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ABSTRACT The mechanical properties of living cells are essential for many processes. They are defined by the cytoskeleton,
a composite network of protein fibers. Thus, the precise control of its architecture is of paramount importance. Our knowledge
about the molecular and physical mechanisms defining the network structure remains scarce, especially for the intermediate
filament cytoskeleton. Here, we investigate the effect of small heat shock proteins on the keratin 8/18 intermediate filament
cytoskeleton using a well-controlled model system of reconstituted keratin networks. We demonstrate that Hsp27 severely alters
the structure of such networks by changing their assembly dynamics. Furthermore, the C-terminal tail domain of keratin 8 is
shown to be essential for this effect. Combining results from fluorescence and electron microscopy with data from analytical
ultracentrifugation reveals the crucial role of kinetic trapping in keratin network formation.
INTRODUCTION
Heat shock proteins are essential for the cell’s response to
stress. They protect the cell by facilitating correct protein
folding and preventing deleterious protein aggregation (1).
Small heat shock proteins (sHsps), with a monomeric size
ranging from 9 to 47 kDa, have been associated with pro-
cesses ranging from RNA stabilization to apoptosis (2–7).
Their activity can be regulated by modulating their oligo-
meric structure (5, 8, 9). There also is growing evidence
of sHsps interacting with the cytoskeleton (10–16). This is
especially interesting, since the cytoskeleton—a filamen-
tous composite network comprised of microtubules, actin
filaments, and intermediate filaments—determines the cell’s
mechanical properties. It therefore is a key factor for many
fundamental functions and critical processes, ranging from
tissue differentiation during embryogenesis to the metastatic
behavior of tumor cells (17–19). Hence, precise control of
the cytoskeletal architecture is of paramount importance.
Although intermediate filaments are one of the primary con-
tributors to the structural integrity of the cell, relatively little
is known about how the cell governs the organization of its
intermediate filament cytoskeleton. Keratins comprise the
largest subgroup in the diverse intermediate filament family.
They are assembled from heterodimeric coiled-coil com-
plexes of one acidic (type I) and one basic (type II) keratin
to form complex cytoplasmic networks of bundles and
filaments (20). Moreover, the corresponding network
morphology and substructure depend on the location of
keratin within the cell: peripheral networks are generally
much finer than the heavily bundled keratin structures in
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the perinuclear region (21,22). How the cell achieves this
wealth of network substructure, however, remains largely
unknown. Only a few keratin-bundling proteins—which
are abundant for other cytoskeletal filaments, such as actin
filaments—have so far been identified (23, 24). In a recent
study, we were able to demonstrate in vitro that keratin
filaments have intrinsic bundling capabilities and that the
assembly dynamics has a severe impact on the resulting
network structure (25). Interestingly, the small heat shock
protein Hsp27 has been reported to colocalize with keratin
intermediate filaments in vivo and to have an impact on
the material properties of reconstituted intermediate fila-
ment gels (13). However, the underlying mechanisms of
Hsp27-controlled keratin network assembly have so far
not been thoroughly explored. Here, we show that Hsp27
affects the architecture of kinetically trapped keratin
networks by altering their assembly dynamics. Our data
demonstrate the relevance of the C-terminal keratin 8 tail
domain for this effect and elucidate the underlying physics.
MATERIALS AND METHODS

Recombinant proteins

Recombinant keratins K8 and K18 were expressed, purified, and prepared

as described (26). In short, proteins were expressed in Escherichia coli,

purified, and stored in 8 M urea. Before use, basic and acidic keratins

were mixed in an equimolar ratio and refolded by a stepwise dialysis to

6 M, 4 M, and 2 M urea in low-tris buffer (2 mM Tris, pH 9.0, and

1 mM dithiothreitol (DTT)). Dialysis was continued overnight into urea

free buffer. Hsp27 was purified as described elsewhere and dialyzed against

the same low-tris buffer to prevent any buffer-related artifacts (27). Hsp27

activity at these conditions was confirmed by investigating the suppression

of the thermal aggregation of citrate synthase (CS) as a model substrate,

where Hsp27 showed a half-maximal suppression at a ratio of 1:1 (CS/

Hsp27), identical to reported values (28).
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Tail-truncation mutants

