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SUMMARY

Proteins of the intermediate filament (IF) supergene family are ubiquitous structural compo-
nents that comprise, in a cell type—specific manner, the cytoskeleton proper in animal tissues.

caused by them.
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1 INTRODUCTION

1.1 Discovery and Characterization of Intermediate
Filament Proteins

The first intermediate filament (IF) proteins studied were
keratins. The name keratin is derived from the Greek word
for horn: kepas. They are—like the non-IF proteins myo-
sin, fibrinogen, and collagen—abundant and highly insol-
uble constituents of metazoan cells and tissues. However,
through the action of kinases, cells can promptly solubilize
them down to characteristic coiled-coil complexes. In con-
trast, IF proteins can serve as the base for complex mate-
rials needed for various functions of vertebrate organisms.
The so-called “hard” or “trichocytic” keratins can form,
through a complex series of cellular differentiation steps,
appendages such as wool, hair, nail, horn, or the baleen
bristles of whales, and they are also needed to build bird
feathers (Moll et al. 2008; Greenwold et al. 2014).
Historically, keratins were studied extensively by
biochemists because of their prominent occurrence in an-
imals, which enabled their isolation and further investiga-
tion by amino acid sequencing and various biophysical
techniques. Because of their highly ordered fibrous arrange-
ment in appendages such as hairand wool, they were among
the first objects to be analyzed by X-ray diffraction in the
early 1930s. William T. Astbury noticed their perplexingly
simple diffraction patterns, differing so much from the very
complex patterns obtained from crystals of globular pro-
teins. In the course of analyzing more-fibrous proteins, he
formulated the general conclusion “...that the x-ray and
elastic properties of myosin are closely related to those of
keratin” (Astbury 1939). Hence, keratin and myosin were
grouped together with two other types of fibrous proteins—
epidermin (epidermal keratins) and fibrinogen—as k-m-e-
f proteins. Most notably, depending on the physical state
of the material, these X-ray diffraction experiments revealed
different signals from both hair and muscle, which, respec-
tively, contain keratin and myosin in abundance and in an
oriented form. Hence, for hair, a ground state (i.e., a me-
chanically nonstressed state) called a-keratin can be dis-
criminated from a mechanically stressed state, when the
hair is stretched by up to 100%, called B-keratin. Hence,
stretching of hair, and very similarly of wool fibers, leads to
an a-to-f transformation (Astbury 1933; MacArthur 1943;
Kreplak et al. 2004). This transformation is a reversible pro-
cess, and quite recently it has been simulated with atomic
precision (Chou and Buehler 2012). Interestingly, silk and
feathers also yielded the B-type diffraction pattern; how-
ever, these materials are made from distinctly different
non-IF-proteins—fibroin and feather keratin—which are
glycine-serine-alanine-rich and glycine-proline-serine-
rich proteins, respectively (Astbury 1939; Gregg et al. 1984).

Before these diffraction data could be explained with
molecular precision, it needed the definition of the a-helix
and the B-pleated sheet as the two principal folds for pro-
teins (Pauling and Corey 1951, 1953). On the basis of these
data, both Francis Crick and Linus Pauling, together with
Robert Corey, proposed the concept of a coiled-coil struc-
ture for keratins, with the nonpolar residues of two aligned
a-helices pointing inward toward the axis of the coiled coil
(Crick 1952, 1953; Pauling and Corey 1953). Following up
these proposals, Fraser and colleagues investigated the tips
of porcupine quills by quantitative measurements of X-ray
diffraction patterns, using a Fourier transform approach
originally formulated by Francis Crick, and thereby evalu-
ated how the coiled-coil structure could manifest within
these macrostructures (Fraser et al. 1964a,b). The coiled-
coil principle was later directly verified on the basis of
sequence information obtained for myosin and tropomy-
osin (Sodek et al. 1972; McLachlan et al. 1975): If an amino
acid sequence supposed to form an a-helix shows heptad
repeats (a-b-c-d-e-f-g),, of the kind that the first and the
fourth position (i.e., a and d) are hydrophobic, such a-
helical segments are prone to form a left-handed coiled-coil
superstructure.

