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Anionic polyelectrolyte filaments are common in biological cells. DNA, RNA, the 

cytoskeletal filaments F-actin, microtubules, and intermediate filaments, and 

polysaccharides such as hyaluronan that form the pericellular matrix all have large net 

negative charge densities distributed over their surfaces. Several filamentous viruses with 

diameters and stiffnesses similar to those of cytoskeletal polymers also have similar negative 

charge densities. Extracellular protein filaments such collagen, fibrin and elastin, in contrast, 

have notably smaller charge densities and do not behave as highly charged polyelectrolytes 

in solution. This review summarizes data that demonstrate generic counterion-mediated 

effects on four structurally unrelated biopolymers of similar charge density: F-actin, 

vimentin, Pf1 virus, and hyaluronan, and explores the possible biological and 

pathophysiological consequences of the polyelectrolyte properties of biological filaments.

Introduction

Targeting of proteins such as DNA polymerases, actin crosslinking proteins and molecular 

motors to their filamentous ligands often involves positively charged protein domains that 

stabilize interactions both by direct electrostatic binding to the polyelectrolyte but also by 

the entropy gained when smaller valence counterions such as K+ or Na+ are displaced by 

the multicationic ligand. Long rigid or semi-flexible polymers with fixed charges spaced 

closer than the Bjerrum length, the characteristic length below which electrostatic 

interactions are stronger than thermal energy, acquire fascinating and in some cases 

counterintuitive properties compared to smaller soluble charged solutes. The Bjerrum length 

is defined as
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where e is the elementary charge, ∊r is the relative dielectric constant of the medium and ∊0 

is the vacuum permittivity. For water at physiologically relevant temperature λB ≈ 0.7 nm, 

and the spacing between fixed charges in many biopolymers is less than that distance.

The pioneering work of Manning and others showed that the effective electrostatic charge of 

a biopolymer, as judged for example by its electrophoretic mobility, is not equal to its bare 

charge density, but to a lower value with charges spaced so that the distance between them 

does not exceed a linear density equal to the inverse Bjerrum length 1, 2. The factor by which 

the net charge on the polyelectrolyte is reduced depends on the valence Z of the counterion, 

according to the expression:

where ζ = e2∊0∊rkBTb = λB/b and b is the linear charge spacing of the polyelectrolyte in the 

absence of any associated ions. If the counterions have a mixture of valences, then they will 

compete for binding to the polyelectrolyte and there is not a general expression to determine 

the amount by which the net charge on the polyelectrolyte is reduced.

The precise nature of the forces that distribute counterions and co-ions in the vicinity of the 

charged polymer have been the subjects of many theoretical studies 3–7. An essential feature 

of the localized or condensed counterions is that although they are restricted from diffusion 

away from the long axis of the polymer, they are mobile within a thin volume along its 

surface. An effect that is vital to the biological relevance of counterion condensation is that 

univalent counterions can be displaced by a smaller number of divalent or multivalent 

counterions to maintain approximately the same effective surface charge density. As a 

result, the free energy change when multivalent cations or polycationic protein domains 

localize to anionic filaments is dominated by the gain of entropy as a larger number of 

univalent cations are displaced, and therefore this binding is not screened out at 

physiologically relevant salt concentrations.

Among the intriguing properties of rodlike polyelectrolytes in aqueous solutions, which 

have attracted much theoretical and experimental attention, reviewed in 8, are strong 

attractive interactions between like-charge filaments mediated by multivalent counterions. 

Such counterion mediated attractions can result in network formation 9–13, or more 

commonly in collapse of the polyelectrolyte into bundles 14–17, toroids 18, rings 19–21, or 

other, often lamellar aggregates 22, 23 depending on predictable features of the system such 

as polymer and counterion concentration, polymer length and stiffness, and the surface 

distribution of fixed charge on the polyelectrolyte 24–26. The generic nature of counterion-

mediated effects on polyelectrolytes is often neglected in studies of biological systems 27, 

but the effect is important in pathological cases where intracellular polyelectrolytes enter the 

extracellular space, such as the thickening of mucus by DNA during cystic fibrosis or the 

inactivation of antimicrobial peptides by cytoskeletal polymers or bacterially expressed 

polyelectrolytes.
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Polyelectrolytes in the cytoplasm and nucleus

The cytoplasm of most cells is permeated by a three-dimensional network formed of 

filamentous cytoskeletal polymers, and the nucleus is crowded with DNA and other nucleic 

acid polymers. Cytoskeletal networks composed of three different polymer types, F-actin, 

microtubules (MTs) and intermediate filaments (IFs) are generally considered the structures 

that provide mechanical strength to the cell interior, and have been a model system for the 

study of crosslinked semi-flexible polymer networks 28, 29. They also have surface charge 

densities similar to that of double stranded DNA 28, 30 and provide a surface area greater 

than that of cellular lipid bilayers on which proteins can dock and enzymatic reactions may 

be enhanced 31. DNA and RNA, aside from their essential functions in encoding genetic 

information, are increasingly recognized as organizers of nuclear mechanics and spatial 

segregation 27.

