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Biomechanical properties
of intermediate filaments:
from tissues to single

filaments and back

Laurent Kreplak'* and Douglas Fudge?

Summary

The animal cell cytoskeleton consists of three inter-
connected filament systems: actin-containing micro-
filaments (MFs), microtubules (MTs), and the lesser
known intermediate filaments (IFs). All IF proteins share
a common tripartite domain structure and the ability to
assemble into 8—12 nm wide filaments. Electron micro-
scopy data suggest that IFs are built according to a
completely different plan from that of MFs and MTs. IFs
are known to impart mechanical stability to cells and
tissues but, until recently, the biomechanical properties
of single IFs were unknown. However, with the discovery
of naturally occurring micrometer-wide IF bundles and
the development of new methodologies to mechanically
probe single filaments, it is now possible to propose a
more unified view of IF biomechanics. Unlike MFs and
MTs, single IFs can now be described as flexible,
extensible and tough, which has important implications
for our understanding of cell and tissue mechanics.
Furthermore, the molecular mechanisms at play
when IFs are deformed point toward a pivotal role for
them in mechanotransduction. BioEssays 29:26-35,
2007. © 2006 Wiley Periodicals, Inc.
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Introduction

Cultured cells and tissues are sensitive to and shaped by
mechanical stimuli."= The sensing and transmission of a
mechanical signal involves specialised transducer protein
complexes as well as a network of interconnected cytoskeletal
filaments that can also act as force transducers.® While it is
assumed that actin-containing microfilaments (MFs)® and
microtubules (MTs) play a major role in mechanotransduction,
the third filamentous network forming the cytoskeleton, i.e.
intermediate filaments (IFs), is generally neglected in this
context, aside from a small number of papers.” =19 This is an
interesting paradox since IFs have been considered for many
years as “mechanical integrators of cellular space.”'" This
original statement was mainly based on the fact that, in a
muscle cell, desmin IFs are attached to the nuclear surface, to
the mitochondria, to the desmosomes and to the sarcomeres
at the Z-disc.!"® Such a spatial organization of IFs within cells
makes them prime candidates for playing a role in mechan-
otransduction, providing they exhibit suitable biomechanical
properties. Until recently, however, the field of IF mechanics
was dominated by textile and cosmetic research on the tensile
properties of hard a-keratin fibres like wool and hair, and very
little was known about the mechanical properties of IFs in living
cells.

The hard a-keratin fibre is a tough composite material
consisting of aligned keratin IFs embedded in an isotropic,
high-sulphur protein matrix('® that can occupy up to 40% of
the fibre.('*='® |n 1931 and 1933, Astbury and co-workers
published the first X-ray diffraction study of hair structure at
rest and under mechanical stress.('”'® Their main discovery
was a molecular transformation that occurs when hair and
wool fibres are stretched.'® Later, Pauling, Corey and Crick
described the configuration of the keratin polypeptides
within unstretched fibres as a double-stranded o-helical
coiled-coil'®29 motif that is common to all IF proteins.@"
Upon stretching a hard o-keratin fibre, the coiled coils, which
have their axis parallel to the direction of applied stress, are
transformed into a B-sheet structure with the B-strands running
roughly parallel to the fibre axis.®2® This is the so-called o—f
transition which is the cornerstone of all molecular models of
hard o-keratin mechanics for extensions above 5%.%42% In
the elastic regime, wet wool and hair have a Young’s modulus E
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of ~2 GPa,®® and this was also assumed to be true for single
keratin filaments and, by extension, for all IFs. Hence, IFs
would be as rigid as F-actin (E = 2.5 GPa)®®"2®) and MTs (E =
1 GPa)_(27,29,30)

In reality, IFs directly isolated from cultured cells and
tissues®" or assembled from purified proteins in vitro©®23%
appear much more flexible than F-actin filaments and MTs
when observed by electron microscopy.®*3% IFs are so much
more flexible in fact that their highly curved appearance is
used as a practical way of distinguishing them from other
cytoskeletal filaments within whole tissue sections. In light of
these observations, hairand wool may not be the best model to
study IF biomechanics in the context of mammalian cell
biology. In the following sections, we will review the main in vitro
approaches that are currently yielding a better understanding
of IF biomechanics and discuss recent in vivo evidence for the
importance of IFs in determining the biomechanical properties
of living cells.

