractive interaction exists, there has been little done on
measuring actual counterion correlations, which are necessary for generating attractions. Polyelectrolytes in aqueous solution are coated by a condensed “Manning” layer
of mobile oppositely charged counterions [51, 57]. All pro-

Fig. 1. Schematic representations of uncondensed and condensed F-actin: (a) At low multivalent ion concentrations,
three F-actin filaments maintain their native −13/6 symmetry, and are unbound. (b) At high multivalent ion concentrations, the ions collectively form a charge density wave
(CDW) and “bundle” F-actin filaments. Moreover, the CDW
forms a coupled mode with torsional distortions of the Factin, and has overtwisted it by −3.8 ◦ per monomer to a
new −36/17 symmetry. The representations of F-actin are
low-resolution density maps generated using situs software
(http://situs.biomachina.org/).

posed theoretical explanations for like-charge attraction
introduce some form of positional counterion correlations
within this layer. For example, dynamic “van der Waals”like correlations of long-wavelength ion fluctuations have
been suggested [11–13, 20, 21, 23, 49]. Static mechanisms
consisting of ion correlations along the axis of the polyelectrolyte rods in the form of a Wigner lattice have also
been considered [17, 19, 26, 34]. Recently, theoretical models based on discretized distributions of condensed ions on
polyelectrolytes have been solved analytically and numerically [24, 41–43]. Most theoretical approaches, however,
employ idealized models for the polyelectrolytes, such as
infinitely thin lines or “smooth” cylinders, or perfect idealized helices. In this work, we aim to measure counterion
correlations directly, using a synchrotron X-ray diffraction, and examine the extent to which these predictions
survive in a real polyelectrolyte system (as well as how
they might be modifed), providing a point of contact between the theoretical viewpoints above.
We examine the organization of multivalent ions on
actin filaments (a well-defined, rod-like biological polyelectrolyte) using synchrotron X-ray diffraction, and find
a new form of collective counterion correlation [87]. Surprisingly, the counterions do not form a lattice that simply follows actin’s helical symmetry; rather, they organize
into one-dimensional (1D) charge density waves (CDW)
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parallel to the actin filaments (Fig. 1). Moreover, this 1D
counterion charge density wave forms a coupled mode with
torsional distortions of the oppositely charged polyelectrolyte. This cooperative molecular mechanism is analogous to the formation of polarons in ionic solids, and
mediates attractions by facilitating a “zipper-like” charge
alignment between the counterions and polyelectrolytes.
The counterion mechanism we observe here (and its variations) is applicable to a wide range of colloidal and
biomedical processes which depend on controlling interactions between macro-ions dispersed in fluid suspensions.
In a broader perspective, we have shown that it is
possible for many actin filaments to collectively twist by
the same amount in concert, in response to binding by
crosslinking agents (divalent ions in the present case). The
ramifications of this coupling between filament twist and
linker binding are potentially larger. Similar compromises
between F-actin twist and F-actin crosslinking by actin
binding proteins can influence the hierarchy of existing interactions by local modifications of binding sites, and have
important thermodynamic consequences for cytoskeletal
regulation [88].