The next breakthrough in the elucidation of the biolog-
ical role of IFs in vertebrates came with their identification
as a third major filament system in ultrathin sections of
myofibers by electron microscopy (EM). The group of
Howard Holtzer detected smooth and relatively uniform
filaments that coexisted with actin and myosin filaments in
muscle (Ishikawa et al. 1968). The apparent diameter was
reported to be in the range of 10 nm and, therefore, “in-
termediate” between that of actin filaments (6 nm) and
myosin filaments (15 nm). This criterion was then used
to investigate other tissues, as well as cultured cells, for
the presence of 10-nm-type filaments (Goldman 1971;
Small and Sobieszek 1977). As filaments of this diameter
were detected in nonmuscle cells as well, they were from
then on called “intermediate” between actin filaments and
microtubules. Both their property to reorganize massively,
after dissociation of the microtubules by colchicine, into
large “juxtanuclear birefringent caps” consisting of 10-nm
filament bundles (Goldman 1971) and their striking insol-
ubility in physiological buffers facilitated their efficient pu-
rification in a native state from cultured cells (Starger and
Goldman 1977; Starger et al. 1978). In parallel, tissues
found to be rich in IF structures were used to devise bio-
chemical procedures to purify the constituent proteins for
structural and functional analyses (Steinert et al. 1976).
Because of their pronounced insolubility under various
ionic conditions, denaturing agents, such as urea and gua-
nidine-hydrochloride, had to be used to solubilize them for
further purification and analysis.
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A first hint of the molecular relatedness of the various
10-nm filament proteins came from the reaction of a
monoclonal antibody that, in immunofluorescence mi-
croscopy and immunoblots, recognized proteins con-
stituting astrocyte filaments, neurofilaments, muscle IFs,
and “tonofilaments” from epithelial cells and fibroblasts,
indicating that they all shared a common sequence epi-
tope (Pruss et al. 1981). In the same year, extensive ami-
no acid sequence data of porcine desmin compared
with chicken desmin and porcine lens vimentin were
published that revealed that the molecules were closely
related by amino acid sequence (Geisler and Weber
1981). Extending this notion further, the same group pub-
lished the striking sequence similarity between desmin
and published wool keratins within the central a-helical
segment (Weber and Geisler 1982). Following up on
these data, the group of Peter M. Steinert, one of the
pioneers in the IF field, described the first full-length
amino acid sequence of an epidermal keratin, mouse K10
(Steinert et al. 1983). These data essentially substantiated
the molecular and evolutionary relationship of the various
proteins from multiple tissues, all forming 10-nm-wide
filaments.

2 THE DOMAIN ORGANIZATION: TRIPARTITE
FIBROUS PROTEINS

The completed amino acid sequence of desmin allowed
researchers to propose a common structural model for IF
proteins—that is, a tripartite organization consisting of
a central a-helical rod domain of conserved size flanked
by non-a-helical end domains (Fig. 1A). Based on the
folding principles for a two-stranded a-helical coiled coil,
the primary amino acid sequences of IF proteins opened
the possibility to propose rather distinct folding models for
the a-helical rod (Geisler and Weber 1982; Quax-Jeuken
et al. 1983). Using structure prediction according to Chou
and Fasman (1978), they further suggested the rod to be
substructured into three helices—Ia, Ib, and II. These
structure predictions correlated well with data obtained
by circular dichroism measurements: The isolated a-helical
rod segment of desmin indeed showed 83% a-helical con-
tent. Last, but not least, the investigators concluded from
chemical-cross-linking data of desmin rods that IF proteins
form dimeric coiled coils. This prediction was indeed later
verified by several studies on nuclear lamin A, keratins,
and vimentin by X-ray crystallography and site-directed
spin-labeling electron paramagnetic resonance (Fig.
1B,C) (discussed below in Sec. 6). It was further revealed
that two dimers can associate in a half-staggered antipar-
allel manner to generate an ~46-nm-long tetrameric com-
plex that is the “brickstone” for further assembly into
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filaments (Quinlan et al. 1984; Geisler et al. 1992). The
model for the tetrameric complex as derived from the
structural determination of the vimentin coiled-coil struc-
ture indicates that it is, including the modeled end do-
mains, 62 nm long (Chernyatina et al. 2015). Note the
very different dimensions of the fibrous IF protein complex
as compared with the mode of globular actin association
within a filament segment (Fig. 1C).

