


Uncovering the Secrets of the Keratin Cytoskeleton 

 

Cells contain 3D scaffolds of interconnected filament systems referred to as the cytoskeleton. 

Three major filament systems encompassing actin-based microfilaments, microtubules and 

intermediate filaments contribute in different ways to the specific biomechanics of distinct cell 

types. Protecting the body from mechanical stress is a major task of surface-covering epithelial 

cells. The stress-protective function is in large part determined by keratin intermediate filaments 

forming networks with cell type-specific spatial arrangements. Intermediate filaments exhibit 

unique mechanical properties. They are semiflexible polymers with a persistence length of ~1 

µm and are highly elastic with an extensibility up to 3.6-fold. They are also mechanosensitive, 

responding to increasing tension by strain-stiffening.  

 

To understand how the unique 3D network arrangement of the keratin cytoskeleton affects cell 

mechanics, we are working to reconstruct the entire keratin filament system of single cells. To 

this end, fluorescent keratin reporters are used to label keratin filaments and high-resolution 

imaging is used to create digital representation of the network. The cover image for the July 7 

issue of the Biophysical Journal shows the result for a single epithelial cell presenting an inside 

view of the keratin cytoskeleton. Fluorescence recordings that were obtained in 23 focal planes 

were subjected to image analysis for subsequent filament segmentation. The cover image does 

not provide information on filament brightness, (i.e., filament bundling) but classifies different 

filaments by color: red, apical filaments; yellow, lateral filaments; blue, perinuclear filaments; 

green, basal filaments. 

 

The relationship between keratin filament organization and mechanical properties is key to  

explaining pathogenic mechanisms of keratin disorders, a group of hereditary epidermal 

diseases caused by single-point mutations of keratin-encoding genes and characterized by 

blisters. In addition, time-lapse imaging of living cells has uncovered an unexpected range of 

dynamic reorganization of the keratin system, which is essential for understanding wound 

healing and invasion of transformed malignant cells. 

 

Our study in the current issue of the Biophysical Journal is based on recordings of keratin 

network dynamics in vital cells and proposes a model for bundling keratin intermediate 

filaments, taking interfilament electrostatic and hydrophobic interactions into account. 

 

For further information visit our website at www.moca.ukaachen.de  

 

- Ehud Haimov, Reinhard Windoffer, Rudolf Leube, Michael Urbakh, Michael Kozlov 

http://www.moca.ukaachen.de/
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ABSTRACT Keratin intermediate filaments form dynamic intracellular networks, which span the entire cytoplasm and provide
mechanical strength to the cell. The mechanical resilience of the keratin intermediate filament network itself is determined by
filament bundling. The bundling process can be reproduced in artificial conditions in the absence of any specific cross-linking
proteins, which suggests that it is driven by generic physical forces acting between filaments. Here, we suggest a detailed model
for bundling of keratin intermediate filaments based on interfilament electrostatic and hydrophobic interactions. It predicts that
the process is limited by an optimal bundle thickness, which is determined by the electric charge of the filaments, the number of
hydrophobic residues in the constituent keratin polypeptides, and the extent to which the electrolyte ions are excluded from the
bundle interior. We evaluate the kinetics of the bundling process by considering the energy barrier a filament has to overcome for
joining a bundle.
SIGNIFICANCE We propose that bundle formation by keratin intermediate filaments is driven by generic physical
interactions between the filaments rather than linking of filaments by specialized proteins or specific molecular bonds.
According to our model, the filament bundling results from the interplay between the interfilament long-range electrostatic
repulsion and short-range hydrophobic attraction.
INTRODUCTION

The cytoskeleton is a complex system of active polymeric
networks, spanning the volume of every mammalian cell
and performing multiple functions vital for cell physiology
(1). The cytoskeleton consists of three subsystems: 1) actin
filaments, which serve as a base for the intracellular force-
generating machinery involved in processes such as cell
attachment to, spreading on, and crawling along extracel-
lular matrices, intracellular membrane trafficking, and
establishment of cell-cell contacts (2); 2) microtubules
that are involved in mechanical stabilization and expression
of surface specialization, cell division, movement of cellular
organelles, and intracellular signal transduction (3); and 3)
intermediate filaments (IFs), which maintain cellular integ-
rity by providing cells with mechanical resistance and over-
all stress protection (4–6). Although actin filaments,
microtubules, and their networks have been thoroughly
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investigated and characterized in structural, biochemical,
and biophysical terms as well as in terms of their bundling
(7–9), IFs have remained less understood. Revealing the
physical factors, which determine the dynamic and struc-
tural properties of IFs will help to understand the role of
IF networks in cellular functions.

Cytoplasmic IFs are semiflexible biopolymers character-
ized by an average cross-sectional diameter of �10 nm and
relatively low bending rigidities corresponding to finite
persistence lengths varying between a few hundred nanome-
ters and a few microns (for review, see (4)). The protein
composition of IFs varies depending on the cell type and
cell function (4,10). Yet, all IFs share a common building
principle (11). The constituent elongated protein molecules
orient parallel to each other through strong coiled-coil inter-
actions to form polar homo- or heterodimers. The dimers
interact in an antiparallel fashion, generating nonpolar tetra-
mers, which, in turn, self-organize into 65-nm-long oligo-
mers that are referred to as the unit length filaments
(ULFs). The end-to-end intercalation of these ULFs leads
to the formation of microns-long IFs with a diameter of
�10 nm (4).
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In this study, we consider IFs consisting of keratin mole-
cules that we will refer to as keratin intermediate filaments
(KIFs). They are typically expressed in epithelial cells
(4,12,13). Observations in live cells revealed increased de-
formability of keratin-deficient epithelial cells (14,15). Pre-
cisely how KIF network organization and dynamics
contribute to the mechanical properties of epithelial cells
is still only poorly understood (16).