Mutant keratins with partial or complete truncation of the C-terminal tail

domain were produced by modifying the nucleotide sequence with a stop

codon at the desired position. For this, a QuikChange Lightning Site-Dir-

ected Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used

according to the manufacturer’s instructions. The keratin 8 tail was assumed

to begin after residue 402 and that of keratin 18 after residue 388 (residue

numbering inclusive of the starting methionine) (29). Additional mutants

for keratin 8 were truncated after residues 426 and 466.
Fluorescent labeling

The wild-type amino acid sequence of keratin 8 does not contain any cyste-

ines. This allows for site-specific attachment of a fluorescent marker via an

introduced cysteine. For this purpose, we performed a point mutation in

keratin 8, changing the native serine 243 (located in the non-a-helical L1-2

linker segment) to a cysteine using a QuikChange site-directed mutagenesis

kit (Agilent Technologies). The site of the mutation was chosen such that

interference of the label with protein folding is minimized. Subsequently, a

fluorescent dye (ATTO647N, ATTO-TEC, Siegen, Germany) was covalently

bound to the introduced cysteine according to the manufacturer’s instruc-

tions. For FRET measurements, keratin 8 was labeled in the same fashion

with an ATTO488 dye by an introduced cysteine at the end of the tail domain

(S478C). Proper filament assembly was verified via electron microscopy.

The total percentage of labeled keratin was 10% for all experiments

involving fluorescent proteins (except FRET assays). Hsp27 was labeled

with 5-carboxyfluorescein succinimidyl ester (5-FAM) or 5-carboxytetrame-

thylrhodamine succinimidyl ester (5-TAMRA; Life Technologies, Carlsbad,

CA) according to the manufacturer’s protocol for 2 h at room temperature

in PBS. Unbound label molecules were removed using a HiPrep 26/10

desalting column (GE Healthcare, Little Chalfont, United Kingdom).
Network assembly

Network assembly was initiated by adding 1:9 10-times-concentrated

assembly buffer (200 mM Tris, pH 7.5, 10 mM MgCl2, 2 mM CaCl2,

2 mM DTT, 5 mM ATP, and 1 M KCl)/protein solution. Network assembly

was carried out by droplet fusion, as described elsewhere (25). In short, a

4.5 ml droplet of protein solution is deposited on a glass coverslip and

carefully merged with a 0.5 ml droplet of concentrated assembly buffer

on an opposing coverslip, resulting in a disc-shaped sample of 5 ml volume

with an approximate diameter of 2 mm and a height of � 1:6 mm. Here,

Hsp27 and keratin were mixed before incubation at T ¼ 37� C for

~10 min. The final pH at T ¼ 37� C was 7.3. The ATP present in the

buffer serves purely to maintain conditions that are compatible with actin

polymerization and does not influence Hsp27 activity (3, 4).
Fluorescence microscopy and image analysis

Confocal fluorescence microscopy was conducted on a Leica SP5 confocal

microscope (Leica Microsystems, Wetzlar, Germany). All images are

confocal slices taken at the sample side of assembly buffer introduction

at comparable distances from the surface (160–230 mm). The network

structure was verified to be homogeneous within the network volume

accessible with the 63� glycerol immersion objective used in this study.

The network architecture in confocal micrographs was analyzed by deter-

mining the fineness s ¼ x�1. Here, x is defined as the characteristic length

scale of the exponential distribution of the distances between neighboring

structures (25, 30, 31). For assessment of the structural diversity within

one sample, multiple images where taken at randomly chosen lateral

positions throughout the sample (see Fig. S3 in the Supporting Material).