In vitro assembled networks of IFs
Most of our knowledge of IF structure and assembly comes
from the study of recombinant IF proteins that can be
assembled into filaments in vitro. Comprehensive reviews on
those topics can be found elsewhere."32:38) Here we will only
briefly summarize the major relevant points. By electron
microscopy (Fig. 1A,B), IFs appear typically as 8—12 nm
wide smooth filaments built from the hierarchical association of
45-50 nm long dimers comprising a coiled-coil rod domain
flanked by more flexible N- and C-terminal domains (Fig. 1C).
Mature IFs are apolar and exhibit a shorter persistence length
(~1 pm)®¥ than F-actin filaments and MTs.(37~39)

At protein concentrations above ~0.1 mg/ml, in vitro
assembled IFs can be readily pelleted, embedded and

sectioned, thereby revealing a dense packing of filaments
(100 to 1000 mg/ml) that have the tendency to align with
their nearest neighbours“%4" (Fig. 1A). The morphology of
the IFs in these pellets closely resembles that of cytokeratin
IF networks within the stratum corneum, the outermost
epidermal layer of skin in terrestrial vertebrates.”*? The
biomechanical properties of dense IF pellets have never been
studied. Instead, rheological measurements have been
carried out with dilute (0.1 to 2 mg/ml) IF gels, in which a
random network is formed by physical entanglement of the
filaments (Fig. 1B). The pronounced ability of IFs to entangle
stems from their greater flexibility than F-actin filaments and
MTs, which in the absence of cross-linking proteins are less
likely to form extended networks in vitro.

Gels formed from dilute suspensions of IFs differ drama-
tically in their mechanical properties from those formed by
F-actin filaments and MTs.® Most strikingly, IF gels are much
softer, more extensible and exhibit more dramatic strain
hardening than gels formed by other kinds of biological
filaments.“*Y What can these results tell us about the
biomechanical properties of single IFs? The high extensibility
of IF gels likely arises from their low persistence length
which, in turn, leads to more “slack” in the network, ultimately
delaying the point where individual filaments are fully
extended. Recent experimental®® and simulation® results
onthe mechanics of semi-flexible polymer gels suggest that, at
large strains, the majority of the stress developed by the gel
can be attributed to the direct straining of relatively few
filaments in tension. In light of these results, we propose that
the high extensibility and dramatic strain hardening exhibited
by IF gels suggest that IFs are capable of bearing considerably
more longitudinal strain than other cytoskeletal filaments. For
low strains, this alternative model is identical to the entropic gel
model put forth by Coulombe et al.““’=%9 At high strains,
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Figure 1. Electron micrographs of in vitro reconstituted vimentin IFs. Az Ultrathin section through a pellet, adapted from.
stained preparation of vimentin IFs showing entanglements of filaments. The black bar highlights the approximate length of the building
block, a vimentin tetramer, adapted from.“" €z An atomic model of a vimentin tetramer where the two coiled-coil dimers are clearly visible
(courtesy of Sergei Strelkov). Bars, 200 nm in (A) and 100 nm in (B).
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however, we suggest that enthalpic forces arising from the
direct longitudinal straining of IFs dominate the mechanics.
One requirement of this new model is that individual IFs, unlike
F-actin and MTs, must be able to withstand considerable
longitudinal strain. While the stress—strain curve for a single IF
is not yet known, a convenient experimental model, hagfish
slime threads, is currently being used to take us one step
closer to that goal.®%®"