2 Materials and methods
2.1 Small-angle X-ray scattering and helix diffraction
Small-angle X-ray scattering (SAXS) measurements were
performed using both an in-house X-ray source as well
as beam line 4-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). For the in-house experiments,
incident CuKα radiation (λ = 1.54 Å) from a Rigaku
rotating-anode generator was monochromatized and focused using Osmic confocal multilayer optics, and scattered radiation was collected on a Bruker 2D wire detector (pixel size = 105 µm). For the SSRL experiments,
incident synchrotron X-rays from the BL-4-2 8-pole Wiggler were monochromatized to 8.98 keV using a doublebounce Si(111) crystal (λ = 1.3806 Å), and focused using
a cylindrical mirror. The scattered radiation was collected
using a MAR Research charged-coupled device camera
(pixel size = 79 µm). The 2D SAXS data from both setups have been checked for mutual consistency.
In general, diffraction features generated by counterion
correlations are expected to be weak compared with those
generated by biopolymer organization. One approach is to
use anomalous scattering to discriminate between counterion scattering and biopolymer scattering [89, 90]. We
found that for the present protein-based system, an unambiguous interpretation of anomalous scattering is complicated by the intensity changes from accumulated radiation damage due to multiple X-ray exposures at different
energies required for anomalous scattering. (We typically
take a single exposure for each of our samples.) Comparing
different preparations of the same sample in order to minimize radiation damage effects is also not an option, since
we find that small changes in the global orientational distribution of the bundles will change the counterion CDW
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scattering intensity, which make such comparisons unfeasible. Moreover, the counterion CDW peak is relatively
small, so mapping out intensity changes in this peak on
top of all these effects will lead to new ambiguities.
To detect positional correlations in counterion distributions on the surface of a charged polymer using SAXS,
a number of experimental strategies have been employed
in the present study. For polyelectrolytes with small diameters and thereby high surface curvatures, or for polyelectrolytes that are very flexible, we hypothesized that
counterion correlations will be broken up into small domains, and the resultant diffraction peaks will correspondingly broaden and become difficult to distinguish from the
background of scattering, which have a number of contributions, including polyelectrolyte organization and form
factor effects. Filamentous actin (F-actin) has been chosen as a model system because it is a rigid polyelectrolyte
(persistence length ξA = 10 µm) with a large diameter
(DA = 75 Å) [91, 92] so that counterion correlations can
have the potential to form large domains, and thereby
generate sharp, detectable peaks. Because the number of
atoms that comprise the charged biopolymer is large compared with the number of counterions, high-molecularweight counterions (Ba2+ ) have been used to improve the
Z-contrast between counterion scattering and biopolymer
scattering. Finally, to further highlight the diffraction features that are generated by the counterions, we have compared the SAXS patterns from F-actin that has been concentrated non-electrostatically (with no added multivalent
ions) with F-actin that has been condensed electrostatically by using multivalent ions.
In order to do this experiment, it is necessary to obtain at least partially aligned samples, so that correlations along different directions can be discerned. The best
alignment of the F-actin biopolymer is usually achieved
in samples with monovalent-ion–based buffers such as
those typically employed in typical structural biology experiments, and in non-electrostatically concentrated samples, such as those used in our control experiments. Unlike those samples, however, multivalent ion condensed
biopolymer samples typically exhibit poor alignment, because of the existence of strong attractions and the resultant precipitation of the F-actin into a condensed pellet
during shear mixing. We mitigated this problem by using
a small (300 × 300 µm2 ) X-ray beam.
This work aims to measure counterion correlations on
the surface of F-actin rods. In order to differentiate between scattering contributions from the counterions and
those from F-actin, it is necessary to model the scattering
from the F-actin helix. Within the kinematical approximation, an X-ray diffraction pattern is proportional to
the modulus-squared of the Fourier transform of a sample’s electron density. For example, if the charge density
of a line charge is periodic along the z-axis, the diffraction
pattern becomes a series of planes, or layer lines, separated
in reciprocal space by distances, along qz , inversely related
to the period of real space charge density. For periodic line
charges with finite widths (for example, real linear polymers), the intensity of their corresponding layer lines is
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modulated along qr and Ψ (radial and azimuthal reciprocal space coordinates). Many of the important biological
polymers (such as DNA, F-actin, filamentous viruses) have
helical symmetry, described by the ratio M = p/s, where
p is the number of monomers per crystallographic repeat
and s is the number of helical turns per crystallographic
repeat. For an azimuthally averaged collection of periodic
linear polymers with helical symmetry M = p/s and repeat distance c, the X-ray scattering amplitude takes the
form of layer lines described by
·
¸
XX
¡
¢
fj Jn (qr rj ) exp i −nψj + 2πl
Gl (qr ) =
,
z
c j
n

j

where the sum over j includes all subunits of the monomer
with coordinates (rj , ψj , zj ) and form factor fj [93].
The outer sum is over all n subject to the constraint
l = ns+mp (the so called selection rule, in which n and m
are integers), and Jn is the n-th-order Bessel function of
the first kind. Each layer line is centered on qz = (2πl)/c.
Typically, in modeling diffraction from helical molecules,
only the lowest-order Bessel functions are kept in the
above sum. This is because the higher order the Bessel
function, the weaker the contribution.
Normally, F-actin rods are comprised of G-actin
monomers packed into a helix with a −13/6 symmetry,
or 13 monomers in 6 left-handed helical turns. Each Gactin monomer has dimensions of approximately 55 Å ×
55 Å × 35 Å, and is comprised of 4 subdomains. These
four subdomains can be approximated as 4 spheres with
appropriate radii and molecular weights [93]. Figure 2(a)
shows the first nine layer lines of the diffraction pattern
of the F-actin helix, calculated employing the above foursphere model for F-actin using a symmetry of M = −13/6.
Notice that the l = 6 and l = 7 layer lines (which come
from n = −1 and n = 1 Bessel functions) are much more
intense than the other layer lines. For partially aligned
F-actin, these layer lines dominate the diffraction pattern.
True helical macromolecules are, of course, not perfect crystals, and so their diffraction features will not
be resolution-limited “Bragg” layer lines. Rather, real
molecules exhibit finite domain sizes, yielding diffraction
features along qz with finite widths. In the past, layer lines
have been modeled with Gaussian profiles [93, 94],
·
µ
¶2 ¸
2πl
exp − πd2
,
c
where 1/2π 1/2 d is the so called “coherence length” of the
molecule, due to finite domain sizes.
In order to determine the symmetry associated with
the observed diffraction pattern, the model F-actin helix
has been continuously twisted and compressed. It turns
out that the dominant Bessel functions that contribute
the most intensity are essentially the same for all symmetries over a fairly wide range. For example, one can twist
away from the native −13/6 symmetry by ±10 degrees and
the most intense Bessel function contributions remain the
same: n = 0, 2, 4, 6, −5, −3, −1, 1, and so on. The integer m also has a corresponding conserved pattern. This