The characteristic structure width, d, is obtained in a similar fashion by

measuring the distances between the internal edges of individual structures.
For the analysis of network formation dynamics, a Fourier-analysis

approach was employed. Each movie frame, associated with the time t,

was subjected to a two-dimensional fastFourier transformation. The

isotropic nature of the networks resulted in a radially symmetric represen-

tation in the Fourier space. We therefore applied an angular average routine,

yielding the orientation-independent contribution of each spatial frequency,

the structure factor <
�
�FðnÞ��>f. For better visualization, data were smoothed

with a three-data-points rolling average.
Electron microscopy

Electron microscopy was carried out on a Phillips CM100 transmis-

sion electron microscope (Philips/FEI Corporation, Eindhoven, The

Netherlands). Assembly was similar to that for samples for fluorescence

imaging on a carbon-coated copper grid (Electron Microscopy Sciences,

Hatfield, PA). Buffer-salt concentrations were adjusted as described in

the main text. Samples where then negatively stained for visualization.

The final protein concentration was 2 mM for all samples.
Analytical ultracentrifugation

To determine the sedimentation coefficient of keratin and keratin-Hsp27

complexes by sedimentation velocity experiments, we used an Optima

XL-A centrifuge equipped with absorbance and interference optics

(Beckman Coulter, Krefeld, Germany). All samples contained 0.77 mM of

ATTO-647N-labeled wild-type keratin and optionally 77 mM of Hsp27 in

2 mMTris, pH 9.0, and 1mMDTT buffer.We placed 420 mL of each sample

in a sapphire-capped double-sector centerpiece with a path length of 12 mm

and analyzed the samples at 42,000 rpm in an eight-hole Ti-50 Beckman-

Coulter rotor. Detection was performed with interference optic and absor-

bance optic at 647 nm to distinguish between keratin and the total protein

amount. Absorbance scans were taken in the continuous scanning mode

with a radial resolution of 0.003 cm and one replicate per scan. Data analysis

was conducted with Sedfit (32), using a non-model-based continuous Sved-

berg distribution method (c(s)), with time and radial invariant noise enabled.

Solvent density and viscosity were calculated with SEDNTERP (33).
FRET

Interaction between Hsp27 and K8/18 was monitored by fluorescence reso-

nance energy transfer (FRET), as described elsewhere (28, 34). Keratin 8

was labeled with ATTO488 at the end of the tail region and Hsp27 was

labeled with 5-TAMRA, as described above. FRET was measured by add-

ing Hsp27-TAMRA to a constant concentration of 280 nm Keratin-

ATTO488. For equilibration, the mixtures were incubated at T ¼ 37� C

for 5 min (until the emission intensity stabilized) before spectra accumula-

tion using a SPEX Fluoromax-3 fluorescence spectrometer (Jobin Yvon,

Munich, Germany). The excitation wavelength was 480 nm and spectra

were recorded from 500 to 650 nm. To eliminate cross-excitation contribu-

tions, emission intensities were corrected by subtracting the intensities

recorded from an acceptor-only sample. Observed FRET-independent

quenching of the donor was corrected with reference to a donor-only

sample.
RESULTS AND DISCUSSION

In this study, we investigate the impact of Hsp27 on the
network architecture of reconstituted keratin 8 (K8, type
II) and keratin 18 (K18, type I) intermediate filaments.
Using such an in vitro model system of the intermediate
filament cytoskeleton not only enables precise control of
all relevant environmental parameters, it moreover allows
Biophysical Journal 105(8) 1778–1785
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for a direct assessment of the effect without potential sec-
ondary elements, such as protein phosphorylation, varia-
tions in gene expression, or redundancy effects of related
sHsps. The colocalization of Hsp27 with keratin structures,
reported in vivo, is also present in the reconstituted system
(Fig. S1). This shows a direct interaction of Hsp27 with ker-
atin filaments without the mediation of additional proteins.