Keratin filaments self-assemble into dynamic networks
spanning the entire intracellular space (12). The typical
network morphology of cultured cells is depicted at left of
Fig. 1. Differences in fluorescence intensity correspond to
different KIF bundle thicknesses. A gradual increase in
bundling is observed from the cell periphery toward the
perinuclear region, which is located at the cell center. The
images at right of Fig. 1 exemplify how two adjacent motile
filament bundles fuse laterally to form a thicker KIF bundle.

Understanding KIF bundling requires, in the first place,
identification of the interfilament interactions driving fila-
ment association. Based on that, it has to be determined
whether the process proceeds unlimitedly thereby gener-
ating indefinitely thick bundles or is, alternatively, restricted
by intrinsic factors leading to formation of bundles of a
particular thickness. In the latter case, the dependence of
the preferred bundle thickness on the interaction parameters
has to be revealed.

The forces driving filament bundling can result either
from interfilament connections through specific molecular
linkers or from generic physical interactions. The latter
may involve long-range electrostatic and Van-der Waals
forces and short-range effective interactions mediated by
FIGURE 1 Fluorescence microscopy image of keratin 8 in living cells.

The keratin 8/18 intermediate filament network is delineated in the cyto-

plasm of two adjacent adrenal-cortex-derived SW13 cells synthesizing flu-

orescently labeled keratins 8 and 18 (31). The pictures show the maximum

intensity projections of seven focal planes that were imaged every 15 s us-

ing a confocal-laser-scanning microscope (LSM710 with an Airyscan de-

tector; Carl Zeiss, Oberkochen, Germany). Bundling of KIFs is observed

within the network as illustrated in the inserted time window and the

selected time points in the enlarged images at right (arrows demarcate a

fusion event).
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local structuring of water near the filaments such as hydro-
phobic interactions (17). The short-range attractive forces
between the filaments can include also the interactions
mediated by the charge fluctuation and correlation effects
in the presence of multivalent counterions (for a review,
see (18)).

Filaggrin has been proposed to be a specific molecular
linker (19,20). It has been shown that Filaggrin binds to ker-
atin 1 and 10 filaments as well as other types of KIFs result-
ing in tight IF bundles (19,20). Yet, cell collapsing and
flattening, which had been suggested to be facilitated by
the Filaggrin-mediated KIF bundling, occur also in the
absence of Filaggrin (19). This observation questions the ne-
cessity of Filaggrin for KIF bundle formation and suggests
that generic interactions play the major role in KIF
bundling. Indeed, generation of K8/K18 bundles by generic
interactions between KIFs was demonstrated in experiments
in which the keratin molecules were added to aqueous solu-
tions of salt in the absence of any other agents (21). The
onset of the bundling process was substantially affected
by salt concentration and pH level, whose optimal values
corresponded to the physiological conditions in the cyto-
plasm (21). The effects of the concentrations and valences
of the ions in the electrolyte solutions were addressed in
detail for bundling of vimentin filaments (22,23), which,
despite different molecular charge and hydrophobicity, is
expected to be driven by the same interactions as bundling
of K8/K18 filaments (24).

Here, we focus on the mechanism of KIF bundle forma-
tion, mostly using the data obtained for KIFs consisting of
keratin 8 and keratin 18. The strong dependence of the
bundling process on the pH and salt concentration indicates
that one of the involved interfilament interactions must be
the electrostatic repulsion because of the substantial overall
electric charge of K8/K18 filaments at physiological pH
(21). To overcome the repulsion and drive filament associa-
tion, a strong attractive interaction must act between the fil-
aments. A feasible candidate for such interaction is the
effective short-range attraction between the hydrophobic
residues of the central rod and tail domains of the filaments.
Such hydrophobic residues are abundant in K8/K18 and
their interaction has been proposed to be responsible for
the high elastic moduli and the strain-stiffening of K8/K18
networks (25).

Here, we consider the physical mechanisms behind the
generation of KIF bundles from single filaments. We
consider the bundling process to be driven by the interplay
between the long-range interfilament electrostatic repulsion
and the effective short-range hydrophobic attraction. We
predict the existence of an optimal cross-sectional radius
of KIF bundles and analyze its dependence on the filament
charge and the degree of hydrophobicity. We further eval-
uate the kinetics of KIF bundle formation by considering
the energy barrier for filament merging a bundle and esti-
mating the characteristic time of this event.



