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We have investigated the viscoelastic properties of the cytoplasmic
intermediate filament (IF) proteins desmin and vimentin. Mechanical
measurements were supported by time-dependent electron microscopy
studies of the assembly process under similar conditions. Network
formation starts within 2 min, but it takes more than 30 min until
equilibrium mechanical network strength is reached. Filament bundling is
more pronounced for desmin than for vimentin. Desmin filaments
(persistence length [,~900 nm) are stiffer than vimentin filaments
(l,~400 nm), but both IFs are much more flexible than microfilaments.
The concentration dependence of the plateau modulus Go~c® is much
weaker than predicted theoretically for networks of semiflexible filaments.
This is more pronounced for vimentin (a=0.47) than for desmin (a=0.70).
Both networks exhibit strain stiffening at large shear deformations. At the
transition from linear to nonlinear viscoelastic response, only desmin shows
characteristics of nonaffine network deformation. Strain stiffening and the
maximum modulus occur at strain amplitudes about an order of magnitude
larger than those for microfilaments. This is probably attributable to axial
slippage within the tetramer building blocks of the IFs. Network defor-
mation beyond a critical strain ymax results in irreversible damage. Strain
stiffening sets in at lower concentrations, is more pronounced, and is less
sensitive to ionic strength for desmin than for vimentin. Hence, desmin
exhibits strain stiffening even at low-salt concentrations, which is not
observed for vimentin, and we conclude that the strength of electrostatic
repulsion compared to the strength of attractive interactions forming the
network junctions is significantly weaker for desmin than for vimentin
filaments. These findings indicate that both IFs exhibit distinct mechanical
properties that are adapted to their respective cellular surroundings [i.e.,
myocytes (desmin) and fibroblasts (vimentin)].

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

The form and shape of metazoan cells are
established by the coordinated function of three

distinct filamentous systems, namely, microtubules,
microfilaments (F-actin), and intermediate filaments
(IFs). The individual filaments of the three groups
are integrated by associated proteins—including
cross-bridging factors of the plakin family, as well as
motor protein complexes—and thereby constitute
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Abbreviations used: IF, intermediate filament; LS, low

salt; HS, high salt.

cell-type-specific three-dimensional networks."
These so-called cytoskeletons are by no means static
structures, as they can be remodeled rapidly. In
addition, individual cells are subjected to consider-
able forces depending on their tissue context. Hence,
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the existence of optimized mechanisms to resist
mechanical stress is of prime importance during
various cellular activities such as cellular locomo-
tion, cell division, and intracellular traffic:king.2’3
Tissue-forming metazoans express complex pat-
terns of distinct IF proteins followmg certain routes
of embryonic development.* This cell-type-specific
expression program indicates that their networks
exhibit distinct properties optimized for their
respective cellular functions. Myocytes, in particu-
lar, have to endure substantial external and internal
mechanical forces. The muscle-specific IF protein
desmin, in concert with synemin, plectin, and other
desmin-binding factors, forms an extrasarcomeric
filamentous network that helps to coordinate
mechanical interaction between neighboring cells
and working sarcomeric units within individual
cells. Moreover, desmin IFs are likely to be involved
in mechanosensmg and mechanotransduction
processes.” Durlng the development of mamma-
lian skeletal” and cardiac muscle cells,® vimentin is
expressed first and later on replaced gradually by
desmin, which is then persistently expressed in
adult muscle fibers.*® Desmin filaments link the
contractile apparatus to myotendinous junctions
and the Z-line structure of skeletal muscles, as well
as to desmosomes of intercalated disks of cardiac
muscles. In addition, desmin IFs directly connect to
complexes presented by the outer membranes of the
nuclear envelope.'” They furthermore provide a
connection to organelles such as mitochondria and
lysosomes and support assoc1ated proteins such as
aB-crystallin and plectin.”"" The rationale under-
lying the replacement of vimentin by desmin during
the development of mature muscle fibers is not
known. Although both vimentin and desrnln exhibit
a high degree of sequence similarity'*>'* and are able
to copolymerize at all stages of filament assembly,"*
their properties differ significantly. Under standard
assembly conditions, desmin forms filaments with a
higher number of subunits per cross-section and
assembles much faster than vimentin.'*'> Moreover,
desmin filaments exhibit a higher tendency to
associate with each other compared to vimentin IFs,
as has been determined by electron mlcroscopy and
capillary viscosity measurements.'® Hence, desmin
IFs display distinct biophysical properties that might
reflect the optimization process that occurred during
evolution to facilitate proper muscle function.
More than 40 human diseases arising from muta-
tions in IF genes, among them skeletal and cardiac
myopathies caused by mutatlons in the desmin gene,
have been characterized.'” Their severity calls for a
better understanding of the role that IFs play in
normal cellular function. Therefore, the specific
biophysical features of IF networks are of funda-
mental interest. Up to now, the mechanical properties
have mainly been studied for microfilaments and
microtubules.'® " However, in one fundamental
study, the mechanical properties of microtubules,
microfilaments, and vimentin IFs have been d1rectly
compared by torsion pendulum rheometry.”” Here,
the authors demonstrate that IFs exhibit a very

pronounced increase in their elastic modulus or
“stiffness” upon increases in shear stress—a phenom-
enon specified as “strain hardening” or “strain
stiffening.” Following this report, several IF proteins,
including keratins, vimentin, and neurofﬂament
proteins, were investigated in more detail.”*