Keratin filaments exhibit an intrinsic ability to interact
with each other (25). In vitro they assemble into complex
networks of filaments and bundles similar to those found
in living cells. Although such networks are homogeneous
on a mesoscopic length scale (>10 mm), a substantial degree
of bundling and clustering dominates the network’s micro-
scopic morphology (Fig. 1 a). These microscopic architec-
tural features define the mechanical properties of the
macroscopic network. It therefore is interesting to observe
a pronounced alteration of the network’s morphology
when it is assembled in the presence of Hsp27 (Fig. 1, b–
d). The perceived fineness of the network increases sig-
nificantly. Moreover, the microscopic substructure appears
less clustered and more regular. The strength of the effect
depends on the molar ratio, R, of monomeric Hsp27 concen-
tration, c27, to monomeric keratin concentration, cK. Assum-
ing a native form of Hsp27 composed of � 16 subunits and
� 16� 20 molecules per keratin-filament cross section,
R also roughly represents the ratio of Hsp27 oligomers to
longitudinal filament-subunit repetition (5, 26). To evaluate
this effect in a more quantitative fashion, we determine the
FIGURE 1 Hsp27 causes an alteration of keratin network structure. (a) In the

neous networks of clusters and bundles. (b–d) The presence of Hsp27 during asse

of the effect depends on the molar ratio, R, of Hsp27 to keratin, as denoted in th

(R ¼ 10). (e) The network fineness, s (see main text and Materials and Method

data (black line) is associated with a correlation coefficient of r ¼ 0.86. (f) The

are the mean 5 SD of data from multiple images acquired at different location

All images are confocal slices. The scale is the same for all images. Scale bar,
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fineness, s, of the network, with s ¼ x�1, where x is the
characteristic distance in the network, by digital image anal-
ysis (see Materials and Methods for details). The gathered
data reveal a monotonic increase of s as a function of R
over the range of Hsp27 concentrations examined, as shown
in Fig. 1 e. Interestingly, even small amounts of Hsp27
ðR ¼ 0:5Þ are sufficient to have a measurable effect on the
network structure. In addition to the Hsp27-induced in-
crease in fineness, we observe less clustering and a more
homogeneous network structure throughout the sample.
This observation is underlined by a reduction of the
characteristic structure width, d, suggesting a lesser degree
of bundling and clustering in the network substructure
with increasing R (Fig. 1 f).
Due to the method of sample preparation, there are re-

gions of faster and slower network assembly in one sample
(25). Interestingly, the observed Hsp27 effect is more
pronounced where network formation is fast. The key to
the Hsp27-induced differences in network structure might
therefore be found in the details of the network’s assembly
dynamics. To investigate this in more detail, we assess the
network formation process in real time. Within the first
second after initiation of assembly, a dense arrangement
of small structures emerges from the fluorescent background
(Fig. 2 a and Movie S1). These structures then continuously
grow and get more defined to result in a networklike array
(Fig. 2, b and c). On a longer timescale, these structures
then undergo a coarsening process of continued cluster
absence of Hsp27, keratin intermediate filaments assemble into heteroge-

mbly leads to a finer, more homogeneous network morphology. The strength

e figure and illustrated by the color gradient from green (R ¼ 0) to orange

s for details), monotonically increases with growing R. The linear fit to the

characteristic structure width, d, decreases with increasing R. All error bars

s in the sample. The keratin concentration was cK ¼ 8 mM for all samples.

10 mm. To see this figure in color, go online.



FIGURE 2 Hsp27 inhibits cluster association

and network coarsening. (a–d) During network

assembly, small nascent structures can associate

to larger clusters, leading to a coarsening of the

network structure. (e–h) The presence of Hsp27

inhibits this process, resulting in a finer network

(see also Movie S1). (i) This difference is reflected

in the time evolution of the structure factor

<
�
�FðnÞ��>f, where n is the spatial frequency. For

R ¼ 0, a characteristic shift to lower spatial fre-

quencies (i.e., lower fineness) with time is observed

(blue, z1 s; red, z13 s). (j) This shift is less pro-

nounced for a sample with R¼ 10. Here, the coars-

ening comes to a halt much earlier than for the

sample with R ¼ 0. This is also emphasized by

evaluating the temporal evolution of the structure

factor for a fixed n (inset). Here, <
�
�FðnÞ��>f is

shown for n ¼ 0:11 mm�1 (dashed lines in i

and j). t ¼ 0 is defined by the onset of visible

network formation. The keratin concentration was

cK ¼ 8 mM for all samples. All images are confocal

slices. The scale is the same for all images. Scale

bars, 20 mm. To see this figure in color, go online.