Bundling of Intermediate Filaments
METHODS

Model

Our goal is to analyze the bundling of KIFs by evaluating the radii of the

resulting filament bundles and by assessing the time rates for a filament

to join a bundle, which set the kinetics of the process.
Description of the system

We consider a bundle to consist of straight filaments, packed side by side

parallel to each other, such that the filament cross sections form a two-

dimensional hexagonal lattice (Fig. 2, A and B). We assume the bundle

to have a circular cross section with radius R, denote the cross-sectional

radius of a single filament by rf, and the shortest distance between the

filament surfaces within the bundle by 2l (Fig. 2, A and B). The half

edge-to-edge distance l between nearest neighbors was measured exper-

imentally (26) as �2 nm. The number of filaments, Nf, within the bundle

can be approximately related to the geometrical characteristics of the

bundle by

Nfx
R2�

rf þ l
�2 (1)

We assume the bundling process to be governed by the interplay between

the interfilament electrostatic repulsion and short-range hydrophobic attrac-

tion, which determine the bundling energy, FB, whose meaning is the ther-

modynamic work performed in the course of bundle formation out of the,

initially, infinitely separated and, therefore, noninteracting filaments. The

bundling energy, FB, is a sum of the electrostatic, FE, and hydrophobic,

FH, contributions, FB ¼ FH þ FE, where all energies are related to the

unit length of the bundle. Our goals are 1) to analyze the dependency of

FB on the number of filaments, Nf, within the bundle; 2) to find the condi-

tions in which the bundling energy is negative, FB < 0, meaning that the

bundling process is energetically favorable; 3) and to determine the optimal

number of filaments within the bundle, N�
f , corresponding to a minimum of

the energy, FB.

To evaluate the kinetics of bundling, we use the transition state

approach based on determination of the energy barrier a filament has to

overcome for joining the bundle. The energy barrier results from the inter-

play of two factors. First is the energy of the electrostatic repulsion be-

tween the filament and the bundle. Second is the elastic bending energy

of curved configuration (Fig. 2 C) the filament has to adopt before the
short-range hydrophobic attraction takes over and completes the filament

merging with the bundle (Fig. 2 D).

Interaction energies

We attribute the hydrophobic energy, FH, to the interaction between the

hydrophobic amino acids of the ULF building blocks. One K8/K18 ULF

consists of eight laterally associated tetramers, each made of two dimers,

each dimer including 84 hydrophobic amino acids (25). The hydrophobic

energy per such amino acid, εH, whose meaning is the difference between

the energy values of the hydrophobic acid in aqueous environment and in

the contact with other hydrophobic amino acid, can have values (27) be-

tween �0.9 kBT and �5.7 kBT (where kBT z 410�21 Joule is the thermal

energy). Considering the pairwise character of the hydrophobic interac-

tion, its total energy per ULF can vary between �570 kBT and �3800

kBT so that the energy per unit length of the 65 nm long ULF, εH, is within

the range,

�60kBT=nm%εH%� 9kBT=nm

Because the hydrophobic interaction acts between pairs of adjacent fila-

ments, the hydrophobic energy per unit length of a bundle, FH, is propor-

tional to the number of filaments, Nf, and using Eq. 1 it can be presented as

FH ¼ εH

R2�
rf þ l

�2 (2)

The energy of electrostatic repulsion, FE, originates from the negative

charge carried by KIFs, which, for K8/K18 filaments upon a physiological

pH, constitutes about three electron charges per nanometer of the filament

length (4). Although the charges belong to the specific residues and are,

hence, confined to localized spots on the filament backbone, we will use

the approximation of even charge distribution along the filament length,

which is described by a homogeneous linear charge density of x ¼ �3e/

nm (where e ¼ �1.610�19 C is the electron charge).

We consider the bundle to be immersed into an aqueous electrolyte solu-

tion characterized by the dielectric constant εs z 80 and the screening

length (Debye length) l, which, for the case of a 1:1 electrolyte, is related

to the electrolyte concentration ce, the electron charge e, and the electric

constant ε0, by l ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðεs ε0kBT=e2ceÞ
p

and constitutes about l z 1 nm

for physiological electrolyte concentrations of ce z 100 mM. Despite a

fairly dense packing of filaments within a bundle (11,26), the electrolyte so-

lution should be able to penetrate the space remaining between the fila-

ments to an unknown extent.
FIGURE 2 Illustration of the model. (A)

Cartoon illustrating the close packing of K8/K18

filaments in a bundle. (B) Cartoon showing a frag-

ment of a bundle cross section. The cross-sectional

diameter of a filament is 2 rf, and the half-edge-to-

edge distance between neighboring filaments is 2l.

(C) Creation of a bulge on the filament mediating a

point contact between the filament and the bundle,

illustrating the critical transition state. (D) Illustra-

tion of the zippering process downstream the point

contact formation. To see this figure in color, go

online.
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To proceed, we use a major simplification by neglecting the unknown

microscopic details of the distribution within the bundle of the filament

charges and the electrolyte ions. Instead, we use the ‘‘smeared’’ approxima-

tion considering the intrabundle space as a homogeneous medium. Specif-

ically, we disregard the fact that the charges are located in specific discrete

spots on filaments separated by certain distances. We consider the charges

as being evenly smeared over the whole internal volume of the bundle VB,

which includes the overall volume occupied by the filaments VF and that of

the interfilament space Vint. The resulting volume charge density within the

filament, reff, is regarded to be homogeneous and equal to the total KIF

charge within the bundle, QF, divided by the total volume of the bundle,

reff ¼ QF/VB.