Fig. 2. (a) The scattering amplitude of F-actin with −13/6
symmetry, generated using the four-sphere model of the actin
monomer. The layer line number is labelled on the left. The
most intense areas of the diffraction pattern come from the
0th, 6th, and 7th layer lines with 0th-, and 1st-order Bessel
contributions. (b) The equivalent calculation for F-actin with
−36/17 symmetry. Many more layer lines are generated but
most contribute little intensity to the diffraction pattern. As in
the −13/6 case, the most intense layer lines come from the 0thand 1st-order Bessel function contributions, this time located
at l = 0, l = 17 and l = 19. We only labelled layer lines in (b)
that have the same Bessel function contributions as those in
(a). For example, l = 6 in (b) corresponds to l = 3 in (a). This
can be shown using the selection rules and the two different
symmetries (see text).

point is illustrated by a comparison of Figures 2(a) and
2(b), in which two diffraction patterns corresponding to
two different symmetries (−13/6 and −36/17) with very
different length repeat units reveal that the relevant contributions to both diffraction patterns come from the same
series of Bessel functions (same combinations of n and m).
The continuous twisting and squeezing of the helix can
be more conveniently accomplished by re-expressing l and
c in the calculation. For example, l only appears in the
calculation when a position along qz is specified. Usually
written as qz = (2πl)/c, one can use the selection rule to
rewrite qz = [2π(ns/p + m)]/c0 . The axial monomer spacing, c0 , is given by c = pc0 . Modeled diffraction patterns
can then be calculated by changing the helical symmetry
and monomer spacing, p/s and c0 , by arbitrary amounts.
Figure 3 shows two powder-averaged calculations of the
diffraction pattern from the four-sphere model of F-actin
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Fig. 3. A sample calculation of powder-averaged layer lines for
two different filament symmetries. The l = 6 and l = 7 layer
lines are shown for the −13/6 case and the l = 17 and l = 19
layer lines are shown for the −36/17 case. Both symmetries
have the same Bessel function contributions (n = −1 for the
lower-order line and n = 1 for the higher-order line). Inclusion
of extra neighboring layer lines has no effect on peak position and a negligibly small effect on peak width. Changing the
filament symmetry will lead to changes in peak position and
relative intensities; shown here are the two symmetries yielding
peak positions closest to our measurements (see Fig. 5) −13/6
(0.111 Å−1 and 0.123 Å−1 in exact agreement with peaks D
and E in Fig. 5) and −36/17 (0.113 Å−1 and 0.121 Å−1 in
excellent agreement with peaks J and K in Fig. 5).

for two different symmetries (−13/6 and −36/17, corresponding to the native state of the F-actin and an overtwisted state with a twist of −3.8 ◦ per monomer).
2.2 Sample preparation
The most abundant intracellular protein in eukaryotic
cells is actin, one of the principal components of the cytoskeleton. Actin associates to form polymeric actin filaments, which can in turn form bundles and networks in
a highly coordinated way by interacting with actin binding proteins and salts. The actin cytoskeleton determines
cell shape, and plays a central role in cellular locomotion [91]. Monomeric actin (G-actin) (molecular weight,
43000) was prepared from a lyophilized powder of rabbit skeletal muscle purchased from Cytoskeleton (Denver). The non-polymerizing G-actin solution contained a
5 mM Tris buffer at pH 8.0, with 0.2 mM CaCl2 , 0.5 mM
ATP, 0.2 mM DTT, and 0.01% NaN3 . G-actin (2 mg/ml)
was polymerized into F-actin (linear charge density λA ≈
−1e/2.5 Å at pH 7) with the addition of salt (100 mM KCl
final concentration). Samples were typically polymerized
for 1 hour. Human plasma gelsolin, an actin severing and

393

Fig. 4. (a) SAXS profiles of F-actin (∼ 0.2 µm long) condensed by Ba2+ ions. At 0 mM Ba2+ concentration, F-actin
is in an uncondensed isotropic phase. At low Ba2+ concentrations (6 mM), F-actin condenses into a network phase, consisting of lamellar stacks of 2D nematic layers (see text). At high
Ba2+ concentrations (108 mM), an attractive force condenses
F-actin into close-packed bundles with a correlation peak at
q = 0.089 Å−1 . A weak higher-order reflection can also be
observed at q = 0.136 Å−1 , which deviates slightly from the
position expected from an exact hexagonal lattice. (b) A confocal image of a dilute (0.03 mg/ml) solution of bundles of
F-actin (∼ 10 µm) at 72 mM global Ba2+ concentration. The
scale bar is 8 µm.

capping protein (Cytoskeleton.com), was used to regulate the F-actin length. The average length of F-actin is
controlled by the gelsolin concentration, which has been
independently calibrated [95]. The filaments were treated
with phalloidin (molecular weight 789.2) to prevent actin
depolymerization. F-actin gels were ultracentrifuged at
100000 × g for 1 hour to pellet the filaments. After the removal of the supernatant buffer solution, the F-actin was
resuspended to a final concentration of 10 mg/ml by using
Millipore H2 O (18.2 MΩ). Electrostatically concentrated
samples were prepared by mixing with MgCl2 or BaCl2 salt
solutions. Non-electrostatically condensed samples were
prepared by ultracentrifugation (100000 × g) of F-actin
solutions. The supernatant buffer was subsequently removed, and the actin concentration set by the addition
of 5 mM pH 7.0 Pipes buffer. All samples were sealed in
1.5 mm diameter quartz capillaries.