Here we report for the first time on the viscoelastic
properties of in-vitro-assembled desmin filament
networks as measured by mechanical rheometry.
From the linear viscoelastic response in different
frequency regimes, we have deduced the mesh size §
of the networks (the mean distance between two
network junctions) and the persistence length I, of
individual filaments, which is directly related to the
bending stiffness k=kgTl,. Furthermore, we have
characterized network deformation and rupture
using nonlinear oscillatory shear. The properties of
pure desmin IFs have been compared with those of
vimentin IFs, as well as with those of heteropoly-
meric IFs coassembled from both proteins.

Results and Discussion

Electron microscopy of desmin and vimentin
network formation

The specific viscoelastic properties of molecularly
distinct biopolymer gels depend critically on the
detailed assembly and geometry of the observed
material. For assembly studies of desmin and
vimentin by transmission electron microscopy and
capillary viscometry, protein concentrations of 0.1-
0.5 g/l and salt concentrations of 50-160 mM NaCl
have routinely been employed.”*>' These condi-
tions define a meaningful physiological range,
where single extended IFs are usually visualized in
fixed and negatively stained samples. However, the
aforementioned protein concentrations were found
to be far too low for the rheological studies
performed here. Thus, the experiments were per-
formed at higher concentrations of around 1.0 g/1 to
obtain reproducible data. So far, electron micro-
scopic analysis has not been performed for these
concentrations. Therefore, we have investigated the
time-dependent assembly process of desmin and
vimentin at 1.0 g/l in the presence of 50 mM sodium
chloride [“low salt” (LS)]. After careful dilution of
the samples to 0.1 g/1 with glutaraldehyde-contain-
ing “assembly buffer,” filaments and networks were
observed to be evenly distributed on the grids upon
electron microscopy. Characteristic images taken at
different stages of assembly are shown in Fig. 1.
After 10 s, most of the unit length filaments have
already been consumed by longitudinal annealing
and have formed filaments of up to 600 nm long.
Notably, lateral association of unit length filaments
and short filaments is entirely absent at initial time
points (10 s; left). After 2 min, extensive filament
elongation and lateral association of individual
filaments have resulted in the formation of complex
networks (middle). After 7.5 min, filaments show
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considerable radial compaction (right). The degree
of bundling of individual filaments is comparable to
that observed after 2 min; however, some individual
filaments are also discernable, indicating that lateral
association of filaments is reduced after radial
compaction has occurred. Next, we compare elec-
tron micrographs for filament and network forma-
tion at physiological salt concentration [i.e., 160 mM
sodium chloride; “high salt” (HS)] with those under
LS conditions for both desmin and vimentin (Fig. 2).
Both proteins form smooth, extended bona fide 1Fs
upon addition of “assembly buffer,” as depicted here
for filaments assembled for 30 min. Notably,
vimentin does not form significant bundles of
filaments under LS conditions (Fig. 2a). These results
already indicate that, in comparison to vimentin, the
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Fig. 2. Mature IF networks obtained from (a and b)
vimentin and (c and d) desmin under (a and ¢) LS and (b
and d) HS conditions, respectively, after 30 min of
assembly. Scale bar represents 1 um.

Fig. 1. Electron microscopic ana-
lysis of negatively stained early
assembly intermediates of desmin.
Assembly was performed at 1.0 g/1
under LS conditions for 10 s, 2 min
and 7.5 min. Upper panels: Overview
of network formation. Lower panels:
Detailed view showing single IFs
loosely associating filaments that,
on occasion, run in parallel for
limited distances. Scale bars repre-
sent 1 um (upper panels) and 200 nm
(lower panels).

ratio of repulsive to attractive electrostatic interac-
tions forming network junctions is significantly
weaker for desmin. Moreover, the filaments
obtained are considerably thicker under HS assem-
bly conditions than under LS assembly conditions:
the filament diameter for vimentin is measured to
be 11.7£1.3 nm (HS) versus 9.7+1.4 nm (LS; Fig. 2b
and a); for desmin, the corresponding values
obtained are 13.1+1.8 nm (HS) versus 12.2+1.8 nm
(LS; Fig. 2d and c). The diameter of an IF is a direct
indicator of filament mass, as has been demon-
strated previously by scanning transmission elec-
tron microscopy measurements.'>** If and how this
may influence the viscoelastic properties of the
IFs were approached by the following rheometric
investigations.