A similar approximation is used for the distribution of the electrolyte

ions, which penetrate the bundle and are, in reality, localized only to the

gaps between the filaments. We consider the total number of the electrolyte

ions within the bundle, NB, to be evenly distributed over the intrabundle vol-

ume, VB, which includes the volume occupied by the filaments, VF, and that

of the gaps between the filaments, Vint. The effective concentration of the

electrolyte ions inside the bundle, ceff, is assumed to be homogeneous

and equal to ceff ¼ NB/VB. Because a large part of the intrabundle volume

VB is, according to electron micrographs (28), occupied by the filaments,

the total number of ions within the bundle NB is relatively small so that

the effective ion concentration must be smaller than the bulk concentration,

ceff < ce. This implies that the effective screening (Debye) length of the

electrolyte within the bundle, leff � 1=
ffiffiffiffiffiffiffi
ceff

p
, will be larger than that outside

the bundle, l � 1=
ffiffiffiffi
ce

p
, so that leff > l . To account for the difference be-

tween, leff and l, we introduce a parameter a, which can adopt values be-

tween 0 and 1, such that

leff ¼ l

ð1� aÞ (3)

The parameter a, which can be seen as a measure for the overall electro-

lyte amount within the bundle, will be referred below to as the electrolyte

exclusion parameter. According to Eq. 3, larger values of a correspond to

larger intrabundle effective screening length leff and, hence smaller average

concentration of electrolyte within the bundle. This parameter cannot be

measured directly; however, it can be evaluated indirectly by measuring

the force exerted on a filament by a parallel bundle in a force microscopy

experiment. This force is predicted to critically depend on the exclusion

parameter a (see Eqs. SB4 and SB10). Finally, the dielectric constant within

the bundle will be assumed to have an effective value εeff averaged over the

bundle volume.

We consider the electrostatic energy of bundling, FE, as a thermodynamic

work needed to be performed to bring the filament charges from the elec-

trolyte bulk to their positions within the bundle, i.e., the work of charging

the bundle (for the method, see (29)). Using the radial symmetry of the

bundle and the above-mentioned smeared approximation for the structure

of the bundle interior, the process of the bundle charging can be presented

as a sequence of intermediate steps each consisting in moving an infinites-

imally thin layer of charged volume, 2pR0dR0, from the infinity in the sur-

rounding electrolyte solution to the surface of the already charged

cylindrical volume of the external radius R0. The charging process begins

with R0 ¼ 0 and ends when R0 reaches the external radius of the bundle,

R. The overall electrostatic energy, FE, per unit length of the bundle corre-

sponding to this procedure is given by the integral

FE ¼ 2preff

ZR

0

j
�
R

0�
R0dR0; (4)

where J (R0) is the electric potential on the surface of the intermediate

charged cylinder with the radius, R0, determined with respect to the point

in the bulk solution infinitely remote from the cylinder.
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Kinetics of bundling

Within the transition state approach, the kinetics of bundling are set by the

energy barrier, F*, that a filament has to overcome as it approaches and joins

the bundle. The characteristic time of the bundling reaction, t, is given by

t ¼ t exp

�
F�

kBT

�
; (5)

where the pre-exponential factor t is the intrinsic time constant of the sys-

tem, and kBT is the thermal energy. To determine F* and t, we have to define

the transition configuration of the filament-bundle system, which has to be

reached for the attractive hydrophobic forces to take over and drive the fila-

ment merging with the bundle. Although there may be multiple configura-

tions of this kind, the reaction must, preferably, proceed via the one whose

energy is smaller than those of the other transition configurations, and

which will be referred below to as the critical transition configuration.

The energy of the critical transition configuration represents the energy bar-

rier, F*, of the process.

The possibility for the system to adopt various configurations is due to

the filament and bundle curvature flexibility, which enables their bending

deformations in the course of the mutual approaching. We will assume

the bundle to be considerably thicker and, consequently, much stiffer

than the filament such that the bundle remains straight, whereas the filament

can undergo bending.

The filament bending enables configurations in which only a small frac-

tion of the filament gets close to the bundle, whereas most of the filament

length remains remote from it (Fig. 2 C). In such configurations, the fila-

ment, while storing some energy of bending, accumulates a comparatively

low amount of the energy of electrostatic repulsion. Reaching a configura-

tion in which the local filament-bundle contact is sufficiently tight to allow

the hydrophobic attraction to overcome the electrostatic repulsion must be

sufficient for starting the process of the filament-bundle merging. Indeed,

downstream of such configuration, referred to below as the tight-local-con-

tact configuration, the merging of the filament with the bundle can proceed

by simple ‘‘zippering’’ (Fig. 2 D), which guarantees a continuous decrease

of the overall system energy. Hence, the critical transition configuration

must be a tight-local-contact configuration.