The number of ligands for the cytoskeleton, especially the actin filament system, as well as 

for DNA and RNA, is bewilderingly large. While there are only a handful of well-

characterized monomeric (G)-actin binding proteins, there are over a hundred reported 

ligands for F-actin 32. These proteins generally lack an obvious sequence homology to 

explain their common mode of interaction with the limited, uniquely-defined exposed 

surface of the actin subunits in the filament, but their actin binding sites are generally 

cationic. For example, the abundant actin-binding protein tropomyosin is a 41 nm long 

almost completely coiled-coil protein without an obvious unique actin binding site and no 

affinity for G-actin, but with highly selective and regulated binding to F-actin. The 

tropomyosin dimer has a large net negative charge, but also a significant number of cationic 

amino acids 33. It, like F-actin and other polyelectrolytes, undergoes a sharp transition from 

isotropic solution to filamentous paracrystals when a critical concentration of divalent 

cations is added 34. A specific, localized, binding site for the muscle regulatory protein 

troponin was identified on tropomyosin decades ago, but similar binding site for F-actin 

remains undiscovered 35. Rather than a single actin binding site, tropomyosin has been 

inferred to have on the order of 14 F-actin binding sites based on sequence homology 

repeats and evolutionary preservation, and these sites are characterized by having positive 

charges 35. Modeling of the tropomyosin coiled-coil shows what although the net charge of 

the dimer is negative, most of the numerous positively charged sides of the polypeptide are 

arranged on one face of the helix and that tropomyosin docks in an electrostatic minimum 

within the groove of the actin filament 36, 37. The thin filament of the sarcomere and 

cytoskeletal actin filaments lined by tropomyosin would therefore have an even greater 

negative charge density than bare F-actin.

There is also increasing evidence that the same protein can bind to two or more different 

types of cytoskeletal filaments. The microtubule associated proteins MAP2 and tau are 

perhaps the best known such proteins, as they bind both F-actin and microtubules in vivo 38 

as well as in vitro 39. The binding site to both these filaments appears to be a small cationic 

region in both tau and MAP2c. Synapsin I also binds both F-actin and microtubules 40, 41 as 

do the MT binding proteins CLASP 1 and 2 42. Calponin binds F-actin and intermediate 

filaments 42, 43, and the protein plectin is well characterized to bind all three cytoskeletal 
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filaments 44, 45, with the same domain used to bind both F-actin and vimentin 46. Several 

glycolytic proteins also bind more than one cytoskeletal filament type 47, 48.

Cytoskeletal polymers are also strong ligands for a variety of metal ions, polyamines, and 

cationic peptides, and the binding of these species can produce a variety of specific 

structures. Indeed polylysine, spermine, lanthanide ions, and histones are among the most 

potent actin bundling agents identified 49, and it is notable that these polycations are also 

strong condensing agents for DNA 50.

In contrast to the abundance of semiflexible linear polyelectrolytes within the cell, they are 

rarely found under normal conditions in the extracellular space. Both eukaryotic and 

prokaryotic cells often express large anionic polysaccharides or sulfated proteoglycans that 

remain associated with the cell membrane to form a glycocalyx, the mucus lining most 

epithelial surfaces is composed of polyanions, and specialized compartments such as joint 

fluid and the interior of the eye are enriched in anionic polymers such as hyaluronic acid, but 

these polymers are highly flexible with persistence lengths of a few nanometers, as opposed 

to the much larger persistence lengths of DNA and especially the cytoskeletal filaments. The 

more rigid extracellular matrix polymers such as collagen, fibrin and elastin, which 

constitute the bulk of the extracellular matrix have very low surface charges, with spacing 

between fixed charges greater than the Bjerrum length, the quantity normally used to define 

strong polyelectrolytes. It is also notable that the net charges of both collagen 1 triple 

helices, and the elastin monomer, are positive rather than negative, although the surface 

charges of the native fibers formed by these proteins are likely to be near neutral or slightly 

negative due to binding of acidic proteoglycans to their surface 51. A summary of the area 

charge densities of several biopolymers is shown in Figure 1.