Tensile properties of an IF bundle

Hagfishes are primitive bottom-dwelling proto-vertebrates that
are renowned for their ability to give off liters of defensive slime
when they are provoked.®? The slime differs from other
animal slimes in that it is permeated by thousands of very fine,
very long protein threads, or slime threads.®® These threads
are manufactured in large, epidermally derived cells within
the slime glands called Gland Thread Cells (GTCs)®0:5354
(Fig. 2). GTCs express massive amounts of keratin-like IF
proteins, assemble them into IFs, and then anneal the IFs into
a single, continuous slime thread that takes over the vast
majority of the cell volume in mature cells.®® During release of
the slime exudate into seawater, entire GTCs are ejected via
the holocrine mode along with membrane-bound mucin
vesicles.®?%® |n seawater, the GTCs lose their plasma
membrane and unravel to a total length of about 15 cm.®”) |t
is the interaction of the GTCs with seawater and hydrated
mucin vesicles that gives the slime its unique mechanical
properties.®” Individual slime threads are between 1and 3 um
in diameter and consist almost exclusively of bundled IFs, with
very little contamination by other proteins.(535457:58) Hence,
slime threads are like very fine wool fibres, but without the high
sulfur matrix. Individual GTCs can be isolated and unraveled

Figure 2. Scanning electron micrograph of a hagfish gland
thread cell without its plasma membrane, exposing the
intricately coiled slime thread. The slime thread consists of a
solid, nearly pure bundle of 103~10* IFs in cross-section that
can be unravelled and mounted in vitro for mechanical testing.
Scale bar=25 um.

in vitro so that segments of slime thread can be used for
mechanical testing.

One of the findings that came out of measuring slime thread
mechanics was that the initial stiffness of a hydrated IF bundle
is about 300 times lower than that of a hydrated wool
fibre (6.4 MPa versus 2.0 GPa for hydrated wool).®®* These
results strongly contradict the assumption that IF bio-
mechanics can be inferred from the mechanical properties of
hydrated wool fibres, and suggest that hydrated IFs in cells
may be far less stiff than previously assumed. Several
findings in the IF biophysics literature that appeared
anomalous in the old framework further support the “low
stiffness” hypothesis. The first is that studies of IF structure
in vitro have demonstrated that IFs possess low flexural
stiffness, which can be estimated by analyzing the degree of
curvature of IFs from TEM,®® AFM®* or light scattering®”
data. All these studies demonstrate that, in vitro, IFs exhibit a
persistence length on the order of 1 um, which is consistent
with the flexibility of filaments as soft as slime threads, but far
lower than what one would expect for 10 nm diameter
filaments with the stiffness of wool. The second finding has
to do with the behavior of the IF-rich stratum corneum. lIts
stiffness in water is about 700 times lower than that of hard
o-keratin fibres like wool® and is remarkably similar to
the stiffness of hagfish slime threads. This low initial stiffness
of the stratum corneum is also broadly consistent with
the dynamic shear modulus of diluted IF gels for small
deformations.43:47:49)

The low initial stiffness of slime threads is just one aspect
of a complex tensile behavior that is characterized by a
non-linear stress—strain curve (Fig. 3).®® By plotting the
instantaneous stiffness as a function of strain (Fig. 3B), four
mechanical regimes become apparent. The first is the low
stiffness regime described above (region I), which is followed
by an even lower stiffness ‘yield’ region (region II). In region lll,
stiffness rises dramatically. X-ray diffraction data suggest
that regions Il and Il correspond to the disruption of coiled-coil
a-helices in IF proteins, and the formation of stable p-sheet
crystallites.®® In region 1V, stiffness levels off until failure.

In addition to their low initial stiffness, several aspects of
slime thread tensile mechanics differ significantly from
hydrated wool fibres. The average breaking strain, or
‘extensibility’ of slime threads is 220%, which means that they
elongate to more than three times their initial length before they
break. In contrast, the extensibility of hydrated wool fibres is
only 45% at room temperature.®" Failure of slime threads
occurs at a stress of about 180 MPa, which makes them
comparable to wool fibres, and stronger than F-actin filaments
(25 MPa based on the single filament data obtained by Tsuda
et al).®? With wool fibres, the drop in initial stiffness or ‘yield’
occurs at about 2.5% extension,®® whereas in slime threads
it occurs at 34% extension.®®® Both slime threads and
wool fibres exhibit nearly perfect recovery from pre-yield

28 BioEssays 29.1



Review articles

A 200F

. 150}

[}

o

2

n

7]

3

o 100}

£

™

@

@

£

=]

=4

1]

50 |
0 &
0. 25

B 1000
™
s
~ 1
Y v
® 100 f

=

=}

[

c

1]
-d

c

]
b |
£ 10 1]

0.0 05 1.0 15 20 25

Strain (AL/L )