FIGURE 3 Hsp27 inhibits bundling. (a) In a buffer of low ionic strength

(3 mMMgCl2), keratin filament interaction is partially hampered, and rela-

tively thin bundles are observed via TEM. (b) If Hsp27 is present (R ¼ 10)

during the assembly, bundles are no longer observed. Instead, single

filaments, decorated by Hsp27 oligomers, are detected. The black arrows

indicate single ~10-nm-wide filaments. In the absence of salt, no bundles

are formed and only single filaments are observed (Fig. S5). Scale bars,

100 nm. To see this figure in color, go online.
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association until they finally reach a quasistatic state (Fig. 2
d). Although the first phase of assembly of a sample with
R ¼ 10 is very similar to that of an Hsp27-free sample,
the coarsening dynamics in the second phase is significantly
suppressed, resulting in a much finer final network (compare
Fig. 2, a–d, to Fig. 2, e–h). Here, a direct extraction of
the fineness, as employed earlier, is unfeasible due to the
very low signal/noise ratio in the early stage of assembly.
However, to assess the evolution of the system’s spatial
configuration, the 2-dimensional Fourier transformation
yields valuable information, as represented by the structure
factor, <

�
�FðnÞ��>f (see Materials and Methods for details).

<
�
�FðnÞ��>f is a measure of the contribution of periodic

structures with a wavelength l ¼ n�1. Fig. 2, i and j, shows
<
�
�FðnÞ��>f for images taken at different times during the

assembly for R ¼ 0 and R ¼ 10, respectively.
The emergence of the network structure is reflected by a

peak at nz0:2 mm�1. The peak then becomes increasingly
pronounced as the network gets more defined. The succes-
sive increase of <

�
�FðnÞ��>f at smaller n is a fingerprint

of the observed coarsening. This coarsening is much less
pronounced in the presence of Hsp27 (Fig. 2 j). The time
course of the assembly can be visualized by plotting the
temporal evolution of the structure factor for a fixed spatial
frequency. The inset in Fig. 2 j shows <

�
�FðnÞ��>f for

n ¼ 0:11 mm�1, corresponding to the fineness of a fully
assembled network (see Fig. 1, R ¼ 0). For the reference
sample ðR ¼ 0Þ, <

�
�FðnÞ��>f increases continuously until

saturating at t>13 s, indicating a halt of assembly dynamics.
For R ¼ 10, however, this halt is already observed at tz5 s,
after which no significant change in the structure factor—
and hence the network morphology—is observed.

To make the effect more prominent, it might be of avail
to reduce the bundling tendencies by lowering the ionic
strength. However, fluorescence microscopy is not suited
for observations on the sub-bundle length scales necessary
to properly investigate the resulting loosely bundled net-
works. Here, transmission electron microscopy (TEM)
allows access to the relevant length scales. In the absence
of Hsp27, keratin filaments associate to bundles in a buffer
with 3 mM MgCl2 as the only salt (Fig. 3 a). If, however,
Biophysical Journal 105(8) 1778–1785
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assembly is conducted in the presence of Hsp27 ðR ¼ 10Þ,
bundles are no longer observed. Instead, we find single fila-
ments, heavily decorated with characteristic � 10 -nm-wide
Hsp27 oligomers (Fig. 3 b) (35). This is reminiscent of the
reported association of aB-crystallin and desmin filaments,
which are critical in the context of desmin-related myopa-
thies (10,15).