With more sequences becoming available, homology
profiles were calculated that strengthened the original sug-
gestion for a tripartite organization of IF proteins as a
general principle and gave more insight into the specific
structural and molecular properties: The then newly se-
quenced nuclear lamin A did fit well into this structural
paradigm, although its sequence showed a special feature:
Helix 1b contained 42 amino acids, or “six heptads,” more
than cytoplasmic IF proteins (Conway and Parry 1988).
Hence, it was proposed that the human lamin A rod do-
main harbors 351 amino acids and the human vimentin
rod domain 303, the lamin rod being longer by 48 amino
acids because of three additional residues in both linkers
L1 and L12 (Herrmann and Aebi 2004). In the following
years, the originally proposed general plan for the struc-
tural organization of IF proteins was confirmed and ex-
tended by the identification and sequencing of a plethora
of vertebrate and invertebrate IF genes, including the 70
human genes encoding IF proteins (Szeverenyi et al. 2008).
However, as there is always an exception to the rule, the
single lamin of the nematode Caenorhabditis elegans shows
a two-heptad deletion in coil 2 (Karabinos et al. 2003).
Sequence comparison with human lamin B2 localized the
deletion to the beginning of coil 2 immediately after the
“paired bundle” region (Fig. 1A).

3 INTERMEDIATE FILAMENT SEQUENCE-
HOMOLOGY CLASSES: MOLECULES
UNDER CONSTRUCTION

When amino acid sequences from the various IF proteins
from different cell types and animal species were compared,
it became evident that IF proteins could readily be grouped,
by different investigators, into “type I”—“type V" (Conway
and Parry 1988) or sequence homology classes (SHC 1-
SHC 5) (Herrmann and Aebi 2000). Interestingly, this se-
quence-derived classification also reflected their biological
function and tissue origin. Hence, keratins are grouped
into SHC 1 and SHC 2. This classification, according to
the degree of sequence identity, correlates well with the
behavior of keratins in two-dimensional gel electrophore-
sis. Originally, the “acidic” keratins were termed type I (pI
4.9-5.4) and the “basic” keratins type IT (pI 6.1-7.8). The
numbering started with K1, the most basic and largest



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Booc?”

H. Herrmann and U. Aebi

A Nuclear lamins and invertebrate cytoplasmic IF
Coil 1A Coil 1B Coil 2
35 L1 143 L12 142 NLS Ig-fold
Coil 1A Coil 1B Coil 2
35 L1 101 L12 142