The storage modulus of desmin and vimentin IFs

In a first set of experiments, we determined the
storage modulus (G’) of desmin and vimentin
solutions under LS and HS conditions. The time-
dependent evolution of the storage modulus during
assembly exhibited a distinct behavior for desmin
under HS conditions: the increase in G’ is slightly
slower, and the final value is almost half compared to
the other samples (Fig. 3, black squares). In contrast,
desmin under LS conditions (open squares) and
vimentin at both salt concentrations (circles) exhib-
ited a similar increase in G’ and the same final value
for the storage modulus. In either case, the first steep
increase correlates with a very fast network forma-
tion, as also seen in electron micrographs. Obviously,
filament assembly and network formation occur
simultaneously, but it takes 30-60 min until a
“mature” network architecture with its equilibrium
mechanical properties is formed. This correlates to
the late phase of compaction and may arise from
changes in surface properties and in the flexibility of
individual filaments.3%32 Hence, our oscillatory shear
data facilitate a novel in-depth insight into the
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Fig. 3. Storage modulus G’ during the filament
assembly of desmin (square) and vimentin (circle) at a
protein concentration ¢=1.0 g/1 and 37 °C. Assembled
under LS (open symbols) and HS (closed symbols)
conditions.

subtleties of the filament maturation phase, which
was previously not detectable by electron micro-
scopy and atomic force microscopy.'***”* The lower
final value of G’ for desmin polymerized under HS
conditions may be rationalized in terms of the larger
filament diameter and the stronger bundling, as
revealed by electron microscopy. Finally, as at least
80% of the final G’ level is reached within 30 min of
assembly initiation, we have chosen this period of
time for protein assembly and network formation
prior to the rheological measurements presented
below.

Linear viscoelastic filament and network
response: Persistence length of filaments

We employed high-frequency oscillatory shear
experiments in order to determine the bending
stiffness of desmin and vimentin IFs assembled
under LS conditions. Semiflexible objects such as IFs
exhibit a distinct scaling behavior for the frequency
dependence of the linear viscoelastic shear modulus
G*=G'+iG". In the frequency regime where internal
relaxation modes of individual Kuhn segments
dominate, G*~®>’* holds,®® and the absolute
value of G* is related to the persistence length [,
therefore characterizing the flexibility of the filament
chain:*

1 —2ig\ 3/
G* — l(DT]s = E pKZP (Tlg) (,03/4 (1)

where m, is the solvent viscosity (here, water at
37 °C), k=kgTl, is the bending modulus, ¢ is the
lateral drag coefficient, and p is the area density of
the filaments. We insert {=4mms/In(0.6N/dy) for the
lateral drag coefficient, with d¢ as the diameter of the
mature filaments. For the characteristic length scale
N\, we choose the mesh size § of the network, which
is calculated from the plateau modulus G according
to € = /kT / G,. The latter is defined as the linear
viscoelastic modulus G’ of the network in the

regime, where G’ is independent of frequency. The
onset of this »*/* scaling is related to the highest
Zimm relaxation frequency wo=ksT/8nl,°, which
can also be used to obtain the persistence length /..
This concept has been successfully used to determine
I, for solutions of worm-like micelles” representing
another class of self-assembling semiflexible objects.
The occurrence of G~ ®*'* has also been observed
for F-actin solutions.”®*

Figure 4 shows the frequency dependence of the
reduced loss modulus (G” —wn,)/c for desmin (LS)
solutions at protein concentrations between 1.0 g/1
and 2.8 g/1. The moduli are divided by concentra-
tion, since linear concentration dependence is
expected in the frequency range where internal
relaxations of individual Kuhn segments dominate.
The data superimpose nicely in the frequency range
where the »3/4 scaling is valid. From these data, the
persistence length of human wild-type desmin is
determined according to Eq. (1) as [,=685+65 nm.
The corresponding I, values, as well as the physical
parameters required to calculate [, are summarized
in Table 1. There is no indication of a concentration-
dependent structural change that would affect the
bending stiffness of the desmin filaments. For the
three lowest concentrations, the ®*/* scaling is
observed throughout the investigated frequency
range from 10 s ' to 10* s'. For ¢=2.8 g/1, the
reduced loss modulus starts to deviate substantially
from the other data especially at lower frequencies,
and the »** scaling is found only for frequencies
®>1000 rad/s. At lower frequencies, the character-
istic Zimm scaling G* ~ ©%/? is found. The [, value
determined from the highest Zimm relaxation
frequency wo~1000 rad/s (cross-over from /% to
03/* scaling) is [,=350 nm; on the other hand,
application of Eq. (1) yields [,=754 nm. This
discrepancy indicates that, at this high concentra-
tion, the Zimm model may not be applicable, and
the apparent relaxation time g is not suitable for the
determination of [,.

(G"mw)c in m’/s’

Desmin LS
—+—c=1.0g/l
0 —&—c=15g/
107" F |—e—c=20qn
——c=284g/

10"

102 1* 3

10 10° _1103 10*
wl/s

Fig. 4. Concentration dependence of the reduced linear
viscoelastic loss modulus G” of desmin (LS), as deter-
mined from oscillatory squeeze flow measurements. G”
varies linearly with concentration in the frequency range
investigated here up to c=2.0 g/I. Thus, these data allow
for the determination of the persistence length I, according
to Eq. (1).
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Table 1. Plateau moduli, mesh sizes, and persistence
lengths of desmin (LS) and vimentin (HS)

Desmin (LS) Vimentin (HS)
Go 3 ¢ lp c Go 3

c(g/) (Pa) (m) (Ns/m?) (@mm) (g/l) (Pa) (nm)