To define the critical transition configuration, we assume that the filament

is transported toward the bundle by weak forces generated by cytoplasmic

machinery such as cytoskeleton-associated molecular motors. As a result,

the filament is aligned parallel to the bundle such that the distance between

the filament and the bundle equals the electrostatic screening length l,

which implies that further approaching of the filament to the bundle is

stopped by the electrostatic repulsion. The remaining distance, l, must be

bridged by bulging of a section of the filament, which touches the bundle

pointwise (Fig. 2 C). The configuration of the filament bulge is set by the

interplay between the filament-bundle electrostatic repulsion Fb
E, which fa-

vors narrow bulges, and the bending energy of the filament fragment form-

ing the bulge Fb
B, which supports wide bulges. Hence, the optimal shape of

the bulge has to be found by minimizing the energy sum Fb ¼ Fb
E þ Fb

B and

will be characterized by the resulting length of the bulge profile l* (Fig. 2

C). As already mentioned, the energy of the optimal bulge represents the

energy barrier, F*, of the bundling reaction. Because the shape and energy

of the optimal bulge profile are set by the interplay between the electrostatic

and the bending energy of the bulging section of the filament, both the bulge

length l* and the energy barrier F* strongly depend on the filament bending

modulus and effective electric charge. It has to be emphasized that in our

model, the bulge is considered to form through a local thermal fluctuation

of filament shape rather than the buckling instability.

We determine the intrinsic time constant t (Eq. 5) as the time that would

be needed for formation of the critical transition bulge anywhere along the

filament in a hypothetical case of a vanishing energy barrier F* ¼ 0. For the

sake of estimations, we consider, approximately, the bulge formation as the

diffusion of an effective particle representing the filament section whose
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length equals that of the bulge l* to the distance l separating the filament

and the bundle. The diffusion coefficient of the particle, D, will be esti-

mated using the Einstein formula, D ¼ mkBT, with the mobility, m ¼
ð2phl�Þ�1 lnðl� =rf Þ, corresponding to the limiting case of a prolate

spheroid with principle axes equal to the filament diameter 2rf and the bulge

length l* such that the ellipsoid aspect ratio is ðl� =2rf Þ[ 1 (30). The time

needed for bulge formation in a specific location along the filament (for

F* ¼ 0) can be estimated as t1 ¼ ðl2 =DÞ. We estimate the characteristic

time of bulge formation anywhere along the filament of the total length,

L, as t ¼ ðt1 =MÞ, where M ¼ ðL =l�Þ is the number of the potential loca-

tions. As a result, we estimate the pre-exponential factor in Eq. 5 as

t ¼ l2

D

l�

L
(6)

RESULTS

Thickness of the bundle

The derivations and numerical computations, necessary for
determination of the electrostatic energy of the bundle are
presented in full detail in Supporting Materials and
Methods, Section SA. The dependence of the total energy
of the bundle, FB ¼ FH þ FE, on the bundle radius, R, is
determined by energy of the hydrophobic attraction between
the filaments, εH, and the parameters setting the extent of the
interfilament electrostatic repulsion, which are the effective
FIGURE 3 Analysis of optimal bundle configuration, a state of minimal b

cross-sectional radius for different values of a. The effective intrabundle charg

l ¼ 1 nm and the energy of hydrophobic attraction is (A) εH ¼ �8.78 kBT/n

section, as a function of the exclusion parameter a, for the case of reff ¼ 3:12�
εH ¼ � 33:79ð kBT =nmÞ.
charge density within the bundle reff, the electrolyte
screening (Debye) length outside the bundle l, and the elec-
trolyte exclusion parameter a. The results of a numerical
computation of this dependence, based on Eqs. 2 and 4,
are presented in Fig. 3, A and B for K8/K18 characteristic
parameters, for different values of the parameter a, and
for two limiting values of εH. According to these results,
there are different regimes of bundling depending on the
values of εH and a.

For a low-enough a and a high-enough εH, the bundling
energy is predicted to monotonously decrease for all values
of R. The reason is that under these conditions, the electro-
static interaction between the filaments is strongly weak-
ened by the electrolyte ions, which efficiently penetrate
the bundle and, according to Eq. 3, reduce the effective
screening length within the bundle leff to the values similar
to those in the surrounding solution. As a result, the strong
hydrophobic attraction between the filaments overcomes the
electrostatic repulsion independently of the bundle cross-
sectional radius, R, which results in a decrease of the total
energy over the whole range of R. This predicts unrestricted
bundling without limitation of the bundle thickness.

In the limiting case of a being sufficiently close to 1 and
small values of the hydrophobic energy εH, the total energy
monotonously increaseswith thebundle cross-sectional radius
undle energy. (A and B) The bundle energy profile as a function of the

e density, reff ¼ 3:12� 10�21ðC =nm3Þ, corresponds to K8K18 filaments,

m and (B) εH ¼ �58.81 kBT/nm. (C) Optimal radius of a bundle’s cross

10�21ðv =nm3Þ, l¼ 1 nm, and a midranged value of the hydrophobic energy,

Biophysical Journal 119, 65–74, July 7, 2020 69



Haimov et al.
R, which means that filaments are predicted to not form bun-
dles of any thickness. In this situation, the electrostatic repul-
sion overcomes the relatively small hydrophobic attraction for
any interfilament distance, which prevents bundling.

Finally, for the intermediate values of a and εH, the total
energy changes nonmonotonously with the bundle cross-
sectional radius R, having a minimum at a certain radius,
R*, which corresponds to formation of bundles with finite
equilibrium thicknesses. In this case, the effective screening
length within the bundle leff is large enough so that the elec-
trostatic repulsion between the filaments extends beyond the
nearest-neighbor interaction and its energy increases super-
linearly with the number Nf of filaments within the bundle,
which is related to the bundle radius by Eq. 1. Yet the short-
range hydrophobic attraction retains the nearest-neighbor
character with the energy depending linearly on Nf. As a
result, the hydrophobic attraction prevails in the beginning
of the bundling process characterized by small filament
numbers Nf, and thus the relatively small cross-sectional
radii of the bundle, R. For larger values of Nf and R, the elec-
trostatic repulsion takes over and stops the bundling process.