All cytoskeletal polymers: actin, tubulin, and intermediate filament proteins, are strong 

polyelectrolytes. Depending slightly on the species, isoform, and type of tightly bound 

nucleotide, actin monomers carry a nominal charge of −13, tubulin dimers a charge of −53, 

and a representative intermediate filament protein like vimentin, a charge of −19. These 

features do not alone provide any special electrostatic properties, but what makes 

cytoskeletal proteins different from other cytoplasmic elements is their assembly into linear 

polymers, and these negatively charged filaments have electrostatic properties 

fundamentally different from those of individual subunits as recognized decades ago by 

Oosawa 52. The difference arises not because polymerization alters the net charge per 

subunit, but because pulling together separate charged subunits into a polymer places the 

negative charges nearer each other than they would be if each subunit were randomly 

dispersed, and the resulting electric field from a charged line decays more gradually with 

distance than does the field from a single protein modeled as a charged point. Two other 

biological polymers that have charge densities similar to those of cytoskeletal polymers are 

the filamentous virus Pf1, which has a length of 2 microns, and a diameter and charge 

density that are very similar to those of F-actin 53, 54 and hyaluronan (HA), the long semi-

flexible anionic polysaccharide that forms the pericellular matrix as the well as the 

transparent gel in the vitreous body of the eye 55, which differs from the other biopolymers 

considered here by its much smaller persistence length (4 to 8 nm).
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Figure 1 shows the molecular structures of segments of DNA, F-actin, vimentin filaments, 

and Pf1, with their anionic and cationic charge densities highlighted in color. Whereas these 

four polymers have approximately comparable surface charge densities, the spatial 

distributions of charges on their surfaces are different, and their highly variable persistence 

lengths imply that their configurations in aqueous solution will also be different.

The surface charge densities shown in figure 1 are approximations because they depend on 

the effective diameter of the filaments, which in the case of F-actin is inexact since the cross 

section of an actin filament is not circular. The effective surface charges are also likely to be 

underestimates for vimentin because they do not take into account multiple potential 

phosphorylation sites that would add to its anionic charge. However, the magnitude of these 

uncertainties is small compared to the difference in surface charge of extracellular filaments 

like fibrin, which is an order of magnitude smaller. The two other extracellular polymers, 

collagen and elastin both carry net positive charges on the polymer backbone and become 

either neutral or possibly slightly anionic only if they bind polyanionic ligands. These 

examples emphasize the systematic charge differences between intracellular and 

extracellular polymers.

The polyelectrolyte effects of naturally biopolymers, especially the cytoskeletal filaments 

are, of course, only one of the factors that govern their interactions with each other and with 

their many ligands. The surface distribution of negative charges is generally not uniform, 

with charge clusters space at nm scale intervals and with numerous positive charges 

displayed on the surface of the net negatively charged polymers. Intermediate filaments (IF) 

in particular have complex charge distribution, and strong attractions between alternative 

positive and negative charge domain are an important feature of the self-assembly of IFs 

from their constituent subunits 56, 57 and similar electrostatic attractions in addition to other 

more specific binding sites can form crosslinks between IFs. Neurofilaments for example, 

have complex charge patterns on long unstructured sidearms that protrude from the filament 

core 58, and charge-dependent interactions among these sidearms also contribute to filament 

crosslinking 59–61. Nevertheless, addition of divalent cations to vimentin, neurofilaments, 

and other IF networks strongly enhances their gelation and increases their elastic moduli to 

much higher levels than are observed in solutions containing only monovalent 

counterions 62, 63.

Bundling of structurally diverse polyelectrolytes by multivalent counterions

The similar average charge densities of structurally unrelated polymers seen in Figure 1 

contrasts with larger differences in the detailed pattern of charges displayed on the surfaces 

of these for model polymers. When averaged over scales on the order of 10 nm2, roughly the 

size of a filament subunit, the charge densities of several biopolymers are similar, but on a 

scale less than 1 nm2, the charge distributions are in some cases (e.g. F-actin and 

microtubules) highly non-uniform. These local scale charge heterogeneities likely lead to 

quantitative differences between the electrostatic properties of different filaments, but it is 

remarkable that the larger scale similarities lead to similar reactions of structurally distinct 

filaments in solutions with multivalent counterions as shown in Figure 2.
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The concentration of counterions at which 5 different types of polyelectrolyte filaments 

form bundles, as judged by abrupt increases in light scattering depend strongly on the 

valence of the counterion, but are similar for different polyelectrolytes, and similar when 

structurally different counterions of similar net cationic charge are compared. For example, 

greater than 10 mM concentrations of Ca2+ and Mg2+ are sufficient to bundle F-actin, 

vimentin and Pf1 virus, and Mn2+ can form bundles with these polymers at slightly lower 

concentrations below 10 mM. The stronger bundling activity of Mn2+ has previously been 

noted for DNA, which is not bundled by Ca2+ or Mg2+ in aqueous solution unless a co-