0.4 0.19 280 0.5 0.60 190

0.5 0.5 205 1.0 078 175

0.7 0.55 200 1.5 0.89 170

1.0 0.6 195 0.0039 691 2.0 1.23 150

14 095 165 0.0042 699

2.0 1.0 160 0.0043 597

2.8 1.8 135 0.0046 754

In another set of experiments, we have determined
the persistence lengths of desmin, vimentin, and a
1:1 (by weight) mixture of both proteins under LS
conditions from G” measurements at a single
concentration c=1.0 g/1. All values are summarized
in Table 2. Obviously, desmin filaments are substan-
tially stiffer than vimentin filaments, and the I, of the
former is about twice as high as that of the latter.
This confirms electron microscopy results revealing a
larger filament diameter and stronger bundling for
desmin compared to vimentin especially under LS
conditions. The stiffness of the mixed filaments lies
between that of the individual filaments.

It has to be noted that the I, value for desmin
(in the latter experiment, [,=895+50 nm) differs far
more from the former experiment than the statistical
range of error inferred from the analysis of a series of
experiments performed on filament solutions
assembled from a single batch. This points to the
inherent polymorphism of desmin filament assembly.

The I, value for human wild-type vimentin
obtained here (l,=415+45 nm) agrees very well
with data reported earlier, where [, was deduced
from the contour analysis of single vimentin
filaments adsorbed to solid substrates as imaged
by atomic force microscopy.”’ In this study, an I,
value of about 1000 nm was obtained. Taking mto
account the different experimental approaches and
batch-to-batch variations of the protein solutions,
this is considered to be in good agreement with the
results reported here. Our data also agree well with
an earlier estimate of I,~100-1000 nm for desmin
purified from chicken g1zzard which was based on
dynamic light-scattering results. H

Finally, it is out of doubt that desmin and vimentin
IFs are much more flexible than microfilaments for
which [, Values between 3 um and 18 um have been
reported

Table 2. Filament diameters, mesh sizes, and persistence
lengths of desmin, vimentin, and their mixture

Proteins® de(nm) € (nm) ¢ (Ns/m?) I, (nm)
Desmin 12.2+1.8 1957 0.0039+£0.0002 895+50
Vimentin 9.7+1.4 195+7 0.0035+0.0002 415+45
Desmin+Vimentin® 11.0+1.6 19546 0.0037+0.0002 715+55

# Assembly was carried out at 1.0 g/1 under LS conditions.
Both proteins were mixed in 8 M urea prior to renaturation.

At a first glance, this is surprising, since F-actin
has a smaller outer diameter (=7-8 nm) and an even
lower mass per length (16 kDa/nm) than desmin
(48+8 kDa/nm) or vimentin (33+4 kDa/nm).'**"
This might be attributed to an intrafilamentous
axial slippage of distinct building blocks, which can
occur without disrupting the molecular architec-
ture, whereas the two strands forming the micro-
filament are tightly bonded together.404”

Mesh size of filament networks

Polymer networks exhibit a characteristic fre-
quency range where G’ is much larger than G” and
independent of frequency. The corresponding value
of G’ is called plateau modulus Gy; within the
framework of classical entropy (rubber) elasticity,*®
this quantity is directly proportional to the cross-link
density v of the network Go=vkgT. Figure 5 shows
the concentration dependence of Gy for vimentin
and desmin. In both cases, a power law behavior
Go~cp is observed, with a=0.70+0.17 for desmin
and «=0.47£0.1 for vimentin. For the latter, our
value for the exponent o is in very good agreement
with earlier results.*” For both vimentin and desmin
IFs, a is significantly lower than those for other
protein filaments such as fibrin (a=2.2) or for
microtubules and neurofilaments (ax~1.3). For
microfilaments assembled with different amounts
of bivalent ions or cross-linkers, values of a=2.2%
and a=1.4," respectively, have been reported.

Moreover, the exponents measured here lie far
below the theoretical value of a=7/5""" derived
for entangled networks of semiflexible chams with
[,>¢, which is fulfilled here (see Table 1), and
deviate even more from the theoretical prediction
for the affine deformation of cross-linked networks
for which a value of a=11/5is expected.51

Assuming a homogeneous entropy elastic net-
work, Gy can be directly related to the mesh size of
that network via § = {/kT / Gy. The corresponding &
values for desmin and vimentin are summarized in

G,/ Pa

W Desmin LS
@® Vimentin HS

o.101 1
’ c/gl

Fig. 5. Concentration dependence of the linear viscoe-
lastic storage modulus Gy for desmin (LS) concentrations
of 0.1<c<2.8 g/1 (squares) and vimentin (HS) concentra-
tions of 0.5<c<2.0 g/I. In this concentration range, the
storage modulus follows power laws of G'~c%7 for
desmin and G’ ~ % for vimentin.
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Table 1. The mesh size decreases with increasing
concentration according to § ~c ”. For desmin and
vimentin, p=0.25+0.1 and [%=0.15ﬂ:0.1 are found,
respectively, due to the weak dependence of G, on
concentration. A significantly stronger variation of
mesh size with concentration has been reported for
actin filaments (B =0.5)? and neurofilaments
(B =0.44).%° At this pomt we would like to mention
that the mesh size in these latter cases has been
determined from the Brownian motion of tracer
particles. In the case of actm the € values one can
calculate from G, data,” as described above, agree
very well with those from microrheology, whereas
in the case of neurofilaments, the mesh size
according to tracer particle motion is, by far, larger
than expected from the corresponding G, data. For
desmin and vimentin, no microrheological data are
available so far, and an in-depth discussion of this
topic is outside the scope of this work.