3 Results and discussion
The basic supramolecular structure of the biopolymer
component of the composite counterion-biopolymer system can be seen in the progressive formation of Factin bundles with increasing multivalent ion concentrations. SAXS measurements of F-actin condensed with
Ba2+ (Fig. 4(a)) exhibit its structural evolution with increasing Ba2+ concentration. At low ion concentrations
(for example, 6 mM), F-actin is observed to assemble
into a network phase consisting of 1D lamellar stacks of
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Fig. 5. (a) A 2D SAXS pattern of non-electrostatically condensed F-actin. The procedure for generating integrated cuts along
qr (b) and along qz (c) are described in the text. Peak positions for all observed layer lines (6th, 7th, and 13th) agree with the
native −13/6 actin model to within less than 1%. (d) 2D SAXS of Ba2+ -condensed F-actin. Cuts along qr (e) and along qz
(f) are performed the same way. The data indicates the formation of a counterion 1D CDW, and an induced −3.8 ◦ overtwist
of F-actin (see text). The peak positions are 0.035 Å−1 (A), 0.062 Å−1 (B), 0.07 Å−1 (C), 0.111 Å−1 (D), 0.123 Å−1 (E),
0.225 Å−1 (F), 0.089 Å−1 (G), 0.136 Å−1 (H), 0.105 Å−1 (I), 0.115 Å−1 (J), 0.120 Å−1 (K), 0.136 Å−1 (L), and 0.227 Å−1 (M).
The inset is a magnification of the CDW peak (I) and neighboring layer line scattering (J, K).

2D nematic layers of actin filaments [83]. At intermediate Ba2+ concentrations (e.g., 36 mM) a second set of
peaks emerges, indicating coexistence between the network phase and uniaxial bundles. At even higher Ba2+
concentrations all indications of the network phase have
disappeared, and we see an actin-actin close-packing peak
characteristic of the bundled phase at q = 0.089 Å−1 ,
which corresponds approximately to the hard-core diameter of F-actin. These F-actin bundles can also be imaged in real space by using laser-scanning confocal fluorescence microscopy (Fig. 4(b)). The F-actin filaments
were labeled with phalloidinated Alexa Fluor 488 (Molecular Probes). A Leica SP-2 confocal microscopy system
(Beckman Institute, Urbana, IL) was used to image the
dilute F-actin solutions in sealed sample cells at different ionic strengths. The observed thickness of bundles in
the image, accounting for the ∼ 0.25 µm point spread
function of the microscope, indicates that each bundle is
comprised of thousands of filaments (assuming that the
actin filaments are close-packed at the spacing indicated
by the X-ray results).
A direct comparison between the 2D SAXS patterns
of F-actin concentrated osmotically without using divalent ions and of F-actin condensed electrostatically with
divalent ions is made in Figure 5. A large number of different osmotically concentrated F-actin samples were analyzed. Figure 5(a) is a representative 2D SAXS pattern
of partially aligned F-actin at 90 mg/ml in the absence
of divalent ions. The F-actin rods are partially aligned
along the qz -axis and are powder-averaged in the plane
perpendicular to the qz -axis. In the region of interest in
reciprocal space the small-angle approximation is valid,
so the relationship between detector positions and q positions is greatly simplified. For the analysis of the 2D
SAXS patterns (Figs. 5(a) and (d)), cuts along qr and
qz are produced by integrating the 2D SAXS image over
40 ◦ wedges in χ (χ is the angle between q and qr ),
centered about the qr and qz axes, where qr ≡ q cos χ,