Figure 3. Tensile mechanics of hagfish slime threads in
seawater. A: Typical stress—strain curve for hagfish threads
strainedto failure. Inset at top left is detail of stress—strain curve
within box at lower left. The engineering strain is equal to
the force divided by the area of the thread’s cross-section. The
thread is assumed to deform at constant volume. For a
cylindrical object like the thread, the cross-sectional area is
equal to the initial area divided by the stretching ratio. B: Plot of
the instantaneous stiffness as a function of strain. Roman
numerals denote the four distinct regions of the stress—strain
curve. (For further details, see Ref. 58).

deformations, although this behavior is likely governed by
different molecular mechanisms in the two materials.®"
Another important difference is that wool fibres exhibit almost
perfect recovery from post-yield deformations, whereas post-
yield deformation in slime threads is for the most part plastic
and hence leads to an irreversible deformation of the fibre. The

lack of post-yield recovery in slime threads is likely mediated by
the formation of stable B-sheet crystallites which, in turn, lock
the IFs in a new resting length. While it has been assumed for
decades that post-yield deformation of wool also corresponds
to an o — P transition, recent evidence suggests that -sheets
do not readily form at room temperature in hydrated wool and
hair.®®® Instead, the loss of a-helical structure coincides with an
increase in random coil structure.®® Hence, it is conceivable
that the compressive forces exerted on extended coiled coils
by the keratin matrix along with limited water availability, return
IFs in wool to their resting length before stable -sheets have a
chance to form."

While these results suggest that slime threads may be a
better model for estimating IF mechanics than hydrated wool,
they also raise the question of why slime threads differ somuch
in their biomechanical properties from wool fibres, which
consist predominantly of IFs. One possibility is that the IFs in
wool and other hard a-keratins are kept in a semi-dehydrated
state that keeps both their stiffness and yield stress high. This
hypothesis is supported by the fact that the mechanical
properties of hydrated wool fibres are quite similar to those of
slime threads tested in air.¢")

Slime threads will be used in future studies as a model
system to quantify the influence of hydration water and
filament-associated water on the mechanical properties of
IFs. Slime threads may also be the optimal model for studying
the effect of mechanical stress on IF protein conformation.®®
Hence the hagfish model is useful for exploring the bio-
mechanical properties of IF bundles, but it is also important for
generating novel and specific hypotheses about the behavior
of single IFs. Obviously the next step will be to probe the
mechanical behavior of single IFs in vitro, which is something
that researchers have only recently accomplished for the first
time.

Single IF biomechanics

With the development of micromanipulation tools such as
optical tweezers and microlevers, it has become possible
to estimate the mechanical properties of individual actin
filaments®* and microtubules.®® For both types of filaments,
their structural polarity was an advantage since each end could
be independently targeted using functional groups or capping
proteins. In the case of IFs, the apolar nature of the filament®")
has always been a major difficulty, hence other approaches
had to be devised to assay single-filament mechanics. In
that respect, the most-promising technique is atomic force
microscopy (AFM), with which it is possible to image, in
physiological buffer, single IFs adsorbed to different solid
supports.®+39 To extract mechanical information, the most-
common experimental approach has been force spectroscopy,
where the AFM tip is used to lift one portion of the sample
above the surface. In this case, the sample is stretched be-
tween the solid support and the tip.©®>®® Force spectroscopy
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works well with polymers, modular proteins and unfolded
polypeptide chains.®”~%°) Unfortunately, IFs adsorbed to a
solid support do not detach from it”® and instead the AFM tip
extracts subunits from the filament surface.”® This approach
does not provide a direct measure of the tensile properties of
single IFs but it may give invaluable information about the
cohesive forces between the coiled-coil dimers within the
filament.