Vertebrate cytoplasmic IF

K5

Coil 2 dimer

K14 L12 Tail

Head

"
Barbed end &S 7 = e Pointed end

Figure 1. Structural organization of intermediate filament (IF) proteins. (A) Domain organization of nuclear lamin
and invertebrate cytoplasmic (top) and vertebrate cytoplasmic (bottom) IF proteins. Helical segments are designated
“coil” and drawn as boxes, with the numbers represent the amino acid length of each segment. The striped parts of
coil 2 indicate regions with hendecad repeats instead of the standard heptad repeats, which mediate coiled-coil
formation. The red box designates the nuclear localization signal (NLS)—this is found in lamins, but not in
invertebrate cytoplasmic IF proteins (hence, it is bracketed in the figure). The “Ig-fold” is a structurally conserved
domain of approximately 100 amino acids showing an immunoglobulin-like fold found in nearly all nuclear lamins
and most invertebrate cytoplasmic IF proteins. “CM” indicates conserved amino acid sequence motifs that occur at
the amino-terminal and carboxy-terminal end of the rod, referred to as IF consensus motif 1 and 2, respectively. L1
and L12 indicate intrinsically disordered linker segments connecting the corresponding helices, although in lamins
they can adopt an ordered state (green boxes). (B) Structural model of a lamin A homodimer (top) and a keratin
heterodimer formed by K5 and K14 (bottom); the a-helical segments colored yellow represent parallel helices or
“paired bundles”—the short paired bundle in the middle of the coil 2 domain has also been referred to as a “stutter.”
(Redrawn from Herrmann et al. 2009, with permission from the American Society for Clinical Investigation.) (C)
(Top) molecular structure of a vimentin tetramer featuring an antiparallel, half-staggered alignment of two coiled-
coil dimers via coil 1 in the A;; mode. The center of symmetry is indicated by a small red circular arrow. (Adapted
from Chernyatina et al. 2012). C-term, carboxyl terminal; N-term, amino terminal. (Bottorn) A 14-subunit-
long actin filament segment showing polar helical packing of 13 subunits in six left-handed turns with an axial
increase of 2.75 nm per subunit. (Adapted from Dominguez and Holmes 2011, © Annual Reviews; http://
www.annualreviews.org.)
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keratin, and continued on to K19, the then-smallest acidic
keratin (Moll et al. 1982). Notably, all keratin filaments are
built from heterodimers of one type I protein and one type
II protein (Quinlan et al. 1984; Hatzfeld and Weber 1990;
Steinert 1990). Moreover, using two-dimensional gel elec-
trophoresis with different urea concentrations in the first
dimension, it was shown that, when keratin pairs were
combined in a “promiscuous” manner at the monomeric
state in 8 M urea from basic and acidic group members, they
still formed stable heterodimers in 5 M urea (Hatzfeld and
Franke 1985). These experiments indicated that the attrac-
tive forces mediating coiled-coil formation are strong.
Accordingly, vimentin was shown by analytical ultracen-
trifugation to form dimers in 6 M urea. When the urea
concentration was further lowered to 5 M, the dimers asso-
ciated to form ordered tetrameric complexes—a quite un-
usual feature for proteins (Herrmann et al. 1996).

The human genome harbors 67 keratin genes, 54 of
which are functional (Schweizer et al. 2007). Keratins
come as “soft” components, such as found in living cells,
and as “hard” (or “trichocytic”) components of append-
ages such as hair and nails. Of these 54 genes, soft keratins
are accounted for by 37 genes (17 SHC 1 and 20 SHC 2) and
hard keratins by 17 genes (11 SHC 1 and six SHC 2). Hard
keratins are generally very rich in cysteines and, in the hair
bulb, the keratins come with a plethora of associated pro-
teins (KAPs), represented by 21 different families contain-
ing 85 genes (Rogers et al. 2006). These proteins help to
stabilize the flexible keratin IFs in three dimensions before
they become heavily oxidized. As a result, highly oriented
fibrous structures are formed that yield spectacular X-ray
diffraction patterns (Kreplak et al. 2004). From a cell-bio-
logical point of view, the formation of the various IF-based
appendages requires a highly complex series of differenti-
ation steps of epithelial stem cells into tissue specializations
or so-called “microfactories” (Fuchs 2009).