qz ≡ q sin χ, q = (4π/λ) sin θ, and 2θ is the Bragg angle. This numerical “wedge” integration was performed using the standard Fit2D software (http://www.esrf.fr/
computing/scientific/FIT2D/). The three equatorial
peaks
(A–C) in Figure 5(b) correspond to the first-order,
√
3-order, and second-order peaks expected from local
hexagonal coordination. The two strong, partially orientationally averaged peaks (D and E) along the meridional
direction (Fig. 5(c)) are the well known sixth- and seventhlayer lines characteristic of −13/6 symmetry [96], in agreement with the known structure of the F-actin. To account
for the sample mosaic and the effects of integration on
layer lines, we partially powder-averaged (π/2 > χ > π/4)
theoretical 2D diffraction patterns. The resulting modeled peak positions have been optimized by varying the
monomer spacing in 0.1 Å increments. These peak positions and combined full width at half maximum are well
described (to within 1%) by equations (1) and (2) (above)
utilizing the Fourier transform of the standard four-sphere
model [93] for the actin filament, and using the Holmes
coordinates [96] combined with Gaussian layer line profiles [94]. These model 2D diffraction patterns are turned
into one-dimensional powder averages produced by numerically integrating over the χ-angle. Two of these model
diffraction patterns are presented in Figure 3. The difference between a partial powder average (π/2 > χ > π/4)
and a full powder average has no effect on the resulting
peak positions as long as most of the layer line intensity
is included in the integral.
The diffraction pattern for multivalent ion condensed
F-actin bundles differs dramatically from that of the nonelectrostatically concentrated F-actin. Figure 5(d) is a
2D SAXS pattern of a partially aligned sample of Factin at 7.5 mg/ml condensed with 60 mM Ba2+ . The
filaments are oriented parallel to qz on average as in
the non-electrostatically concentrated sample above. The
most salient difference between the two diffraction patterns (between Fig. 5(a) and (d) and between Fig. 5(c)
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and (f)) is the appearance of a sharp diffraction feature
at qz = 0.105 Å−1 in the electrostatically condensed case
(Fig. 5(f), peak I). This finding is surprising because the
sample alignment is weaker for the electrostatically condensed actin compared with the non-electrostatically condensed actin, and weaker alignment can only broaden and
weaken existing peaks, but never produce new ones.
This peak is centered on the qz -axis and, given the
symmetry of the system, is dominated by a 0th-order
Bessel function contribution, and is partially smeared in
χ. Using the definition of layer line positions given above,
one can calculate all possible positions of layer lines with
0th-order Bessel function contributions: qz0 = 2πm/c0 . No
plausible changes in symmetry can produce new layer lines
with 0th-order Bessel function contributions. (In principle,
it may be possible to generate a diffraction peak at this
position if one were to double the the monomer spacing
along a filament, but this will no longer be anything resembling an F-actin helix. It is therefore not possible to
generate this new peak by using the F-actin helix. This
new diffraction peak, which only occurs for multivalent
ion condensed samples and is aligned along the qz -axis,
corresponds to “ripples” of multivalent ion density along
the filament axis, analogous to a classical 1D charge density wave (CDW). Compared to any of the F-actin layer
line peaks in this region of reciprocal space, this peak is
symmetrical, significantly sharper, and more intense. This
peak is consistent with the diffraction from a new 1D
periodic charge distribution with a finite in-plane width
and azimuthal symmetry. The Fourier transform of this
charge distribution is a periodic arrangement of Bragg
sheets multiplied by 0th-order Bessel functions centered
on the qz -axis, which suppress the off-axis Bragg sheet
intensity. Unlike the higher-order Bessel function peaks
from the F-actin helix, which are shifted and broadened
along qz by the large mosaic distribution of bundle orientations within the sample volume, this peak remains sharp
along qz even after such orientational averaging. Because
we observe a single peak, the counterion CDW is dominated by one Fourier component and is approximately
described by a simple sinusoidal density variation with a
spatial period of 59.8 Å, which is comparable to the spacing between monomer ridges on the surface of one side of
an F-actin filament. (This is similar to the density modulation observed in most mesogenic smectic liquid crystals,
which also exhibit a single order of diffraction.) Because
of the weak diffraction signal of the CDW, we cannot rule
out the possibility of higher harmonics, which can also be
suppressed by Debye-Waller factors and other effects. Our
results, however, suggest that the dominant Fourier component of the CDW is the one at qz = 0.105 Å−1 , which
implies that the counterion distribution can be approximated by a “frozen” 1D sinusoidal ripple along the F-actin
helix axis. In samples where divalent ions are progressively
removed from the F-actin bundles, the CDW diffraction
feature disappears. We recently performed experiments in
which the condensed divalent ions are displaced by titrating in low-molecular-weight multivalent globular proteins
such as lysozyme (+9 charge). As the divalent ions in the
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CDW are displaced by the higher-valence lysozyme, the
CDW scattering signal is suppressed as expected [97].
This simple picture, however, is incomplete. For example, why do the counterions follow a new 1D symmetry
rather than the full helical symmetry of the charge distribution on F-actin? In principle, if the positively charged
divalent ions were to simply follow the negative charge on
F-actin, the ion distribution should precess helically with
the same symmetry of the F-actin helix, and modify the
existing Bessel function scattering and generate no new
peaks. This is clearly not the case, since we clearly observe the CDW diffraction peak centered on the qz -axis.
The question can be resolved if we examine the diffraction
pattern from the multivalent ion-condensed F-actin, which
reveals that the 1D CDW has enforced a change in the native F-actin symmetry and overtwisted the F-actin helix
by −3.8 ◦ per monomer. This can be seen by the direct
comparison of Figure 5(d) with the non-electrostatically
concentrated actin in Figure 5(a). The equatorial peak
positions (G and H) deviate slightly from those expected
from an exact hexagonal lattice and indicate that the bundled filaments are tightly packed (Fig. 5(e)). Along the
meridional direction, the Bessel function peaks of the native 13/6 layer lines of the non-electrostatically concentrated sample (Fig. 5(c)) have been replaced by a cluster
of weaker peaks (J–L) in the multivalent ion condensed
sample (Fig. 5(f)). The peak at 0.136 Å−1 (L) is clearly
caused by the mosaic smearing of the strong transverse
inter-rod correlation at the same q-value along the equatorial direction, and the intensity agrees well with calculations accounting for the mosaic distribution. The remaining peaks can be completely explained by overtwisting Factin to a new −36/17 symmetry, which corresponds to
the 3.8 ◦ twist. Experimentally, F-actin is known to exhibit
a range of twists states [92, 98, 99], an observation that is
consistent with its low torsional rigidity, as measured with
single-molecule techniques [100]. We consider changes in
the F-actin helical twist away from its native symmetry by
starting with the standard four-sphere model in the −13/6
helix and monomer spacing of 28.7 Å (the value extracted
from the measurement of actin in Fig. 5(a)) and twisting
the filament over a range of ±10 ◦ per monomer in increments of 0.05 ◦ . Long repeat helical symmetries up to
the 108/51 range have been checked for the appearance of
new intense layer lines, and none were found. The measured peaks at q = 0.115 and 0.120 Å−1 agree well with
the l = 17 and 19 layer lines of the overtwisted −36/17
symmetry (calculated peaks at q = 0.113 and 0.120 Å−1
after adding mosaic smearing). Even the higher-order feature at q = 0.227 Å−1 is reproduced.
Why does the composite polyelectrolyte-counterion
system choose the overtwisted −36/17 symmetry? The
angle between adjacent monomers on a −13/6 helix is
given by −6*2π/13, or −166.2 ◦ . By contrast, the angle per monomer on a −36/17 helix is −170 ◦ , which
indicates the overtwist of −3.8 ◦ per monomer. An examination of the local environment around a 1D CDW
reveals why the −36/17 symmetry is favored. Consider
a simple columnar hexagonal array of F-actin filaments
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Fig. 6. For the −36/17 and −13/6 symmetries, a schematic representation of a three-filament bundle with the central triangular
tunnel highlighted (top) and the same bundle in its “unwrapped” form, showing the interior charge distribution of the tunnel
(bottom). The black-colored (red-colored online) regions on each filament correspond to the highly charged sd-1s of the actin
monomers facing the interior of the bundle. Double lines mark the location of the electrostatic/steric defects where sd-1s from
adjacent filaments are in close proximity. Overtwisting the 13/6 helix to a 36/17 helix dramatically reduces the density of these
defects, and generates long regions of evenly spaced charged patches to match with the periodic counterion CDW.