The low a and B values for desmin or vimentin
suggest that the filament structure does not remain
constant as concentration is varied. The electron
micrographs taken at a concentration of 1 g /1 (Fig. 2)
show significant bundling of desmin filaments,
while the vimentin network is essentially built by
single filaments. Therefore, it seems reasonable to
attribute the weak concentration dependence of the
modulus Gy in the case of desmin to an increase in
bundling with increasing concentration. For vimen-
tin, the formation of more and more short filaments
not incorporated into the network could be a
reasonable scenario, but since our electron micro-
scopy data do not give evidence for the formation of
a significant fraction of such short filaments, we may
leave this as a yet unspecified structural property of
vimentin networks.

Nonlinear filament network deformation
and rupture

Figure 6 plots the storage modulus G’ as a function
of strain amplitude at fixed angular frequency
o=1 rad/s for five different protein filament net-
works, namely, desmin and vimentin under LS and
HS conditions, as well as an equimolar mixture of
both proteins under LS conditions only. In all cases,
the protein concentration c is kept constant at 1.0 g /1.
All samples exhibit linear viscoelastic behavior at
low strain amplitudes (i.e., G’ is independent of ).
The absolute values of G’ are essentially the same for
all samples and lie in the range of 0.5<G’<0.8 Pa.
The onset of nonlinear response is observed at
strain amplitudes of 0.25<vy.<0.35. For vimentin at
LS concentration, the storage modulus decreases
monotonically with increasing strain amplitude,
while for all other samples, G’ shows strain stiffen-
ing and exhibits a maximum at strain amplitudes of
1.5<Ymax<5. Finally, G’ decreases when the sample
breaks and the upper cone of the rheometer loses
contact with the filament network. The behavior of
the desmin-vimentin mixture lies between that of
the pure solutions of these proteins and exhibits
weak strain stiffening. For desmin at HS concentra-

G'/Pa
10 T T
1F ese0ss0se
0,1F
c=Tgd Vimentin Desmin 1:1 Mixture
high salt —e— —.—
low salt —D— —— —r—
0,01 i : '
0,1 1 10 100
¥l

Fig. 6. The storage modulus G’ for desmin (square)
and vimentin (circle) networks at a protein concentration
of c=1.0 g/1 depends on salt concentration. The assembly
was performed under LS (open symbols) and HS (closed
symbols) conditions, respectively. A 1:1 mixture of
vimentin and desmin coassembles and shows a behavior
between the pure protein solutions.

tion, the maximum value of the storage modulus
Gmax e€exceeds the linear viscoelastic value
Go = limy—9 G’ by a factor of 5. Corresponding
values at different protein and salt concentrations
for desmin and vimentin have been summarized in
Table 3.

Figure 7 shows the strain amplitude dependence
of G’ for protein solutions at different concentra-
tions. Figure 7a shows the behavior of desmin under
LS conditions, whereas Fig. 7b depicts the data
measured for vimentin under HS conditions. Des-
min solutions exhibit strain stiffening at protein
concentrations c>0.4 g/1 even under LS conditions,
while vimentin does not show strain stiffening
under LS conditions in the concentration range
investigated here (c<1.0 g/l), but it is known to
show strain stiffening at much higher concentrations
(c=2.0 g /1) and under buffer conditions with much
higher ionic strength.”> Under HS conditions,
vimentin exhibits strain stiffening already at con-
centrations above ¢=0.5 g/1. For both proteins, the
degree of strain stiffening increases with increasing
protein concentration. At similar concentrations,
however, strain stiffening is more pronounced for
desmin (even under LS conditions) than for vimen-
tin. In accordance with the weaker concentration
dependence of Gy, we attribute this to the stronger
tendency for bundling and/or formation of short
filament sequences in the case of vimentin. Another
difference in the two IF proteins (i.e., vimentin and
desmin) becomes obvious upon closer inspection of
the transition from linear to nonlinear viscoelastic
response, as shown in Fig. 8. G’ increases mono-
tonically with v, in agreement with previous
results reported for vimentin but also similar to
those known for actin, fibrin, collagen, and
neurofilaments.”” In contrast, G’ goes through a
minimum before strain stiffening sets in for desmin.
This might indicate nonaffine network deformation,
as suggested previously by finite-element analysis
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Table 3. Plateau and maximum storage moduli and their
ratios

Desmin (LS) Vimentin (HS)

c@g/)  Go(Pa) Gmax/Go c(g/) Go(Pa)  Gmax/Go
0.4 0.19 14 1.0 0.78 3.5
0.7 0.55 3.8 1.5 0.89 3.8
1.0 0.56 3.6 2.0 1.23 44
14 0.95 7.6

of a two-dimensional network model.>* This phe-
nomenon is observed under HS and LS conditions
for concentrations of 1 g/l and below, but G’
exhibits a monotonic increase for c=1.4 g/1.