solvent is added to reduce the dielectric constant, but 50 mM Mn2+ is capable of bundling 

double stranded DNA 64. The trivalent cation cobalt hexamine bundles F-actin, DNA, and 

the filamentous fd virus, a structurally similar but shorter analog of Pf1 at very similar 

concentrations of a few mM. Two structurally unrelated tetravalent cations spermine and the 

antimicrobial agent CSA13 bundle both F-actin and DNA at sub mM concentrations, and the 

larger higher valence counterions LL37, lysozyme, and a 16-mer of lysine bundle these 

polymers as well as fd virus at μM concentrations. The critical cation concentrations needed 

for bundling denoted in Figure 2 have mainly been measured in solutions with ionic strength 

contributed by monovalent counterions less than that of most biological fluids. However, 

when the effects of monovalent ions have been systematically studied, they compete only 

weakly with multivalent counterion, and inclusion of physiologically relevant (150 mM) 

concentrations of Na+ or K+ increases the critical bundling concentration only less than an 

order of magnitude 30, 65–68.

Network and lamellar phases formed by polyelectrolytes and counterions

Counterion-induced condensation of polyelectrolyte filaments into bundles and toroids has 

been the best experimentally characterized transition of these systems in part because the 

transition is sharp and leads to changes in light scattering, birefringence, sedimentation, and 

other properties that can be precisely quantified and to structures that can be resolved by 

light and electron microscopy. However, theoretical studies suggest that numerous other 

morphologies of semiflexible or rigid polymers mediated by multivalent counterions can 

form at counterion concentrations lower than those required for collapse into bundles, if the 

biopolymers are sufficiently long and the samples can be prepared with minimal 

shearing 25, 26. Scattering and imaging techniques have revealed fascinating structures, often 

lamellar or tubular, arising from the interaction of DNA 69, 70, F-actin 13, 71, 

microtubules 15, and neurofilaments 72 with multivalent counterions, especially cationic 

lipids. X-ray scattering studies have been especially effective in discriminating nm scale 

structures within polyelectrolyte systems that have been aggregated by multivalent 

counterions. For example, X-ray scattering has revealed dynamic clusters of counterions 

near patches of F-actin that are enriched in negative charge 73, and studies of neurofilaments 

have revealed fascinating liquid crystalline structures formed by the polypeptides that extend 

from the filament surface and make contact with each other 59, 74. Some of these structures 

were not predicted by theory, and a range of structures formed by polyelectrolyte systems 

have been summarized in recent reviews 8, 72.

Not only can multivalent cations reorganize the structure of cytoskeletal polymers and other 

polyelectrolytes, but these polymers might act also act as buffers for selected counterions in 
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the cytoplasm. The concentration of negative surface charges on the cytoskeleton is on the 

order of several mM, and therefore sufficient to buffer the bulk of ions such as Ca2+, Mg2+, 

Zn2+ or spermine4+, which are the most abundant multivalent cations in the cell. Indeed a 

role for the cytoskeleton has been prosed as both a buffer and conduit for Ca2+ fluxes that 

arise as channels open in the plasma membrane between intracellular and extracellular 

compartments with resting free Ca2+ concentration in the range of 100 nM to 2 mM, 

respectively 75, 76.

A particularly interesting and relatively underexplored counterion-dependent structure of 

filaments is the lattice or crosslinked network phase, predicted to form when the 

polyelectrolytes are very long but dilute enough to be below the isotropic-nematic transition, 

and the counterion concentration is less than that at which bundle formation occurs, which 

may correspond to conditions in the cell. Figure 3A shows the structure of a crosslinked raft 

network formed by F-actin and divalent metal ions inferred from X ray scattering data 13 

from initially isotropic F-actin systems to which divalent cations were added to 

concentrations below those shown in Fig 2 to induce bundling. More recently, complex 

networks composed of single actin filaments and filament bundles have been directly 

visualized by slowly concentrating both F-actin and Mg2+ by evaporation from drops 

(Figure 3B) or by infusion of Mg2+ into F-actin in a microfluidic device (Figure 3C). These 

images show complex ordered structures characterized by linking of multiple filament 

bundles into nodes, and higher resolution images also show meshworks and ladder-like 

structures containing thinner fibers and presumably single filaments. The network and node 

spacing and other geometrical factors in these systems depend on the length scale and shape 

of the confined volumes in which these networks form, but the assembly is clearly 

dependent on the presence of sufficient concentrations of multivalent counterions.