decorated by parallel 1D CDWs. The most elementary
unit of this structure is a three-filament bundle, which defines a “channel” of triangular cross-section, threaded by a
1D CDW of ions. Figure 6 depicts the negative charge distribution within such a three-filament bundle. The blackcolored (red-colored online) regions on each filament correspond to subdomain-1s (sd-1s) of the actin monomers that
face the inside of the channel. These subdomains are the
most highly negatively charged and the most protrusive
regions on the surface of F-actin. To lower the electrostatic
energy, these domains should ideally be positioned adjacent to the maxima of the oppositely charged 1D CDW.
However, because F-actin is a helix, the highly charged
sd-1 will precess in and out of this central channel and
will not always be in register with the CDW. If we examine the “unwrapped” three-filament bundle and look
at the distribution of negative charge on the surface of
the “channel”, following sd-1 from monomer to monomer
and filament to filament along the bundle, we find that no
matter how the initial relative phases of the F-actin are
chosen, a large number of defects will occur for the native
−13/6 symmetry, in which sd-1s of adjacent filaments are
in very close proximity to one another, which is electrostatically and sterically unfavorable. Given that F-actin
is a helix, defects of this kind are unavoidable, unless the
helix was completely unwound, which is clearly unrealistic. However, it can be seen that the spatial frequency of
these defects is dramatically reduced if the F-actin filament is overtwisted to a −36/17 symmetry. The −36/17
symmetry provides regions with evenly spaced negativecharge patches with a period equal to twice the monomer
spacing on a single filament, d = 57.4 Å, which is quite
close to 59.8 Å, our measured period for the 1D CDW
of multivalent ions. In fact, this observed organization of
multivalent ions into a classical CDW may be related to
the occurrence of these defects. It is interesting to note
that the occurrence of these mismatch defects, which will