4 INTERMEDIATE FILAMENT PROTEINS ARE
SELF-ASSEMBLING COMPONENTS

Biochemical purification of the various IF proteins from
tissues and cultured cells revealed that they all can be rena-
tured after purification under chaotropic conditions, and
nearly all of them would self-assemble into 10-nm-like fil-
aments (Steinert et al. 1976; Renneretal. 1981). Depending
on the conditions, IF proteins can be renatured in such a
way that they form distinct stable oligomers. Hence, the
smallest complexes that can be obtained for lamins in the
absence of denaturing agents are dimers (Fig. 2A, left pan-
el). As a fundamental difference to lamins, invertebrate
and vertebrate cytoplasmic IF proteins form in the absence
of urea at least tetrameric complexes through the associa-
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tion of two dimers in an antiparallel, half-staggered man-
ner. This orientation is immediately manifested for the
invertebrate proteins by the location of their globular
carboxy-terminal “tail” domains at either end of the tetra-
meric complexes, as detected by EM (Fig. 2A,B). Simply by
manipulating the ionic strength conditions, the tetrameric
complexes form larger assemblies, such as minifilaments
(Fig. 2C), and eventually long, mature IFs (Fig. 2D-1).

By standard negative-staining procedures as used for
transmission electron microscopy (TEM), cytoplasmic
IFs appear smooth and of relatively uniform diameter
(Steinert et al. 1976). However, inspection of unstained
keratin, desmin, and vimentin IFs by scanning transmis-
sion electron microscopy (STEM), which allows determi-
nation of their mass-per-length (MPL) characteristics,
yielded three “classes” of filaments. Authentic vimentin
IFs showed MPL values of 25, 37, and 51 kDa/nm, with
corresponding filament diameters of 13.8, 15.1, and
16.2 nm (Steven et al. 1983). Similarly, recombinant vi-
mentin IFs also revealed three MPL “classes” with 38, 47,
and 56 kDa/nm and corresponding “full width at half
maximum MPL” diameters of 9.8, 10.7, and 11.6 nm
(Herrmann et al. 1996). The average value of 10.7 nm com-
pares well with the value of 9.7 nm measured for fixed and
negatively stained preparations (Herrmann et al. 1996;
Miicke et al. 2004a). In contrast, when assembly was per-
formed by dialysis instead of dilution and, therefore, the
ionic conditions were changed slowly rather than instanta-
neously, more-homogeneous filaments, with an average
MPL of 37 kDa/nm corresponding to 29 subunits per fil-
ament cross section, were obtained. In summary, IFs have
the potential to be strongly “polymorphic,” in contrast to
actin filaments. On a related matter, an often-overlooked
feature is that microtubules can adopt structures with 13 to
16 protofilaments within one and the same filament and,
thus, have the potential to display a considerable polymor-
phism (Chrétien et al. 1992).

Interestingly, cytoplasmic IFs reveal a characteristic pe-
riodic substructure by TEM after glycerol spraying/rotary
metal shadowing—a 21.5-nm longitudinal “beading” re-
peat for vertebrate IFs and one of 24.5 nm for lower-inver-
tebrate IFs (Henderson et al. 1982; Geisler et al. 1998). An
explanation for this is that, on addition of glycerol (up to
50%) for spraying and the subsequent drying of the sample
in vacuo on mica, the glycerol competes with the filament
for water: As a result, a periodic collapse of structural ele-
ments along the filament occurs, thereby generating local
constrictions of subdomains with respect to the filament
axis (Fig. 2F-I). A similar type of beading is seen with
negatively stained lamin filaments when they are adsorbed
to the glow-discharged EM grids in the absence of glycerol
and without prior chemical fixation (Fig. 2D). In this case,
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Figure 2. Electron microscopy of distinct supramolecular assemblies formed by various authentic and recombinant
intermediate filament (IF) proteins. (A) Recombinant chicken lamin B, dimers in 25 mm Tris-HCl (pH 8.5),
150 mm NaCl, 1 mm EGTA, 1 mum dithiothreitol (DTT) (micrograph on the left); and native Ascaris (invertebrate)
cytoplasmic IF protein tetramers in 10 mu Tris-HCI (pH 8.0), 1 mm 2-mercaptoethanol (gallery on the right). The
open arrows indicate single dimer molecules, and the solid arrow designates a head-to-tail complex of two dimers.
Scale bar, 100 nm. (B) Recombinant human vimentin A, tetramers in 5 mm Tris-HCI (pH 8.4). Scale bar, 50 nm.
(C) 10-sec assembly intermediates of recombinant human vimentin at 37°C in 25 mm Tris-HCI (pH 7.5), 50 mm
NaCl. Scale bar, 100 nm. (D) Recombinant human lamin A assembled by dialysis into 25 mm MES-NaOH ( pH 6.5),
250 mm NaCl. Scale bar, 200 nm. (C,D) Arrowheads indicate prominent “beading” of the filaments. (E) Recombi-
nant human vimentin assembled for 1 h at 37°C in 25 mm Tris-HCI (pH 7.5), 50 mm NaCl. Scale bar, 200 nm. (F)
Native neurofilament triplet protein filaments. Note the radial projections emanating from the filament core. Scale
bar, 100 nm. (G,H ) Full-width filaments assembled from native Ascaris IF protein. (I') For comparison, an IF formed
by native chicken gizzard desmin is displayed. Scale bar, 250 nm (also for G and H ). Shown are glycerol-sprayed/
rotary-metal-shadowed (A—C, F-I) and negatively stained (D,E) specimens. For details of these powerful techni-
quies, see Aebi and Baschong (2006). (The micrographs are reproduced from A, Heitlinger et al. 1991 [left] and
Geisler et al. 1998 [gallery on the right]; B,C, Kreplak et al. 2008; F, Heins and Aebi 1994; G-I, Geisler et al. 1998.)
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the beading repeat is 24.5 nm, just as it is for lower-inver-
tebrate cytoplasmic IFs, as both of them have the longer coil
1B (see Fig. 1A).