Filament elongation without bundling can be triggered by
a change in pH. This can be used to temporally separate both
processes (25). Adding Hsp27 to a sample with preformed
filaments while bundling is simultaneously triggered by the
addition of salt results in a much less pronounced impact of
Hsp27 (Fig. S2). Hence, the influence of Hsp27 seems stron-
gest in the early phases of assembly, where filament elonga-
tion is concurrent with bundling. This raises the question of
whether Hsp27 has already bound to the soluble tetrameric
keratin complexes before assembly is initiated or whether it
exclusively interacts with assembled keratin filaments.

Analytical ultracentrifugation reveals a preassembly
association of Hsp27 with soluble K8/K18 tetramers
(Fig. 4). In this sedimentation velocity assay, only keratin
is fluorescently labeled. In the absence of Hsp27, a charac-
teristic tetrameric peak at a sedimentation coefficent of
sz4:6 S is observed, corroborating reported values (36).
The small peaks at ~2.5 S and 8 S in the keratin-only sample
are most likely monomers and octamers, respectively. Upon
addition of Hsp27 a drastic decrease of the tetrameric peak
can be observed, whereas a broad substrate peak, indicating
a multitude of interaction species, appears at higher s-values
(10–30 S). These findings indicate an interaction of keratin
and Hsp27 in the preassembly phase. This is also supported
by FRET measurements (Fig. 4, inset). Here, TAMRA-
labeled Hsp27 (emission wavelength, lem ¼ 579 nm) is
FIGURE 4 Hsp27 interacts with soluble keratin tetramers. Sedimentation

velocity analytical ultracentrifugation was carried out for a sample of

keratin only (green) and a sample containing keratin and Hsp27 (orange,

R ¼ 100). The fluorescence signal of keratin at 647 nm was detected.

The strong peak at s z 4.6 S for the Hsp27 free sample is characteristic

for tetrameric complexes. The peaks at s-values of 2.5 S and 8 S most likely

correspond to monomeric and octameric forms of keratin. The peak at 5 S

diminishes in the presence of Hsp27 and is replaced by a broad substrate

peak ranging from 10 S to 30 S, indicating multiple interaction species.

(Inset) FRET spectra of ATTO488-labeled keratin (donor; lem ¼ 523 nm)

in the absence and presence of TAMRA-labeled Hsp27 (acceptor; lem ¼
579 nm). To see this figure in color, go online.
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showing a FRET signal in the presence of ATTO488-labeled
keratin (excitation at lex ¼ 480 nm, lem ¼ 523). The label is
attached to the end of the K8 tail domain, suggesting that
this is the location of keratin-Hsp27 interaction.

To unravel the physical basis for the impact of Hsp27 on
keratin network assembly, it is crucial to better understand
how both players interact. The bundling capabilities of
keratin intermediate filaments have been tentatively attri-
buted to an interaction via their C-terminal tail domains.
These unstructured domains protrude from the filament sur-
face and have for certain keratin types been demonstrated
to be essential for bundling (37). Therefore, the tail domain
of K8, K18, or both might well be of significance for the
Hsp27-induced alteration in the keratin network architec-
ture. To investigate the role of the tail domains for the
Hsp27 effect, we examine mutants of K8 and K18 where
the C-terminal domain has been deleted. Here, it should
be kept in mind that with a length of 81 amino acids, the
tail of K8 is almost twice as long as the K18 tail (42 amino
acids). Comparing the effect of Hsp27 on the network
architecture of tailless mutants (K8DT and K18DT) with
that observed for the wild-type confirms the hypothesized
relevance of the tail region: whereas the K18DT mutant
exhibits an increase in fineness comparable to that of the
wild-type (Fig. 5, a and b), the truncation of the K8 tail
FIGURE 5 The K8 tail is crucial for the Hsp27-effect. Different combi-

nations of wild-type proteins and tailless mutants are assessed. (a and b)