The dependence of G’ and G” on deformation
amplitude for three subsequent measurements per-
formed on a desmin solution (LS) with ¢=1.0 g/1 is
shown in Fig. 9. The first set of data acquisition is
stopped before the maximum value of G’ (or G,
respectively) is reached. Under these conditions, the
deformation of the network is completely reversi-
ble. The second evaluation yields exactly the same

(a)
10G / Pa ' 1
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—ae—s?ﬂ.tt gll =55, mfﬁ—
o e e !
—B8—c=0.1g/ Baeﬂaam
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Fig. 7. (a) Concentration dependence of the storage
modulus G’ for desmin networks under LS conditions
(lined square, 0.1 g/I; uprightly crossed square, 0.4 g/I;
diagonally crossed square, 0.7 g/1; half-filled square,
1.4 g/1). Note that, below a concentration of c=~0.4 g/I,
no strain stiffening occurs. For all other concentrations
examined, strain stiffening starts at a critical strain of
v.~0.5. (b) Concentration dependence of the storage
modulus G’ for vimentin networks under HS conditions.
Again, strain stiffening sets in at y.~0.5 for vimentin
concentrations above 0.5 g/1.
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Fig. 8. Storage modulus G’ versus shear strain ampli-
tude <y at the transition from linear response to nonlinear
response.

G',G” values as obtained for the first one, also
indicating that the assembly time of 1800 s, which
we chose as a starting point for our experiments, is
sufficient. In the second run, +y is increased until
rupture of the network solution occurs, leading to
irreversible damage of the network structure. The
third evaluation of the sample performed after a
recovery time of 10 min yields a significantly lower
value of Gy, and less pronounced strain stiffening is
observed.

Strain stiffening is a well-known phenomenon
for cross-linked semiflexible protein filament net-
works and has been reported for F-actin,'®*
neurofilaments,?>%* collagen, and fibrin,?” as well
as for keratin®* and vimentin.* It is widely accepted
that this strain stiffening is partly entropic and

G, G"/Pa
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Fig. 9. Deformation dependence of storage modulus G’
and loss modulus G” for a desmin solution (LS) with
c=1.0 g/1. The moduli are shown for three subsequent
measurements on the same sample. In the first run
(triangles), the maximum strain amplitude was chosen
such that the maximum in G’ was not yet reached. In the
second run (squares), y was increased until rupture of the
sample occurred, and the third run was performed after a
recovery time of 10 min. Note the exact reproducibility of
the G’ and G” values obtained for low strains. Beyond a
critical stress, however, the sample fails and will not
recover its capability to exhibit strain stiffening even after
prolonged periods of rest (up to 40 min; data not shown).
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partly enthalpic in nature, in particular when the
persistence length is of the same order of magnitude
or even larger than the mesh size (I, >§). Stretching
the network results in a loss of thermally accessible
conformations of the semiflexible filament strands
between two cross-links, leading to a strong
increase in entropic stress. On the other hand,
network deformation results in bending, buckling,
and elongation of filaments, increasing enthalpic
stresses. The onset of strain stiffening is dominated
by entropic effects, while enthalpic effects progres-
sively contribute at higher y.”” Accordingly, statis-
tical mechanical models have been developed to
describe these phenomena. The glassy worm-like
chain model® is a phenomenological extension of
the single filament worm-like chain model. The effect
of the network junctions apparently results in a
strong exponential stretching of the stress relaxation
spectrum. The influence of various physicochemical
interactions among filaments is represented by a
single stretching parameter e. Qualitatively, this
model resembles the strain stiffening features
observed for desmin and vimentin. A quantitative
comparison would require numerical simulations
that are beyond the scope of this work. Recently
published results for F-actin®® refer to the differential
modulus K*, which is different from the G* data
presented here. Storm et al. started with the stress—
strain curve of an individual filament and assumed
affine deformation of a homogenous isotropic
network.”” Finite longitudinal compliance of the
filaments has to be considered in order to recover the
increase in the differential shear modulus observed
for vimentin, actin, fibrin, and collagen, which is
much less pronounced than expected for a purely
entropic stress response.

The shape of G’ versus v at intermediate strains
seems to be generic for all semiflexible systems,
including vimentin.”” We cannot directly compare
the shape of the curves presented here to those in
literature data, since we have not measured the
differential modulus. But the shapes of the modulus
versus strain curves in the strain stiffening regime
look quite similar for both desmin and vimentin,
and we conclude that desmin shows the same
generic strain stiffening behavior as the other
protein filament networks, except for the slight
depression of the G'—y curves before stiffening sets
in. Nevertheless, the protein concentration required
for network formation, the maximum degree of
strain stiffening, and the strain at which the network
ruptures strongly depend on the molecular structure
determining filament extensibility and, above all, on
the nature and strength of the physicochemical
bonds holding the filaments together. Apparently, in
contrast to vimentin, a much lower protein concen-
tration is required for desmin in order to form a
mature network.