Although not examined further here, it is important to
note that lamins, too, assemble into 10-nm-type filaments
both in vivo in the nuclear envelope of the Xenopus oocyte
(B-type lamin) and in vitro after reconstitution of A-type
lamins from isolated rat liver nuclei. In the latter case,
however, the 10-nm filaments do not represent a stable
species—instead they grow laterally into complex fibers
and sheets to eventually yield highly ordered paracrystalline
arrays consisting of multiple fibers oriented in parallel
(Aebi et al. 1986; Ben-Harush et al. 2009). Hence, it is
the absence of nuclear envelope transmembrane proteins
(see Schirmer et al. 2003) in the “minimal” in vitro assem-
bly system that allows A-type lamins to engage in multiple
self-interactions. In agreement with this interpretation,
strong overexpression of A-type lamins (e.g., by the bacu-
lovirus system) yields extensive paracrystalline fiber forma-
tion in transfected cultured Sf9 cells, originating from the
moth Spodoptera frugiperda (Klapper et al. 1997).

5 THE EVOLUTION OF IF GENES ACCOMPANIES
THE GENERATION OF NEW CELLULAR
FUNCTIONS

The finding of a plethora of genes coding for IF proteins in
all metazoan species opened the way to deeply investigate
the evolutionary details of this multigene family (Erberet al.
1999). These sequencesinclude those of TF proteins from the
nematode C. elegans and the freshwater polyp Hydra attenu-
ata (for review, see Herrmann and Aebi 2004). The nema-
tode harbors one lamin and 13 cytoplasmic IF proteins,
whereas the polyp expresses only one lamin but no cyto-
plasmicIF protein (Dodemont et al. 1994; Erberetal. 1999).
However, the polyp expresses proteins in its mechanosensi-
tive cilia—nematocilins A and B—whose amino acid se-
quence and structural organization resemble cytoplasmic
[F proteins to some extent (Hwang et al. 2008). Likewise,
the sea anemone Nematostella expresses a cytoplasmic IF-
like protein—cytovec—which is sequence-related to the
Hydra vulgaris nematocilins (Zimek et al. 2012). Indeed,
these are interesting examples documenting the rapid evo-
lutionary changes often detected in IF genes. Hence, the
remarkable adaptability of the IF structure principle makes
these proteins powerful building blocks involved in the de-
velopment of new cellular shapes and functions. According-
ly, IF-related proteins have been found in protozoa too—a
part of the living world still not explored as much as verte-
brates with respect to their genomes (Kollmar 2015).