always occur for a columnar lattice of helical rods, do not
destroy the counterion CDW, and that the CDW peak
remains sharp.
It is not intuitively obvious that by optimizing the
electrostatic interactions in a single interstitial channel
will necessarily do so for all of the interstitial channels.
F-actin is a helix, and the charged patches will precess with a spatial frequency determined by its helical
symmetry. As a result, optimizing the charge matching
for a CDW threading one “channel” will not in general
optimize charge matching in adjacent “channels’, due
to frustration effects. An examination of this question
reveals one other important advantage in changing the
actin twist state from −13/6 to −36/17. There are
36 monomers in the crystallographic repeat of twisted
F-actin in the −36/17 configuration. The 36 monomers
are evenly divisible by 6, the number of nearest neighbors,
whereas 13, the number of monomers in the native crystallographic repeat of F-actin, is not (Fig. 7). For F-actin
rods with −36/17 symmetry organized into a 6-fold
columnar arrangement, all of the interstitial channels can
be optimized simultaneously. A unit cell can be generated
with two principal channel arrangements that can be
simultaneously optimized, and the entire 2D plane can be
tiled with a unit cell without frustration effects (only one
of the two possible channel types are shown in Fig. 6).
This is clearly not true for −13/6 F-actin, for which it is
not possible to tile the 2D surface without frustration.
Recent molecular-dynamics simulations on realistic
representations of F-actin at a spatial resolution comparable to the actin monomer subdomain structure confirm
the essential features of our model [101]. For a columnar
hexagonal lattice comprised of F-actin helices in the native −13/6 twist state, counterions are distributed around
F-actin with the symmetry of individual actin helices,
while for a lattice of F-actin in the −36/17 twist state,
counterion distributions rearrange themselves to follow
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Fig. 7. The projection of the F-actin filament into a plane perpendicular to the filament axis reveals the relationship between
filament symmetry and inter-filament coordination. The number of monomers per repeat length oriented within each of the
six 60◦ sectors are shown on each sector (top diagrams). For
example, with the −36/17 symmetry, there are 36 monomers
per repeat, and they evenly divide into six monomers per 60◦
sector. In the −36/17 case (left), each of the six nearest neighbors facing the filament will interact with the same number
of monomers per repeat length. On the other hand, a filament
with −13/6 symmetry (right) will always have one neighbor inequivalent to the rest. This will have fundamental consequences
for hexagonal packing (bottom diagrams). For filaments with
−36/17 symmetry organized into a hexagonal columnar arrangement, all the channels can be optimised against the CDW
simultaneously. In contrast, filaments with −13/6 symmetry in
the same columnar arrangement will have channels that cannot
be simultaneously optimised.

the symmetry of the hexagonal lattice. This supports
the experimental observation of a strong CDW state for
twisted −36/17 F-actin rods.
It is important to assess whether the −3.8 ◦ twist necessary for the fomation of the −36/17 helix is forbiddingly
large. The torsional rigidity of F-actin has been measured [100]. By using the measured value for the torsional
rigidity (κ ≈ 8 × 10−26 Nm2 ) and the equipartition theorem, the rms twist of F-actin at room temperature just
from thermal fluctuations is of the order 1◦ per monomer.
If the counterion CDW is in registration with the pattern of charges defined by the twisted F-actin rods, then
its spatial periodicity must remain constant as long as the
structure of F-actin is preserved, even if the linear charge
density of the F-actin were varied, and concomitantly, the
number of condensed ions. We checked this possibility
by exploiting the four histidine residues on the G-actin
monomer. The protonation of histidines can be controlled
by the pH of the solvent. As the pH is changed between
6 and 8, the charge density on the actin rod changes by
∼ 20%. We changed the charge density of the actin filament between pH 6.8 and 8.0 (Fig. 8), and observe no shift
in the position of the CDW diffraction peak, as expected.
This indicates that the charge modulation of the CDW
is not affected by the underlying average charge density.
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Fig. 8. SAXS intensity for 7.5 mg/ml F-actin, 2 µm in length,
at two pH levels: both samples contained 80 mM Ba2+ . The low
pH sample was prepared in Pipes buffer, the high pH sample
was prepared in Hepes buffer. Over a ∼ 6% change in charge
density, the filament packing is observed to be the same in both
cases, and the CDW peak does not shift at all, illustrating that
the period of the CDW is not dependent upon the average underlying filament charge density, but on the geometric arrangement of charge within the bundle. Poor sample alignment has
washed out the separation between the broad layer lines from
filament scattering, but the CDW peak remains sharp.

Rather, the CDW is “pinned” because of the geometric
arrangement of charge (and defects) on the filaments. It
is possible, however, that the average inter-ion spacing is
changing as the charge density of F-actin is varied, but
we cannot at present measure the inter-ion correlations
to confirm this. The CDW diffraction peak is associated
with organization of the ions at a larger length scale than
inter-ion correlations.
Ion specificity has important implications in biology,
so the question arises whether the CDW is a Ba2+
specific phenomenon. All of the multivalent ion/F-actin
self-assembled phases have been observed in the past
using a variety of ion species such as Mg2+ and Ca2+ [83].
In agreement with these findings, we observe the CDW
peak in SAXS measurements on partially aligned samples
of actin condensed by Mg2+ and by Ca2+ (Fig. 9). These
measurements were performed under conditions identical
to those of the Ba2+ measurements, and the CDW peak
is weaker than that for Ba2+ in both cases. The above
observations indicate that the CDW state is not limited to
Ba2+ -condensed actin bundles, and suggest that it is due
to a collective ion organization rather than to ion-specific
binding phenomenon. Although there are approximate
trends in the CDW peak intensities for different ion
species (e.g., the Ca CDW peak appears more intense
than the Mg CDW peak in Fig. 9, etc.), they are difficult
to quantitatively compare due to the uncontrollable
affects of mosaic smearing within only partially aligned
samples, and to the shifts in phase boundaries between
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Fig. 9. SAXS intensity for 7.5 mg/ml F-actin, 2 µm in length,
condensed by 80 mM Mg2+ and 80 mM Ca2+ . Both samples
were prepared in 5 mM Pipes buffer at pH 7. The same structure here is observed as in the case of Ba2+ . The peak at
0.089 Å−1 is the close-packing peak, and the small peak at
0.105 Å−1 is the CDW peak. The existence of the CDW for
Mg2+ and Ca2+ in addition to Ba2+ indicates the non-specific
nature of the CDW. Poor sample alignment washes out layer
lines, so filament twist information cannot be extracted.