The different regimes of bundling as determined by the
parameters a and εH are presented as a phase diagram in
Fig. 4 A. Within the region of the phase diagram correspond-
ing to the limited bundling, the value for the equilibrium
bundle radius R* depends on both a and εH. These values
are presented in Fig. 3 C in dependence on a for an interme-
diate value of εH.

The analysis of the bundling regimes was also performed
for different values of the effective charge density within the
bundle reff and of the screening length l. The resulting phase
diagrams are presented in Fig. 4, B and C.

As expected, according to these phase diagrams, an in-
crease in the parameter a, determining the electrolyte exclu-
sion from the bundle (Fig. 4 A), and/or an increase of the
screening length (Debye length) (Fig. 4 B) l, and/or increase
of reff (Fig. 4 C) impede the bundling by strengthening of the
electrostatic repulsion between the bundle and the filament.
For the same reason, the cross-sectional radius of the bundle
is expected to decrease as the exclusion parameter a in-
70 Biophysical Journal 119, 65–74, July 7, 2020
creases (Fig. 3 C). In contrast, an increase in εH, the hydro-
phobic attraction energy, will facilitate bundling according
to Fig. 4, A–C.
Rate of bundling

The configuration and energy of the bulge corresponding to
the critical transition state of the filament-bundle system is
analyzed in Supporting Materials and Methods, Section B
and the computed shape of the bulge is presented in
Fig. S2 B. The length, l*, of the bulge in the critical transi-
tion state, whose computed shape is shown in the Fig. S2 B.
The bulging length l* estimated for the electrostatic
screening length l ¼ 1 nm, characterizing the physiological
ionic solutions and the filament-bending rigidity (4), kf ¼
650 nm kBT, is about 60 nm. Hence, l* is much smaller
than the typical filament length, L � 1 mm, hence providing
a large number, M, of the potential sites of the bulge
formation.

The intrinsic time constant of the system, t (Eq. 6), which
serves as a pre-exponential factor in the expression for the
rate of the transition state generation (Eq. 5), is presented
in Fig. 5 A as a function of the parameter a characterizing
the degree of electrolyte exclusion from the bundle interior.
The value of t is expected to be different for diverse types
of IFs because of the differences in the filament bending ri-
gidity kf and charge, the latter directly related to the charge
density in the bundle reff. The dependences of t on these pa-
rameters are presented in Fig. 5 B and in Fig. 5 C. As ex-
pected, t increases with increasing bending modulus
rigidity (Fig. 5 C). Indeed, larger values of kf raise the energy
cost of the bulge curvature, and, hence, promote shallower
bulge shapes corresponding to larger bulge lengths l*, hence,
larger t. Increase of the charge density reff results in decrease
of t (Fig. 5 B), which is a consequence of shortening of the
bulge length because of a tendency to reduce the region of a
tight apposition between the filament and the bundle and to
minimize the electrostatic repulsion energy in this way.

The bulge energy representing the energy barrier F* of the
reaction of filament merging with the bundle is presented in
FIGURE 4 Phase diagrams for bundling. Region

I shows that no bundling possible. Region II: shows

the formation of bundles with a finite equilibrium

thickness. Region III shows unlimited bundling.

(A) Variation of the exclusion parameter a and

the hydrophobic attraction energy εH for l ¼
1 nm and the effective charge density reff ¼
3.12 � 10�21 C/nm3 typical for bundles of K8/

K18 filaments. (B) Variations of the screening (De-

bye) length l and the hydrophobic attraction en-

ergy εH for a ¼ 0.85 and the charge density like

in (A). (C) Variations of the effective charge den-

sity of the bundle, reff, related to r0 ¼ 3.12 �
10�21 C/nm3 for l ¼ 1 nm and a ¼ 0.85. To see

this figure in color, go online.



FIGURE 5 The intrinsic time constant in the

case of a bundle of a 100-nm diameter and the en-

ergy barrier for filament merger to a bundle of a

100-nm diameter calculated as a function of (A

and D) the electrolyte exclusion parameter a for

reff ¼ 3:12� 10�21ðC =nm3Þ, kf ¼ 650 nm kBT,

and l ¼ 1 nm; (B and E) the effective charge den-

sity in the bundle reff related to the K8/K18 charge

density r0 ¼ 3:12� 10�21ðC =nm3Þ for a ¼ 0.85

kf ¼ 650 nm kBT, and l ¼ 1 nm; and (C and F)

the filament-bending rigidity kf, related to the

K8/K18 filament-bending rigidity k0 ¼ 650 nm

kBT, for a ¼ 0.85, reff ¼ 3:12� 10�21ðC =nm3Þ,
and l ¼ 1 nm.

Bundling of Intermediate Filaments
Fig. 5,D–F as a function of the system’s various parameters.
A strong dependence of F* on a (Fig. 5 D) describes the
essential contribution of the electrostatic repulsion between
the filament and the bundle to the energy barrier. For a given
a, the energy barrier is predicted to increase with the effec-
tive charge density (Fig. 5 E) and with the filament-bending
rigidity (Fig. 5 F).