Structures such as those shown in Figure 3 suggest that interconnected systems of 

polyelectrolytes stabilized by counterions will have rheological properties with some 

similarity to those of crosslinked polymer gels. Direct effects of divalent metal ions or 

multivalent cations on the rheology of filamentous polyelectrolytes are beginning to be 

revealed, but in many cases it is difficult to separate the generic and polyelectrolyte-

dependent contribution to rheological changes from the effects of specific binding of metal 

ions to proteins or nucleic acids. Evidence that non-specific electrostatic interactions can 

lead to gelation of F-actin was seen in a study in which a large polycationic tertiary amine-

derivatized acrylamide polymer solution was slowly diffused into a solution of actin. After 

the polycation diffused into the volume containing F-actin, even very low concentrations 

(0.01 mg/ml) of F-actin could form gels with Young’s moduli of 1 Pa11. By comparison, the 

linear Young’s modulus of 0.3 mg/ml F-actin crosslinked by the actin-binding protein scruin 

ranges from 0.5 to 2 Pa, depending on crosslinking density (Fig. 2C from 77). Intermediate 

filaments, in particular neurofilament suspensions, have been clearly shown to increase 

viscosity with increasing Mg2+, and to form viscoelastic gels at [Mg2+] > 5 mM 78, 79. 

Vimentin filaments also form gels with elastic moduli that depend on the concentration of 

divalent cations 63, especially Mg2+ as seen in Figure 4.

Effects of divalent cations on rheology of cytoskeletal polymer networks have generally 

been attributed to the binding of these ions to specific sites on the natively folded surface of 
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the proteins within the polymers rather than to the same type of generic counterion-

dependent effects that govern the bundling transition. There is evidence for preferential 

binding of divalent cations to sites formed at the junctions between actin subunits in a 

filament 80 that can promote actin polymerization, and for structures protruding from the 

surface of neurofilaments 60 or vimentin 63 that might bind preferentially to divalent cations 

and therefore act as a specific crosslinker between filaments. However, the generic effect of 

counterion condensation on the filaments is difficult to differentiate, especially when the 

concentration of divalent cations required to increase the elastic moduli of cytoskeletal 

networks is orders of magnitude greater than the critical crosslink density needed for 

gelation, and close to that where structures like raft phases and other crosslinked structures 

are predicted from theory.

More direct evidence for gelation of polyelectrolytes by multivalent counterions is provided 

from studies of the rheology of the filamentous virus Pf1. This bacteriophage is structurally 

similar to fd virus, which has been extensively used to characterize nematic and other liquid 

crystalline phases 81. However, fd is so short (800 nm) that it forms nematic phases at 

concentrations near that at which it might also form isotropic gels mediated by counterions. 

Pf1 is 2 microns long, 6 nm in diameter, and in the absence of multivalent counterions 

remains isotropic at concentrations above 5 mg/ml. Divalent ions at concentrations well 

below those needed to form Pf1 bundles (Figure 3) induce the formation of elastic 

networks 12 with relatively low mechanical loss and Young’s moduli (Figure 4) very close 

to those of vimentin networks stabilized by Mg2+. Just as Mn2+ is a stronger bundling agent 

than Mg2+ (Figure 2), it is also a stronger gelation agent than Mg2+ for Pf1 (Figure 4) and 

the concentrations of divalent counterions needed for gelation are slightly affected but not 

eliminated in solutions of physiological ionic strength 12. Since Pf1 has a relatively simple 

structure formed by a single coat protein with a short sequence of acidic amino acids at the 

virus surface 53, it seems unlikely that the virus has specific binding sites with different 

affinities for Mg2+ and Mn2+, and therefore the possibility that gelation is caused by generic 

electrostatic effects rather than specific binding seems probable. The equivalence of the 

elastic moduli formed by vimentin crosslinked with Mg2+ and the gelled Pf1 virus network 

suggests that equivalent polyelectrolyte effects might also occur in other systems and 

perhaps are relevant in the cytoplasm.

Under the conditions in many biological fluids including the cytoplasm and sites of 

infection, the concentrations of filamentous polyelectrolytes are much higher (>10 mg/ml) 

than are generally studied or accessible in vitro. At these high concentrations of polymers 

and other solutes, multiple physical factors would affect filament network or bundle 

formation in addition to more specific protein-mediated effects usually assumed to dictate 

filament assembly in vivo. The long, extended shape of F-actin and other cytoskeletal 

polymers has bee shown to lead to formation of nematic phases at concentration > 2 mM 

even without counterion-mediated attractions or other bonds, and molecular crowding by 

other protein and macromolecules also contributes to filament reorganization. The interplay 

between excluded volume effects of counterion-mediated filament assembly has been 

studied for F-actin and other systems 21, 81, 82, and it is very likely that many important 

features will be revealed as studies in vitro approach more closely the conditions in vivo.
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Estimate of divalent cation-mediated crosslink strength

The crosslinks formed by counterions in networks of anionic polyelectrolytes differ from 

covalent or noncovalent crosslinks formed by specific binding proteins in that they are easily 

disrupted by small forces, as occur when the networks are strained. As a result, networks of 

rigid or semiflexible polymers crosslinked only by counterions are not strain-stiffening, as 

they are when tightly crosslinked, but rather the networks soften at moderate strains, but 

rapidly reform when the stress generated by the deformation is relieved 12. An estimate of 

the counterion crosslink strength has been obtained by comparing experiments of Pf1 virus 

with simulations 12, and these strengths are consistent with an analytic theory developed by 

Shklovskii et al 7, 83.