different condensed phases for different ions [83] (which
can potentially vary the number of condensed ions on
the polyelectrolyte for a given global ion concentration).
What’s more, since anionic actin filaments are comprised
of large numbers of both cationic as well as anionic
residues, coions may co-organize with counterions on the
actin surface and contribute to the diffraction signal. For
example, in our system we have Cl co-ions, which have
a Z that is greater than that of Mg and less than those
of Ca and Ba. This will impinge strongly on the relative
peak intensities and significantly diminish the differences
between the CDW diffraction signals from different salts
like MgCl2 , CaCl2 and BaCl2 .
It is interesting to assess how the CDW organization
changes with respect to thermal fluctuations. All measurements presented above were performed at room temperature. Figure 10 shows a series of SAXS measurements
performed on bundles of F-actin condensed with 90mM
Ba2+ , at temperatures ranging from 6 ◦ C to 40 ◦ C. (The
temperature range was chosen for practical purposes; we
did not go below the freezing point of water, or above
40 ◦ C to avoid denaturing actin.) The sample was allowed
to equilibrate for 1 hour at each temperature point before
measurements, and the samples were always cycled to the
original temperature to check to reproducibility and possible beam damage. The bundles do not exhibit any discernable structural changes with temperature. The peaks

Fig. 10. SAXS measurements for 7.5 mg/ml F-actin, 10 µm
in length, condensed by 90 mM Ba2+ in 5 mM Pipes buffer
at pH 7. The peak positions, widths, and intensities did not
change as the temperature was varied, indicating that the bundles did not swell or shrink, nor did domain size within bundles significantly change. In order to account for any radiation
damage incurred during the measurements, we measured first
at 6 ◦ C, then at 25 ◦ C, then at 40 ◦ C, and finally at 6 ◦ C again.
The nearly identical intensity profiles from the two 6 ◦ C measurements indicates that no significant radiation damage was
sustained by the sample.

are not observed to shift, so bundles do not swell or shrink
over this temperature range. Changes in peak widths are
not observed and changes in peak intensities are negligible, indicating that the average domain size within the
bundles does not change significantly at the temperature
range probed.
The possibility of coupling between the CDWs in
neighboring tunnels deserves comment. For example, do
the 1D CDWs exist in isolation, or are they locked into
a 2D lattice via interactions with the columnar lattice of
F-actin rods? In principle, an X-ray lineshape measurement may be able to differentiate between the possibilities. However, there is not sufficient dynamic range in the
diffraction signal to detect inter-CDW coupling, by discriminating between true long-range order (LRO), which
is expected if the CDWs in different channels are coupled, and quasi-LRO (QLRO), which is expected from an
uncoupled 1D system of finite extent (and therefore capable of bending and compression) [102]. In fact, the peaks
are expected to be sharp for both LRO and QLRO. For
example, the diffraction peaks for the 1D density wave
in smectic liquid crystals are frequently resolution-limited
in width, and the differences are detected usually in the
asymptotic behavior of the correlation peaks [103, 104].

T.E. Angelini et al.: Direct observation of counterion organization in F-actin polyelectrolyte bundles

4 Conclusions
We have experimentally examined the mechanism for likecharge attraction in cytoskeletal F-actin and found evidence for counterion correlations. The microscopic mechanism involves a coupled mode between a counterion CDW
and the polyelectrolyte twist. (The counterion CDW cannot exist without the polyelectrolyte twist and vice versa.)
This molecular mechanism may be analogous to the formation of polarons in ionic solids, in which an electron
drags a “cloud” of longitudinal optic phonons and acquires
a large effective mass [105, 106]. In a broader context,
similar collective compromises between F-actin twist and
crosslinking of F-actin by actin binding proteins may influence the hierarchy of existing interactions [88] and have
important thermodynamic consequences for cytoskeletal
regulation. Another general issue is the role of ion multivalence in like-charge attraction, because different polyelectrolytes require ions of different valences to condense.
An experimentally motivated criterion for the degree of
ion multivalence required for generating attractions has
been recently proposed [85], and a systematic study of
collective counterion dynamics for different ion valences is
under way.
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