The typical time t of the filament merging with a bundle,
obtained from Eqs. 5 and 6 and the numerical results for t
and F*, are presented in Fig. 6 as functions of the system’s
various parameters. The typical time for bundling increases
with the Debye length, and/or effective charge density, and/
or the exclusion parameter a. Fluorescence imaging of the
KIF networks (Fig. 1) shows that the typical time of zipper-
ing is of the order of 10 s (31).
DISCUSSION

We presented a model for bundle formation by KIFs based
on the interplay between the interfilament electrostatic
repulsion and the hydrophobic attraction between the
nonpolar residues of the keratin molecules. The repulsion
strength is determined by the effective charge density of
the bundle reff, the electrolyte screening length outside the
bundle l, and the parameter a, determining the extent of
the electrolyte exclusion from the bundle. The attraction
is quantified by the linear hydrophobic energy of a
filament, εH.

The model predicted that, depending on the parameters,
the filaments undergo different regimes of bundling. If the
electrostatic repulsion is strong compared to the hydropho-
bic attraction, which happens for relatively large charge
densities reff, and/or large screening length l, and/or large
electrolyte exclusion parameter a, the filaments are pre-
dicted not to undergo bundling. In the opposite case of a
relatively strong attraction corresponding to the large hydro-
phobic energy parameter εH, the filaments are predicted to
undergo assembly into unlimitedly thick bundles. Finally,
for mutually comparable strengths of the two competing in-
teractions, the model predicted formation of bundles of
FIGURE 6 Semilogarithm presentation of the

characteristic time of bundling reaction for a fila-

ment of length 1 mm, and bending rigidity kf ¼
650 nm kBT, as a function of (A) the electrolyte

exclusion parameter a for an effective charge den-

sity reff ¼ 3:12� ð10�21C =nm3Þ and a screening

(Debye) length l ¼ 1 nm. (B) The screening (De-

bye) length l, relative to its typical value of l0 ¼
1 nm for an effective charge density reff ¼
3.12 � 10�21 C/nm3, and an electrolyte exclusion

factor a ¼ 0.85. (C) The effective charge density

reff, relative to its typical value r0 ¼ 3.12 �
10�21 C/nm3, for an electrolyte exclusion factor

a ¼ 0.85 and an electrolyte screening (Debye)

length l ¼ 1 nm.
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finites thicknesses whose values depend on the relationship
between the parameters reff, l, and a on one hand and εH on
the other. The qualitative reason for the existence of the
finite bundle thicknesses is the scale difference between
the relatively long-range electrostatic and the short-range
hydrophobic interactions.

The model predictions concerning the bundling extent,
which are quantitatively illustrated by the phase diagrams
(Fig. 4, A–C), agree with the qualitative observations re-
ported in the literature. Based on comparison of the relative
filament charges and the degrees of hydrophobicity for
three types of intermediate filaments—K8/K18, Vimentin,
and Desmin filaments—it has been suggested that a
comparatively low negative charge combined with a high
relative hydrophobicity will promote bundling of the fila-
ments at a lower concentration and valences of ions (24).
This conclusion agrees with the phase diagrams (Fig. 4,
B and C). According to the diagram (Fig. 4 B), the higher
the filament hydrophobicity expressed through εH, the
larger values of the electrolyte screening length l, and,
hence, the smaller electrolyte concentration and valencies
enable the bundling onset, as indicated by the correspond-
ing boundary line. The diagram presented in Fig. 4 C pre-
dicts that the higher the filament charge accounted by reff,
the higher degree of hydrophobicity εH is needed for
bundling to occur.

Comparison of the computed values of the cross-sectional
bundle radii with those observed in experiments enables
estimation of the electrolyte exclusion parameter a, which
is inaccessible to a direct experimental determination.

The thicknesses of KIF bundles in live cells were
measured using transmission electron microscopy (28). The
results showed a large variability of bundle diameters,
ranging between 40 and 130 nm. Considering the dynamic
nature of KIF networks in cells (Fig. 1; (12)), it is reasonable
to assume that these measurements largely characterized KIF
bundles at the transitional rather than final stages of their for-
mation, leaving open the question about the existence of a
finite equilibrium thickness of bundles. Evaluation of the
equilibrium parameters of KIF bundles was performed in
artificial experimental conditions in which keratin 8 and ker-
atin 18 monomers self-assembled in salt solutions rather than
in the cytosol and, hence, were not exposed to the physiolog-
ical intracellular conditions (21). These experiments demon-
strated that bundles exhibit a finite equilibrium thickness of
�100 nm, which is in partial agreement with in vivo data
(28). According to our model’s results, 100-nm-thick bundles
are expected to form if the hydrophobic energy density is
about εH ¼ �34kBT/nm corresponding to midrange of its
feasible values (Fig. 3 C) and the electrolyte exclusion
parameter of about a ¼ 0.825, which means that the electro-
lyte entering into the bundle is considerably hindered but not
completely prevented.