This might be again due to the stronger tendency
for bundling of desmin and the formation of shorter
filaments in the case of vimentin.

Furthermore, desmin is less sensitive to ionic
strength and shows strain stiffening even under LS

conditions. This can be rationalized by a competi-
tion between short-range attractive van der Waals
and hydrophobic interactions versus long-range
electrostatic repulsion among filaments. In case of
vimentin (LS), electrostatic repulsion is strong
enough to prevent cross-linking and network
formation. Thus, for vimentin, strain stiffening can
take place only at HS concentrations, when the
range of electrostatic repulsion is shorter, or at high
protein concentrations, when the filaments are more
densely packed.

Desmin shows pronounced strain stiffening even
at LS concentration, indicating that electrostatic
repulsion is weaker and not able to prevent the
formation of cross-links promoted by attractive
interactions. At similar protein and salt concentra-
tions, but also at similar linear viscoelastic moduli,
the Gmax/ Gy ratio is significantly larger for desmin
than for vimentin. This indicates a higher bond
strength for desmin networks than for vimentin
networks. We have investigated the reversibility of
the nonlinear network deformation for desmin (LS).
As long as y<vymax is valid, strain stiffening is
perfectly reversible. However, as soon as the critical
deformation vym.. is exceeded and the network
ruptures, filament networks are irreversibly
damaged, and the original strain stiffening proper-
ties cannot be regained even upon allowing longer
interval periods between successive measurements
(up to 1 h; data not shown). This is similar to what
has been reported for cross-linked F-actin,'® but
Ymax 1S almost an order of magnitude larger for both
desmin and vimentin compared to F-actin, which
might also be a consequence of the axial slippage
allowed between subfilamentous elements such as
tetrameric or octameric complexes within the IF.

Conclusion

We have investigated the linear and nonlinear
viscoelastic properties of desmin and compared them
to those of vimentin filament networks. The persis-
tence length [, of the filaments has been derived from
the linear viscoelastic modulus in the high-frequency
range where G*~ ©*/*. Desmin is stiffer than
vimentin (lgesmmwoo nm; [™""" =400 nm under
LS conditions), but both IFs are much more flexible
than microfilaments. A mesh size £~200 nm is
obtained from the low-frequency plateau modulus
Go in the concentration range 0.5<c<2 g/1 in both
cases.

The concentration dependence of Gy~ c® is much
weaker than those predicted by theoretical models
for networks of semiflexible filaments. For desmin
(=0.70), this may be explained by increased
bundling with increasing protein concentration; for
vimentin (a=0.47), the structural reason is not yet
clear. In contrast, microfilament or neurofilament
networks do not show this phenomenon. Both
desmin and vimentin networks exhibit pronounced
strain stiffening at large shear deformations similar
to those of many other protein filament networks.
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At the transition from linear to nonlinear viscoe-
lastic response, the desmin network exhibits a
minimum in G’, which is characteristic of nonaffine
network deformation, whereas G’ increases mono-
tonically in the vimentin case. Strain stiffening is
controlled by enthalpic and entropic effects as
expected, since lp>§. The onset of strain stiffening
occurs around v.~0.3, and the modulus goes
through a maximum at ym,x=1.5-5. These values
are about an order of magnitude larger than the ymax
values reported for F-actin and are again attributed
to the axial slippage within building blocks of
individual IFs. Deformation of the desmin network
beyond ymax results in an irreversible damage, and
the original elastic properties are not recovered even
upon extending the time interval to 1 h. Strain
stiffening sets in at lower concentrations and—at a
similar concentration—is more pronounced for
desmin than for vimentin. Furthermore, strain
stiffening is less sensitive to the ionic strength of
the solution for desmin compared to vimentin
networks, and the desmin networks exhibit strain
stiffening even at LS concentrations. These results
clearly indicate that the strength of repulsive
electrostatic interactions compared to the strength
of attractive interactions forming the network
junctions is significantly weaker for desmin than
for vimentin filaments. Finally, we found that
heteropolymeric filaments assembled from both
desmin and vimentin exhibit features in between
those of the individual proteins. This is true for the
filament persistence length I, as well as for the
strain stiffening properties of the networks.

Future experiments are aimed at elucidating how
posttranslational modifications such as phosphor-
ylation, as well as interaction with IF-associated
proteins, influence the viscoelastic properties of
desmin and vimentin networks. By increasing the
degree of complexity in the constitution of the
analyzed networks, we ultimately hope to get a
basic insight into the nanomechanics of the extra-
sarcomeric cytoskeleton of myocytes and fibro-
blasts. In addition, the rheological analysis of
disease-causing mutant desmin filaments could
provide an insight into the molecular mechanisms
underlying a severe form of (cardio)myopathy in
humans. As desmin IFs are thought to be involved
in mechanosensing and mechanotransduction in
muscle tissues, alterations in biophysical filament
and network properties due to mutations are likely
to impact on these fundamental properties.