The fixed negative charges as well as the mobile counterions of valence Z on the Pf1 virus 

surface are strongly correlated and the theory developed by Shklovskii et al predicts that 

counterions condense to form a Wigner crystal, a 2D lattice that forms at low density to 

neutralize highly charged objects and minimize the potential energy on the virus surface due 

to this strong correlation7, 84. Assuming the Pf1 surface charge is neutralized by the 

counterions, the lattice spacing, r, of the Wigner crystal is found by relating the surface area 

of the virus to the number of counterions, πr2Ni = 2πRL, where Ni is the number of 

counterions condensed on the viral surface, R is the radius of a Pf1 virus and L is the length 

of Pf1. For Pf1, R = 3 nm, L = 2000 nm. A Pf1 virus carries a total negative charge of 

19,100e 54. The number of divalent ions on a virus Ni is then 9550, and r ≈ 1.12 nm.

When two viruses come into contact with each other in an orthogonal configuration, at the 

spot where the viruses overlap the density of negative charges (from Pf1) is doubled, and the 

counterion density (from the Wigner crystal) is also doubled. In this region, the effective 

lattice spacing of the Wigner crystal is decreased and the free energy per ion is reduced as 

the counterions redistribute to have the same electrochemical potential 85. This effect leads 

to a small contact region termed a “sticky patch” of cohesion between the two viruses. The 

sticky patch is a circular disk of radius , where . The size of the 

sticky region for two perpendicular Pf1 viruses given these parameters, 

 is about 1 nanometer and can be seen by plotting the contours of 

equidistant lines between two cylinders in Figure 5.

The free energy change in the sticky patch can be found by computing the chemical 

potential per counterion as the derivative of the correlation energy between counterions in 

the contact region,

The parameter α describes the packing of mobile ions in the sticky patch and depends on 

both the geometry of the contact region and the dielectric properties of the polyelectrolyte 
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filament. It is always less than 0.3 83. For divalent ions interacting with two Pf1 viruses in 

contact with each other, Eion ~−5.5×10−21 Joule = −1.5 kBT.

The total free energy change is determined by calculating n the number of counterions from 

each virus in the sticky region from the surface density of counterions as,

Using the parameters of Pf1 virus n ≈ 1, i.e. each virus contributes one counterion to the 

sticky region, and therefore there are a total of 2 additional counterions in the 1 nm contact 

patch. Hence the total energy change of the system due to the counterion-mediated attraction 

per crosslink is

Assuming that a crosslink breaks when the virus separation is > 2nm, the corresponding 

estimate for breaking force is 6 pN, which is an upper limit based on α= 0.3 and other 

simplifying assumptions.

This attractive interaction can be strong enough to crosslink the viruses and form a network 

or gel. Comparison of experiments in which Pf1 gels such as those in Figure 4 were strained 

until the value of G′ abruptly decreased, presumably because of crosslink failure, with 

computer simulations to estimate the average force per crosslink at the breaking point, 

suggest a value of <0.4 pN as the critical breaking force, consistent with lower dielectric 

constant of the virus which would decrease α 12. In contrast, actin crosslinking proteins such 

as filamin or alpha actinin have rupture forces on the order of 40 pN 86.

Quantitative estimates derived from theory therefore show that counterion-mediated 

crosslinking of isotropic suspensions of polyelectrolyte filaments can produce networks with 

measureable elastic moduli, but that such networks are fragile to strains that a more 

permanent crosslinker such as a protein can withstand. Such interactions might contribute to 

the rheology of the cytoskeleton but do not replicate the stronger effects of specific 

crosslinking agents.