In addition to the outcome of the bundling process, the
model enables estimations of the bundling rates in depen-
72 Biophysical Journal 119, 65–74, July 7, 2020
dence on the parameters of the interfilament interactions.
In the course of bundling, the newly joining filaments
have to establish a close contact to facilitate the interfila-
ment hydrophobic attraction taking control of and
completing the reaction. During this process, the filaments
are mutually repelled by the electrostatic forces. This cre-
ates an energy barrier of the reaction, which sets the rate
of the bundling reaction. As expected, the predicted
bundling rate increases upon weakening of the interfilament
electrostatic repulsion, which can result from either a
decrease of the filament charge density reff, a decrease of
the electrolyte exclusion parameter a, or a decrease of the
electrolyte screening (Debye) length in the outside solution
l resulting from a decrease of the electrolyte concentration
(Fig. 6). These predictions are in line with the measurements
(21) of the assembly rates of KIFs for different electrolyte
concentrations ce, showing that, indeed, the increase of ce
speeds up the filament assembly.

Evaluation of the typical rate of bundling enables an inde-
pendent estimation of the electrolyte exclusion parameter,
a. According to the observations, the K8/K18 filament bun-
dles form within minutes (12). We estimated the character-
istic time of bundling by computing the energy barrier of the
reaction (Fig. 5, D–F) and assessing the intrinsic time con-
stant of the system. According to our results, the experimen-
tally relevant time of the K8/K18 bundle formation of about
100 s corresponds to the value a ¼ 0.93 of the electrolyte
exclusion parameter. This reasonably agrees with the above
estimation of the a parameter based on the typical value of
the cross-sectional radius of K8/K18 bundles, hence, sup-
ports the self-consistency of our analysis.

Our analysis is based on the essential assumption that the
short-range interfilament attraction leading to bundling orig-
inates from the hydrophobic attraction between the nonpolar
residues. Attractive interaction was extensively analyzed for
neurofilaments (NFs), which are IF polypeptides typically
found in neurons (32). Similar to K8/K18 filaments, NFs un-
dergo bundle formation in aqueous solutions in a salt con-
centration-dependent fashion (21). Whereas NFs exhibit a
long-range electrostatic repulsion resulting from the overall
net charge of their surface, filament bundling was proposed
to be driven by strong short-range interfilament electrostatic
attraction because of alternating discrete electric charges
that are distributed along the disordered C-termini of NF
subunits (32). According to the suggested model (32), this
interaction, referred to as ‘‘handshaking,’’ results from over-
lap of the carboxyterminals of the adjacent NFs in such a
way that their discrete opposite charges come into direct
contact, providing strong Coulomb attraction (32). Impor-
tantly, although the bundling was observed for NFs
composed of subunits with sufficiently long side chains,
the filaments built of short side-chain subunits demonstrated
a bare mutual repulsion and did not exhibit bundle forma-
tion (32). This implies that attractive ‘‘handshaking’’ inter-
action can only drive filament bundling if the number of
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side-chain alternating charges and, hence, the side chain
lengths are sufficiently large. Similar to NFs, K8/K18 fila-
ments carry a net negative charge and must, therefore,
experience long-range mutual repulsion. The attractive
interaction responsible for their bundling, however, is likely
different from handshaking because the filament side chains
appear to be too short to support the bundling reaction.
Indeed, truncated NFs with side chains of less than 155 res-
idues failed to undergo bundling (32). The two kinds of side
chains of human K8/K18 filaments are even shorter, consist-
ing of 44 and 86 residues, respectively (25). Hence, the only
alternative attractive interaction acting between KIFs and
capable of driving the filament bundling appears to be
short-range interaction such as the hydrophobic force, as
assumed in this model.

Finally, it has been experimentally shown that the addi-
tion of multivalent ions promotes IF bundling at lower salt
concentrations as compared to monovalent salts (22,24).
Furthermore, it was demonstrated that the addition of multi-
valent ions to a network of IFs increased its stiffness (33).
Adding multivalent ions promotes bundling by two different
effects. First, multivalent ions drastically decrease the elec-
trolyte screening (Debye) length l, which, for monovalent
salts, can be obtained only at much higher electrolyte con-
centrations. This effect is taken into account by our model
through the corresponding changes of l. Second, multiva-
lent ions can serve as effective cross-linkers between
charged surfaces and polymers (18) and, hence, can
contribute to the short-range attractive force between the
IFs. This effect can be included in our model through a
contribution to the effective hydrophobic energy εH making
this parameter more negative.
CONCLUSIONS

In this work, we propose a physical mechanism of bundle
formation by KIFs, which is based on the interplay between
the intrafilament electrostatic repulsion and the short-range
hydrophobic attraction. We predict that the bundling process
results in bundles of finite thickness, which depends on the
system parameters, namely the amount of the filament elec-
tric charge, the number of hydrophobic residues per unit
length of the filament, and the degree of electrolyte exclu-
sion from the bundle. We provide estimations of the charac-
teristic time of bundling.
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terion binding regulates the aggregation onset of vimentin intermediate
filaments. Isr. J. Chem. 56:614–621.

24. H�emonnot, C. Y. J., M. Mauermann, ., S. Köster. 2015. Assembly of
simple epithelial keratin filaments: deciphering the ion dependence in
filament organization. Biomacromolecules. 16:3313–3321.

25. Pawelzyk, P., N. M€ucke,., N. Willenbacher. 2014. Attractive interac-
tions among intermediate filaments determine network mechanics
in vitro. PLoS One. 9:e93194.

26. H�emonnot, C. Y. J., J. Reinhardt,., S. Köster. 2016. X-rays reveal the
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