Materials and Methods

Protein chemical methods

Escherichia coli strain TG1 (Amersham, Germany) was
transformed with human wild-type desmin and vimentin
plasmids, respectively. Recombinant proteins were pur-
ified from inclusion bodies, as described previously.?85¢
For in vitro reconstitution of purified recombinant pro-
teins, up to 4.0 g/1 protein was dialyzed out of 8 M urea

and 10 mM Tris-HCI (pH 7.5) into a buffer containing
5 mM Tris-HCI (pH 8.4), 1 mM ethylenediaminetetraace-
tic acid, 0.1 mM ethylene glycol bis(b-aminoethyl ether) N,
N’-tetraacetic acid, and 1 mM DTT (“Tris buffer”) using
regenerated cellulose dialysis tubing (Spectra/Por®;
molecular weight cutoff, 50,000; Roth, Germany). For
assembly experiments, protein solutions were heated to
37 °C, and assembly was initiated by addition of an equal
volume of either LS [45 mM Tris-HCl (pH 7.0) and
100 mM NaCl] or HS [45 mM Tris-HCI (pH 7.0) and
320 mM NaCl] “assembly buffer.” For mixing experiments,
equimolar amounts of desmin and vimentin proteins were
combined in 9.5 M urea prior to dialysis into “Tris buffer”
in order to allow heterocomplex formation.

For all rheological measurements, protein solutions
were filled into the preheated sample cell directly after
initiation of assembly, and gap height was immediately
set. Then a waiting time of 30 min was allowed for the
assembly of the filaments to occur before the measure-
ments were started, except for the experiments in which
the kinetics of filament network formation were char-
acterized.

Electron microscopy

After assembly at 1.0 g/1, the samples were diluted to a
concentration of 0.1 g/l in fixation buffer prior to
absorption to glow-discharged Formvar/carbon-coated
copper grids and negative staining with a 15-s treatment
with 0.1% uranyl acetate. The specimens were inspected,
and micrographs were recorded on a Zeiss model 900
transmission electron microscope (Carl Zeiss, Oberko-
chen, Germany), as described previously.”” Electron
microscopic images were scanned and processed using
the free software Image] 1.32j developed at the National
Institutes of Health (Bethesda, MD, USA)}. For filament
width measurements, at least 100 filament diameters were
determined.

Rheology

Low-frequency measurements

We used the commercial rheometers Haake RheoScopel
and Haake MARS II (Haake, Karlsruhe, Germany) to
measure the storage modulus G” and the loss modulus G”.
Both rheometers were equipped with cone and plate
geometry with a cone angle of 4° and a truncation at the
tip of 139 pm, corresponding to the set gap size. The
sample volume counted 2 ml of protein solution, so the
system was slightly overfilled. We conducted all measure-
ments at a temperature of T=37 °C. The lower measure-
ment plate is flat with a diameter of 80 mm and tempered
by a water cryostat. The upper part of the sample cell is
built with a self-constructed heating plate. In this manner,
the whole measurement configuration can be tempered
homogeneously with a precision of £0.02 °C.

In order to characterize the kinetics of filament
assembly and network formation, we used small-ampli-
tude oscillatory shear measurements and applied a strain
Y="Yosino at a constant frequency of =1 rad/s and at a
constant strain of yo=0.05 to ensure a linear viscoelastic
response of the sample. The resulting stress signal
T=Tosin(w+9) is also sinusoidal with a phase shift 6.
G’ =(70/v0)cosd and G"=(7¢/yo)sind were calculated from

I http:/ /rsb.info.nih.gov /ij



142

Desmin and Vimentin Intermediate Filament Networks

the in-phase and out-of-phase components of 7. Data points
were taken every 60 s starting immediately after filling the
measuring device.

The nonlinear material response was characterized
using stress amplitude sweep experiments. In this case, a
sinusoidal stress T=Tgsin(w) was applied, and the
resulting strain y=r+ypsin(w+08) was measured. At a
fixed frequency w=1 rad/s, the stress amplitude T
was varied between 107> Pa and 10 Pa (30 steps,
logarithmically equidistant). At low stresses, the moduli
G’ and G” are calculated from the in-phase and out-of-
phase sinusoidal deformation signals, as described
above. At larger deformations, the response signal differs
from pure sinusoidal excitation. Then G’ and G” are
calculated from the amplitude and the phase shift of the
response signal in accordance with a company proprie-
tary algorithm based on fast Fourier transform methods,
including the third and fifth harmonics of the applied
frequency.

High-frequency measurements

The characterization of the linear viscoelastic response
of the protein suspensions was extended to frequencies
beyond 100 rad/s using oscillatory squeeze flow via a
piezo axial vibrator apparatus in accordance with pub-
lished methods.”””® The sample is placed between two
circular plates with a diameter of 20 mm and a distance of
10-30 pm, adjustable by different lids. The upper plate is
constructed as a gas-tight lid and is tightly screwed to the
base plate. The lower plate is driven through two pairs of
piezoelectric actuators. By applying a sinusoidal voltage
via a lock-in amplifier, the plate oscillates about a mean
position. Two further piezoelectric sensor pairs deliver the
response signal. We compared a measurement with
sample with a measurement of the empty cell and
calculated the desired rheological properties from the
ratio of the output voltage with and without sample U/ U
and the corresponding phase shift ¢ —¢,. This device
covers a frequency range from 10" <w<5x10* rad/s and
was tempered via a water cryostat.
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