The combination K8/K18DT shows the same characteristic increase in fine-

ness as observed for the wild-type. (c–f) K8DT/K18, however, shows no

susceptibility to Hsp27 at all, and this also holds true for K8DT/K18DT

(e and f). The keratin concentration was cK ¼ 6 mM for all samples. All

images are confocal slices. The scale is the same for all images. Scale

bar, 10 mm. To see this figure in color, go online.
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virtually eliminates the Hsp27 effect (Fig. 5, c and d).
Combining both mutants, so that neither K8 nor K18
features a tail domain, also renders the sample insensitive
to Hsp27 (Fig. 5, e and f). We note that deleting the tails
also has an influence on the general network structure in
the absence of Hsp27. This observation underlines the
notion of the tail domains mediating filament-bundling
interactions. However, as bundling is still observed for
networks of K8DT/K18DT, the bundling propensity of ker-
atins appears more convoluted than tail-mediated attraction
alone.

Having established the necessity of the K8 tail for Hsp27
to unveil its full impact, we now aim to dissect the tail in a
more controlled fashion. Since bundling only occurs in
buffers of significant ionic strength, the tail’s charge distri-
bution might well be an important factor for bundling
and keratin-Hsp27 interaction. Especially considering the
characteristic charge distribution of the K8 tail domain,
the C-terminal quarter of the tail features both acidic and
basic amino acids, with an overall negative charge at phys-
iological pH. The rest of the tail has an exclusively positive
charge (Fig. 6, inset). Using a series of K8 mutants with
partial tail truncations, we study the influence of different
regions in the K8 tail domain on the effect of Hsp27. With
reference to the charge distribution, we truncate the tail
after residue 466, eradicating the negatively charged part
(K8DT466, length of the tail reduced to 79% with respect
to that of the wild-type). A second mutant (K8DT426)
reduces the tail to 30% of its original length. Both mutants
alter the Hsp27 effect. Surprisingly, the K8DT466 variant
exhibits an even stronger susceptibility to Hsp27 than
FIGURE 6 Comparison of the Hsp27-effect for different K8 tail config-

urations. For various tail truncation mutants, as explained in the main text,

the fineness, s, for R ¼ 0 (green) and R ¼ 4 (orange) is shown. Error bars

indicate the mean5 SD of data from multiple images acquired at different

locations in the sample. The keratin concentration was cK ¼ 6 mM for all

samples. For networks of K8DT466, samples with R > 4 exhibit a fineness

that exceeds the limits of the evaluation methods; thus, the comparison is

limited to samples with low R. (Inset) Charge distribution of the K8 tail

as calculated from the amino acid sequence for pH 7.5. The truncation sites

are indicated by black triangles. See Fig. S4 for confocal images of

K8DT426 and K8DT466. To see this figure in color, go online.
does the wild-type. The fineness at R ¼ 4 is increased by
more than a factor of 3, as opposed to a factor of z1:7 in
the case of the wild-type (Fig. 6). K8DT426, on the other
hand, shows no significant change in fineness, similar to
the complete tail truncation.