A less-conventional approach is to increase the force
applied by the AFM cantilever on the surface during a scan.
This canlead to a mechanical perturbation of the filaments that
is directly visible on the recorded image.”" Recently, this
method was improved by first imaging a single neurofilament
with the tip at low applied force, around 0.1 nN (Fig. 4A), and
then increasing the applied force along only one scan line in
order to “cut through” the filament (Fig. 4B).("® Remarkably, in
most cases, single neurofilaments stretched up to 3.5 times

their original length, i.e. 250% extension, before they ruptured
(Fig. 4C).® This unusual extensibility was accompanied by a
drastic reduction in the apparent width of the filaments
(Fig. 4D), which is consistent with the model of an
a-helix to B-sheet transition occurring in highly stretched
filaments.®® Similar results were obtained with two other
types of IFs, desmin filaments and keratin filaments.® These
experiments also confirm the most controversial observation
that arose from the hagfish slime thread work, namely that
individual IFs are far more extensible than previously
assumed.®® The next step will now be to measure the force
applied to the filaments by the AFM tip during its movement.
With the new generation of AFMs that include a “close-loop”
scanner in three dimensions, this force can actually be
determined by measuring variations in the cantilever torque
while the sample is manipulated.”® Preliminary data indicate
that a stress—strain curve for a single IF can be extracted from

Figure 4. AFM manipulation of a single rat neurofilament adsorbed to mica. Az Control tapping mode AFM image of the filament before
manipulation. The scanning orientation is indicated by the arrowhead. Bz Along a single scan line, the applied force was increased in order to
cut through the filament at a speed of 40 nm/s. G,D: As a result of the manipulation, a 280 nm long fragment was stretched into two pieces
455 and 500 nm in length, respectively. The resulting extension was 240%. The full width at half maximum of the stretched fragment was
12 nm compared to 30 nm for the unstretched filaments. A 8—10 nm banding pattern is visible along one of the stretched fragments
(asterisk). Adapted from Kreplak L, Bar H, Leterrier JF, Herrmann H, Aebi U. 2005 J Mol Biol 354:569—-577.
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those measurements (L. Kreplak, unpublished observations).
The only parameter that cannot be easily quantified by
this experimental approach is the amount of energy that
is dissipated by the surface-filament interaction during
stretching.

To circumvent this difficulty, one might design an AFM
experiment where a filament is deposited over 100 to 500 nm
diameter hole. In this case, images taken at different applied
forces may be recorded to extract a bending modulus from the
measured deflection of the filament.”® Using such an
approach, the Young's and shear modulus for carbon
nanotubes have been estimated by varying the diameter of
the hole.”™ More recently, glutaraldehyde-fixed microtu-
bules”® were probed by the same experimental approach
as well as fixed and unfixed vimentin IFs."® As a limitation, this
approach can only provide a characterization of the mechan-
ical properties in the elastic regime and therefore comple-
ments the large-strain stretching approach described above.
Future improvements in mechanical testing at the nanoscale
will no doubt lead to a better molecular understanding of IF
mechanics at the single-filament level. This information, in
turn, will have profound implications for a more rational
understanding and possible treatment of human diseases
that involve mutations in IF genes.”” =%

A molecular model of IF biomechanics

The next step is to propose a molecular description of the
mechanical properties of several IF types over a wide range of
strains. All the data presented above point to the fact that IFs

are flexible filaments®* that are extensible individually"® as
well as within networks,“® fibres® and bundles.®® These
mechanical properties can be accounted for by a simple
molecular model.

To afirstapproximation, an IF is a bundle of laterally aligned
a-helical coiled-coils. Depending on the interaction between
the coiled-coils, two types of deformations can occur upon
stretching. For small cohesive forces, the filament could shear,
meaning that the coiled coils would slide past each other as the
filament is lengthened. In this case, the stretching curve would
possess a plateau at a force corresponding to the onset of
slippage. Theoretically, the filament could be sheared to a
single strand of coiled coils. Since, on average, one IF contains
16 coiled-coil dimers in cross-section, the maximal extension
would be 1500%. Alternatively, if cohesive forces among coiled
coils are high, shear would be negligible and the filament would
behave as an elastic solid until the coiled coils startto unfold. In
this case, the stretching curve would resemble the one for hair
fibres, with a steep linear region to start with, a plateau
corresponding to the unfolding of the coiled coils, and a final
linear region before breakage. The maximal extension
corresponding to complete unfolding of all the coiled-coils
without any lateral slippage would be 150%.® The maximal
extension observed for hadfish fibres and single filaments is
220% and 250%, respectively. According to the above
reasoning, this could only be explained by some shearing of
the filament structure. Interestingly, a limited shearing process
has been proposed in the case of stretched hair fibres based
on a small angle X-ray scattering study.®® Other possible

75%. Scale bar=25 um.