Intracellular polyelectrolytes in extracellular fluids

Separating polyelectrolyte effects on cytoskeletal or nuclear filament crosslinking and 

bundle formation from the effects of the myriad proteins that bind to the filament sides in 

order to perform well-conserved and regulated functions is challenging. However, when 

polymers that have well-conserved intracellular functions are released into extracellular 

environments in which they have no biological function, the structures and interactions that 

occur in these settings are likely to result from generic physical-chemical effects rather than 

from specific biologically evolved binding events. For example, after trauma or necrosis of 

cells as occurs in chronic infections, nuclear and cytoskeletal filaments are released into the 

Janmey et al. Page 10

Soft Matter. Author manuscript; available in PMC 2015 March 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



extracellular space where highly charged anionic polymers are typically scarce. Extracellular 

fluids have proteins, small solutes, and ionic compositions that differ strongly from those of 

the cytoplasm, and when highly charged polyelectrolytes enter these fluids significant 

pathological effects can occur. For example, the airway fluid in lung, where F-actin and 

DNA accumulate in CF has cation concentrations of 64 mM Na+, 2.4 mM K+, 1.9 mM 

Mg2+, and 1.2 mM Ca2+ 87. In contrast, the cytoplasm has 12 mM Na+, 139 mM K+, 0.8 

mM Mg2+, and < 0.001 mM Ca2+ 88. The much greater concentrations of divalent cations in 

airway fluid and blood plasma as well as the lower ionic strength of airway fluid would both 

tend to enhance the bundling of anionic polyelectrolytes such as DNA 89 and F-actin that are 

released mainly from dying cells, and there are mechanisms to clear these polymers from the 

bloodstream 90, 91. In cases where this system is overwhelmed or when these polymers enter 

other extracellular compartments such as the lung airway fluid, both DNA and F-actin 

assemble into very large and stable structures (Figure 6). The aggregates formed by DNA 

and F-actin in extracellular fluids alter their viscosity or viscoelasticity and often inactivate 

polyvalent cationic antimicrobial agents such as those discussed in Figure 2. Among the 

many damaging effects of extracellular DNA and F-actin are promotion of biofilm 

growth 92, 93 and inactivation of antimicrobial defenses 65, 94, 95. The effects of 

polyelectrolytes on biofilms might also be related to the finding that a filamentous virus 

similar to Pf1 is strongly upregulated in bacteria that start producing biofilms and might 

contribute directly to biofilm formation 96.

Figure 6 shows that very large bundles of DNA are found in both pus from a skin infection 

(B) and sputum from a cystic fibrosis (CF) patient (D). Actin aggregates are also found in 

CF sputum 97, 98 (Figure 6C). The fact that F-actin and DNA released from cells into the 

extracellular fluid assemble into large fibers that do not form intracellularly and with 

dimensions often larger than the cell suggests that they are reorganized into bundles by 

solutes in the extracellular fluid. A number of cationic proteins and peptides have been 

detected within such bundles. These include histones that are released with DNA from the 

nucleus, but also the cationic extracellular enzyme lysozyme, the antimicrobial peptide 

LL37 94, 99, and cationic inflammatory mediators such as IL-8 100. The effects of the 

abundant cationic antibacterial enzyme lysozyme on polyelectrolytes have been especially 

well studied as a model for electrostatic interactions between proteins and oppositely 

charged filaments. In solutions containing 150 mM monovalent salt, F-actin is bundled by 4 

μm lysozyme 99, DNA by 8 μM 68 and HA forms rodlike complexes with lysozyme when 

the two macroions are present at equal ionic concentrations 101.

The effect of polycations on anionic polyelectrolytes in extracellular fluids is not limited to 

the formation of large filament bundles that increase fluid viscosity. The sequestration of 

polycationic solutes into these bundles also inhibits their functions, potentially contributing 

to the failure of antimicrobial agents to function at sites of chronic infection. Both F-actin 

and DNA inhibit the ability of LL37, beta defensin, lysozyme, and other cationic 

antimicrobial agents to kill bacteria 65, 94, 95, 102, presumably because the anionic 

polyelectrolytes compete with the negatively charged bacteria for binding the cationic 

antimicrobials. This effect is not limited to native components of the innate immune system, 

but extends to antibiotic drugs such as tobramycin which is also polycationic. A X-ray 

scattering study of tobramycin bound within DNA bundles 103 reveals how this cationic 
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drug is sequestered within DNA bundles and therefore cannot access its target bacteria 

(Figure 6B).

The hypothesis that bacterial survival and biofilm formation is promoted by the interaction 

of cationic antimicrobial agents and the linear polyelectrolytes that accumulate at sites of 

infection has motivated efforts to exploit the principles of polyelectrolyte systems to design 

improved strategies that enable antibacterial function within chronic infection sites. Perhaps 

the first such strategy was to administer DNase1 in cystic fibrosis to depolymerize the large 

bundles of DNA present in sputum 104, 105. The original aim was to reduce the abnormal 

high elastic moduli of CF sputum, but in addition to this effect, there is also a reduced 

incidence of infection 106. Studies in vitro show that as the length of DNA in CF sputum is 

decreased by DNase, or when actin filaments are severed by the protein gelsolin, 

antimicrobial agents trapped in these bundles regain the ability to kill resident bacteria 65, 94. 