In a recent study, we were able to demonstrate that
K8/K18 intermediate filaments form kinetically trapped,
out-of-equilibrium networks in vitro (25). The architecture
of such networks is determined by their assembly dy-
namics. The key feature of these network is the competition
between filament elongation and lateral association during
network formation (Fig. 7, no Hsp27): In the early stages
of assembly, short filaments can diffuse and laterally asso-
ciate to bundles and clusters of bundles. However, longitu-
dinal growth of filaments and bundles eventually leads to a
percolating, quasistatic state of the network where lateral
diffusion is suppressed and hence further lateral growth is
inhibited. Shifting the balance from lateral to longitudinal
growth therefore leads to an earlier onset of this kinetic
trapping and consequently a finer network structure. We
argue that this concept is the basis for the impact of
Hsp27 on the keratin network structure and that the results
presented here, assuming only one mode of lateral filament
and bundle interaction on all length scales, converge toward
one scenario (Fig. 7, with Hsp27): Hsp27 associates with
keratin in a prefilamentous state, as verified by analytical
ultracentrifugation (Fig. 4). This leads to an inhibition of
lateral association of nascent filaments in the early phase
of assembly, hampering bundle formation and thereby
amplifying the dominance of longitudinal elongation as
the favored mode of growth. As a result, a kinetically trap-
ped state is reached much earlier and further coarsening is
inhibited (Fig. 2). The decrease of the bundling rate, and
with it the strength of the effect, directly depends on the
amount of Hsp27 bound and hence on R (Fig. 1). Our
data furthermore show that the tail of keratin 8 is essential
for the observed increase in network fineness (Fig. 5).
Deleting the negatively charged C-terminal part of the
tail drastically enhances the effect, suggesting that elec-
trostatics play an important role in the keratin-Hsp27
interaction (Fig. 6). Considering the overall negative
charge of Hsp27 at the given buffer conditions, we specu-
late that electrostatic repulsion of the negatively charged
distal part, in conjunction with steric hindrance, partially
diminishes the attraction toward the positively charged
proximal region of the tail. The scenario illustrated in
Fig. 7 is very analogous to those proposed for kinetically
trapped actin networks, suggesting that such mechanisms
are of general importance in the context of cytoskeletal
networks (38, 39).
CONCLUSION

This study presents evidence for a potential regulatory role
of Hsp27 in the keratin cytoskeleton. Interestingly, it is
Biophysical Journal 105(8) 1778–1785



FIGURE 7 Kinetic trapping and Hsp27 influ-

ence on keratin network formation. Filaments elon-

gate via the longitudinal annealing of unit-length

filaments (ULF) with an elongation rate ke. At the

same time, short filaments can diffuse and laterally

associate with a bundling rate kb (light gray

region). Here, ke and kb describe the general

kinetics of the associated process and should not

be confused with constant interaction rates of the

subunits. It is the competition of these two pro-

cesses, i.e., the ratio of the rates, that determines

the onset of kinetic trapping (dark gray region)

and therefore the final network structure. Binding

of Hsp27, depending on its concentration and its

affinity to keratin, k527 , hinders filament bundling

(red suppression arrow) and results in a finer

network, due to an earlier onset of kinetic trapping.

To see this figure in color, go online.
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not only the influence of the associated protein but the
nonequilibrium nature of the network itself that is at the
heart of this effect. It is, however, likely that the observed
processes are much more convolved in the setting of a
living cell. The oligomeric state of Hsp27, e.g., is changed
during heat shock and can be altered by phosphorylation
(5). It seems probable that such changes feed back on
Hsp27’s effect on keratin networks. Moreover, the prox-
imal part of the tail domain, where Hsp27 appears to
bind, features one of K8’s major phosphorylation sites.
Future work will therefore have to investigate how keratin
phosphorylation affects Hsp27-keratin interaction. We note
that in many cancer types, Hsp27 overexpression correlates
with increased metastatic capabilities of malignant tumor
cells (40). In addition, recent studies report an increased
tumor cell migration due to SPC-induced reorganization
of the keratin cytoskeleton (22, 41, 42). It will therefore
be exciting to further explore the role of Hsp27-dependent
alterations of the keratin cytoskeleton in vivo. The
networks investigated in this work, even at high Hsp27
concentrations, still exhibit relatively large mesh sizes
compared to those found in cells (43). Although such
fine networks can also be produced in vitro—e.g., by
increasing protein concentration—the associated length
scales are below the resolution of a standard confocal
microscope, calling for more advanced techniques, such
as stimulated emission-depletion (STED) microscopy.
Future work will furthermore address the challenges of
rheological assessment of keratin bundle networks, until
now unfeasible due to the complexity of sample prepara-
tion. Kinetic trapping has also been reported for reconsti-
tuted actin-bundle networks, underlining the significance
of such mechanisms for the formation of cytoskeletal net-
works (38, 39, 44). Thus, the next steps will be toward
using a combination of reconstituted actin and keratin
networks to investigate the role of kinetic trapping in
such cytoskeletal composite systems.
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