Figure 5. The effect of large-scale uniaxial stretch on the IF network in MDCK cells. Cells were grown on collagen-coated silastic
membranes and stretched using a custom cell stretcher that was mounted on a confocal microscope. Cells were fixed and stained for
immunofluorescence (red = keratin IFs, blue = DNA). Az Control cells were processed on a relaxed silastic membrane and B: stretched
cells were fixed, stained and imaged on membranes that were held in the stretched state. Approximate uniaxial strain in stretched cells was
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Box 1. A short primer on biophysical terms and
units.

In this paper, we discuss the material properties of IFs, which
refers to how these filaments behave when they are subjected
to mechanical forces. Physicists and materials scientists have
defined a rich vocabulary of words (many of which were
borrowed from the vernacular) so that the mechanical proper-
ties of materials can be directly and quantitatively compared
to one another. Terms such as stress, strain, strength and
toughness all have rigorous physical and mathematical
definitions. Here we define the most important terms used in
this review. A typical mechanical test involves pushing or pulling
on an object and measuring the resultant force. By plotting
force versus deformation, one can generate a graph that is
quite informative about the mechanical behavior of that object.
While the general shape of such a force—extension will be the
same for different sized objects made from the same material,
the magnitude of the forces and extensions will depend on size.
For this reason, materials scientists came up with the concepts
of strain and stress. Strain is simply a normalized value of
extension. It is defined as the change in an object’s length
divided by its initial length, and is dimensionless. Similarly, force
can be normalized by dividing by the cross-sectional area over
which the force develops, and this is referred to as the stress.
The typical units of stress are N-m™2, or Pa. The beauty of
stress—strain curves is that they are similar for objects made of
the same material, regardless of their size. They are also very
useful for comparing the mechanical behavior of different
materials. Many important aspects of a material’s mechanical
behavior can be derived from a stress—strain curve. The slope
of a stress-strain curve indicates how much stress a material
develops for a given amount of strain, and this is called the
stiffness. For linearly elastic materials, the stiffness is often
referred to as the Young’s Modulus. The stress at which a
material fails is called its strength, and the strain at which it
fails is called its extensibility. The area under a stress—
strain curve indicates the amount of strain energy that a
material can absorb before it fails. This value is sometimes
referred to as toughness and has units of J- m 3. The forces
that materials develop when they are deformed arise generally
from one of two mechanisms. Enthalpic forces arise from
the straining of bonds, and result in an increase in the internal
energy, or enthalpy of the material. In biological materials,
enthalpic forces can arise from the straining of covalent bonds,
hydrogen bonds, ionic interactions, and Van der Waals bonds.
Entropic forces arise when the conformational entropy
(ameasure of the disorder of a system) of a material decreases.
This phenomenon predominates in gels and rubber-like
materials consisting of a network of cross-linked or entangled
flexible molecules or filaments. We propose that the behavior of
IF gels is dominated by entropic forces at low strains and
enthalpic forces at higher strains when individual IFs experi-
ence direct longitudinal straining.

Box 2. Intermediate filaments as mechanically
regulated signalling platforms?

The physiological roles of IFs have been mainly investigated
using gene targeting in the mouse followed by a careful analysis
of the resulting phenotype. One typical example is the desmin-
null mouse, which is viable and fertile, but displays severe
disruption of muscle architecture and myocardial degeneration.
Specifically, desmin-null myofibrils show nuclei clustering®® as
well as disturbed mitochondrial positioning which leads to
alterations in respiratory functions in situ.®® Hence, these
results confirm that desmin is involved in the structural and
mechanical integration of muscle, and its absence may impact
other functions that depend upon this structure. Simple
epithelia such as the liver that are not subjected to large
mechanical stresses offer a slightly different picture of IF
function. K8/K18 IFs, which are expressed in simple epithelia,
are important for embryonic development and the mechanical
integrity of hepatocytes.®” =89 However, studies of K8-null mice
as well as mice expressing a K18 protein with a conserved
arginine mutation demonstrate that this keratin pair performs
additional roles. In these mice, the K8/K18 keratin pair seems to
be involved in the resistance to Fas-mediated apoptosis and in
the modulation of tumor necrosis factor (TNF) signalling.©®*
Further evidence that K8/K18 filaments may behave as a
signalling platform was provided by the discovery of their
phosphorylation-dependent binding to 14-3-3 proteins.®¥
However this signalling platform may be regulated by mechan-
ical stresses. As discovered recently, shear stress, but not
stretch, induces the disassembly of the K8/K18 filament
network in alveolar epithelial cells via K8 phosphorylation by
protein kinase C.°”) These findings suggest that the IF network
may behave as a mechanically regulated signalling platform in
simple epithelia. It is important to note that signalling and
mechanical integration are not mutually exclusive functions,
and the prominence of one over the other is most likely to be
tissue dependent.