A look at the principal domain organization of lamin A
and vimentin illustrates both the common and the specific
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features of IF proteins: Within the central a-helical “rod”
domain, both the nuclear and the cytoplasmic protein har-
bor a coil 2 segment of identical length and organization
(see Fig. 1A). Both contain a linker L12 of similar size
between coil 1 and coil 2. Coil 1 is further subdivided
into two a-helical segments by linker L1. The first segment,
coil 1A, is 35 amino acids long in both the nuclear lamin
A and cytoplasmic vimentin, whereas coil 1B shows a
striking difference as it is 42 amino acids, or six heptads,
longer in lamin A (143 amino acids) compared with
vimentin (101 amino acids). Notably, all lower-invertebrate
cytoplasmic IF proteins show the longer, lamin-A-like
coil 1B. The short coil 1B is first found in urochordates
such as Styela plicata (Riemer and Weber 1998). There-
fore, as a nuclear “urlamin” is believed to be the first iden-
tifiable IF protein in evolution, the further shaping of
cytoplasmic IF proteins from lower-invertebrate to high-
er-invertebrate species can now be studied in detail (Peter
and Stick 2015).

The amino-terminal “head” domains differ consi-
derably in size among IF species, and their amino acid
sequences indicate typical intrinsically unstructured poly-
peptide segments. For example, the head domain of keratin
K1 is 179 amino acids long, whereas that of the “stem
cell marker” nestin is only seven amino acids long. Future
studies are required to have a closer look at the structural
properties of these short-headed IF proteins compared
with bona fide IF proteins (i.e., those that form 10-nm
filaments).

The carboxy-terminal tail domains differ in size at least
as much as do the head domains. Certain simple epithelial
keratins harbor a tail of only a few amino acids—for exam-
ple, the human keratin 19 has a tail of only 15 residues. In
contrast, nestin tails of human and rat are 1314 and 1497
amino acids long, respectively. In this case, the 183-residue
longer rat nestin tail carries several insertions within
the common sequence. Evolution did obviously “tinker”
with some of the tissue-specific IF proteins to generate new
functions. For example, the amino acid sequences of rat
and human nestin vary considerably: Their rod domains
are still 82% identical, but their tail domains are only 55%
identical (Dahlstrand et al. 1992). In contrast, human and
rat lamin C are 99% identical in their rods and 92% in their
tails—values that are close to those found for other prin-
cipal IF proteins, such as desmin and vimentin, in these two
species.

In line with their nuclear localization, lamins contain a
“classical” nuclear localization signal—the three principal
human lamins contain the sequence Lys-Lys-Arg-Lys
in lamin A and Lys-Arg-Lys-Arg in lamins B; and B,. Fur-
thermore, lamins—and many invertebrate cytoplasmic
IF proteins—harbor in the middle of their tail domain
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an approximately 108-residue conserved sequence element
adopting a distinct immunoglobulin-type fold (Fig. 1A;
Erberet al. 1999). This domain represents a compact, high-
ly versatile interaction module positioned outside of the
filament body and therefore is ideally suited to take part
in multiple distinct binding events, both with factors with-
in the nuclear envelope and within the nucleoplasm (Shu-
maker et al. 2008).

6 COILED-COIL STRUCTURE AND TETRAMER
FORMATION

Reassuringly, structural models of IF proteins obtained by
structure prediction from their primary amino acid se-
quences are very similar to the structures determined
more recently by protein crystallography and other com-
plementary methods. Nevertheless, some of the key features
within the central a-helical rod domain had to await crys-
tallization of suitable IF protein fragments (Fig. 1B).