The effects of DNase and gelsolin, which reduce the length of the polyelectrolytes but do 

not neutralize the charge on their subunits or fragments suggests that generic counterion 

condensation effects rather than specific binding of DNA or actin to antimicrobial agents 

leads to the functional effects of these polymers in sputum. Several other strategies based on 

polyelectrolyte effects have been tested to restore antibacterial function. In one, soluble 

multivalent co-ions such as the anionic oligomer polyaspartate have been shown to dissolve 

actin/DNA bundles and restore antibacterial activity in both CF sputum and mixtures of 

DNA and F-actin 65, 68, 93 (Figure 6C,D). The opposite approach, to add multivalent 

counterions such as polycationic amphiphiles with strong negative curvature preference can 

also displace trapped cationic antibiotics 103. Finally, efforts to reduce the positive charge of 

antimicrobial agents or to distribute it over larger surface have also shown potential to retain 

antibacterial activity in fluids with high concentrations of F-actin and DNA 67, 107–110.

Conclusion

Linear polymers with large negative charge densities that display properties of strong 

polyelectrolytes are common in the nucleus and cytoskeleton of most cells, but are relatively 

scarce in the extracellular space. The interactions between polyelectrolytes and their 

counterions lead to a large number of ordered phases that can be controlled in vitro by 

varying polyelectrolyte length, stiffness, and concentration and by the concentration and 

valence of counterions and co-ions in solution. The biological relevance of such effects are 

becoming increasingly evident studies of intracellular polymers released into extracellular 

environments and might also contribute to the structural, mechanical, and biochemical 

properties of these polymers in vivo.
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Figure 1. 
Left: Electrostatic potential plotted on an inflated van der Waals surface of the 

polyelectrolytes. The electrostatic potential maps were computed using the PDB2PQR 

package 111, 112 to assign charges to the atoms and the APBS package 113 to solve the 

Poisson-Boltzmann equation numerically on a grid. Red is negative and blue is positive; 

colors are not normalized between molecules. Sketches on the right show persistence lengths 

for long polymers of the corresponding polyelectrolytes on the left and can be taken to 

represent the configuration of a 2 um polymer of the polyelectrolytes. Right: average surface 

charge density of various protein and polysaccharide polymers estimated from the net 

charge of the protein or polysaccharide, the mass/length ratios estimates as previously 

summarized 28, 29 and effective diameters of 2, 3, 6, 6, 10, 10, 25 for DNA, collagen 

microfibril, Pf1, F-actin, fibrin protofibril, vimentin, and microtubules, respectively.
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Figure 2. 
Critical concentrations of various counterions require to induce bundle formation by diverse 

bio-polyelectrolytes as detected by abrupt increases in light scattering intensity or 

hydrodynamic diameter. Data for F-actin taken from 30, 49, for CSA13 from 67, LL37 

from 94, 99, vimentin from 82, 114, Pf1 from 12, fd from 115, Lys18 from 30, F-actin/spermine 

from 14, DNA and spermine from 116, DNA and cobalt hexamine from 117.
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Figure 3. 
A. Schematic of crosslinked raft phase of polyelectrolyte filaments and divalent cations 

from 13 reproduced by permission of the American Physical Society. B. Network phase of 

Pf1 virus with 5 mM Mn2+ from 118. C,D Networks of actin bundles formed by increasing 

Mg2+ (~50 mM) as well as F-actin concentrations by evaporation of water from mixtures 

using in confined volumes without generating mixing flows. Adapted from refs 9 (C) 

reproduced by permission of The Royal Society of Chemistry (RSC) on behalf of Soft 

Matter and the RSC and 10 (D) by permission of AIP Publishing.
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Figure 4. 
Elastic network formation by vimentin and Pf virus induced by Mn2+ or Mg2+ at 

concentrations below the bundling transition. Vimentin data obtained from 63; Pf1 data 

from 12.
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Figure 5. 
Perpendicular cylinders and equi-distance plots between the surface of cylinders. Top: 

geometry and dimensions of two Pf1 viruses touching at right angles. Bottom: contour plots 

of the distance between virus surfaces (color map in nm) at different radial distances from 

the point of contact.
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Figure 6. 
DNA bundles in pus 66 (A). Structure of DNA bundles stabilized by the cationic 

antimicrobial drug tobramycin reprinted with permission from 103 copyright 2009 American 

Chemical Society. (B). Mixture of purified F-actin and DNA bundled by the antimicrobial 

peptide LL37 (C) or endogenous in CF sputum (D) before and after dissolution by poly-

Asp 65. Adapted from 103 (B) and 68 (C,D) reprinted with permission from the American 

Physiological Society.
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