alternatives®® involve deformation of the non-a-helical
segments of the coiled-coil dimer®" or the N- or C-terminal
end domains,®® both of which would reduce the amount of
shearing required to account for the large extensibility of IFs.
Despite the fact that our understanding of IF mechanics has
made a quantum leap during the last few years, several
questions remain. The most important goal at this point is to
elucidate the stress—strain curve for single IFs. When this is
achieved, the next step will be to understand the changes in
molecular and supramolecular organization that occur when a
single IF is stretched. Toward this end, one promising possibility
is to assemble and stretch IFs containing a small proportion of
fluorescently tagged proteins that could be used as reporters of
molecular motions occurring under mechanical stress.
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Biomechanical properties of IFs

within cells and tissues

The extensive literature on wool biophysics provides detailed
information about the biomechanics of fully keratinized cells,
but there is still much to be learned about the contribution that
IFs make to the mechanics of living cells and tissues. Using
transgenic mouse models, investigators have demonstrated
that IFs make a significant contribution to the stiffness of living
cells® =8 and are important for the mechanical integrity of
many tissues, including muscle, liver and skin.®=°% |nter-
estingly, most of the studies published to date on cell
mechanics have been based on experiments in which the
applied strain was limited to only 20%.E%91=99) |t is therefore
not surprising that investigators have not detected the
remarkable extensibility of IFs, which we now believe can
be stretched to more than three times their resting length
before breaking.®®"® Clearly a full understanding of the
mechanical behaviour of IFs within cells requires deforming
cells to higher maximum strains. To perform such experi-
ments, we have designed and constructed a cell-stretching
apparatus that allows us to apply uniaxial strains up to 140%
on epithelial cells grown on silicone rubber membranes. Using
immunofluorescence, it is then possible to characterize
the deformation of the IF network spanning an epithelial cell
(Fig. 5A,B). From preliminary experiments with this apparatus,
we have found that the IF network appears remarkably robust,
which is consistent with the mechanical data discussed above.
We also have evidence that, at very large cell strains,
deformation of the IF network is no longer elastic, but becomes
plastic which, in turn, is consistent with the results of the
hagfish slime thread data and recent AFM data (D. Fudge, D.
Russell, E.B. Lane, A.W. Vogl, unpublished results). The next
logical step will be to use stably transfected cell lines
expressing fluorescently tagged IF proteins in order to
characterize spatially and temporally the changes that occur
in a mechanically deformed IF network. This model system will
also be particularly relevant for elucidating the molecular
mechanisms underlying the pathology of IF-related genetic
diseases such as, for example, the skin-blistering disease
Epidermolysis Bullosa Simplex (EBS).®%

Conclusion

Considering the unique mechanical properties observed for
IFs both in vitro and in vivo within specific tissues, it is tempting
to postulate an important role for them to translate mechanical
stresses into a readable signal for the cell. For example, in
bovine endothelial cells, a direct link between cytoplasmic IFs
and the nuclear lamina has been demonstrated.'? If this
linkage can be generalized to other cell types, it would offer a
simple structural basis for mechanical signal transduction via
the IF network. Another possibility is the mechanical activation
of major cell signalling pathways. It is now fairly well accepted
that IFs are involved in cell signalling as shown by several

transgenic mice studies.®” What is now needed is convincing
evidence of a direct link between a mechanical stress applied
to the IF network and the activation or inactivation of major
signalling pathway.
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