For example, in preparation for the crystallization of the
35-amino-acid-long coil 1A of human vimentin, analytical
ultracentrifugation experiments revealed that this segment
did not form a stable dimer (Strelkov et al. 2001; Meier et al.
2009). Even at the high concentration used in the crystal-
lization experiments (typically 10 mg/mL), coil 1A existed
as a monomeric a-helical chain in the crystals (Strelkov
et al. 2002). Hence, a coiled-coil structure was observed
for coil 1A only in the context of the entire coil 1 (Cher-
nyatina et al. 2012). In contrast, coil 1B forms a well-
organized left-handed coiled coil, as determined by X-ray
crystallography and by site-directed spin labeling electron
paramagnetic resonance (SDSL-EPR) analysis (Aziz et al.

2012). Indeed, the entire vimentin coil 1 forms a dimer,
even at low protein concentrations, indicating that it rep-
resents an independent folding unit (Miicke et al. 2004a).

However, there is a possibility that at the very end of coil
1B, a hendecad (11-residue) repeat segment can form and
thereby allow for the elongation of the helical domain by
four amino acids into linker L12 (see Fig. 1) (Aziz et al.
2012; Chernyatina et al. 2012). Sequence comparisons in-
dicated that the assumed start sequence of linker L12 is
conserved and, thus, probably mediates a unique function:
In the four classes of cytoplasmic IF proteins—that is, SHC
1 to SHC 4—it reads Gln-Ala-GIn-Iso, whereas, in lamins,
the SHC 5 class, it is Arg-Arg-Lys-His, with little change in
homologous amino acids in different species (Herrmann
and Aebi 2004).

In the first sequence-derived structural models, coil 2
continued for three amino acids beyond the IF consensus
motif 2, referred to as TYRKLLEGEE in the one-letter ami-
no acid code (Fig. 3A). In lamins, another glutamic acid
followed the consensus motif such that four glutamic acids,
apposed to each other on the two chains, would terminate
the coiled coil. This high charge density at the end of a
coiled coil seemed to be unfavorable, and, therefore, the
first atomic structure to be determined was from the last 28
amino acids of coil 2 of vimentin. As it was not known
whether this four-heptad peptide would form a coiled
coil by itself, 31 residues from the transcription factor
GCN4, which had been shown to form a coiled coil
(O’Shea et al. 1991), were added at its amino terminus as
a “trigger” to force coiled-coil formation of the vimentin
segment (Herrmann et al. 2000). The resulting atomic
structure clearly revealed that the last amino acid of the

Figure 3. Assembly mechanism of intermediate filament (IF) proteins. (A) Sequence comparison of coil 1A
containing the IF consensus motif 1 and of the carboxy-terminal end of coil 2 IF consensus harboring motif 2
(see Fig. 1A). Amino acids are shown in the one-letter code. Blue represents identical amino acids, yellow
represents three or at least two identical amino acids, and the remaining residues are of very similar character;
heptad indicates the position of each amino acid in the coiled-coil heptad pattern (abcdefg). Hv La, Hydra
vulgaris lamin; Hu LaA, human lamin A; Ifa-1, cytoplasmic IF protein from C. elegans; Hu Vim, human
vimentin. (B) Glycerol spraying/low-angle rotary metal shadowing of lamin polypeptides. (Left) Head-to-tail
polymerization of lamin A dimers. The two arrowheads indicate the direction from the carboxy-terminal to the
amino-terminal end of the dimer, referring to the two globular domains, which represent the carboxy-terminal
tail domains (reprinted from Heitlinger et al. 1991). Scale bar, 50 nm. (Right) The same type of head-to-tail
polymers formed by a human lamin A variant that is missing most of its tail (amino acids 417—-664). The near-
vertical bars point to thickenings at intervals of ~49 nm representing the site of the head-to-tail overlap of two
consecutive dimers. Scale bar, 100 nm. (C) Molecular model of the head-to-tail overlap: The end of coil 2 of one
dimer overlaps by ~3 nm with the beginning of coil 1A of the next dimer. Here, the helices are oriented such
that they either form a four-stranded coiled coil or two two-stranded heterocoiled coils, each formed by one coil
1A and one coil 2 chain. Note that all four helices have the same orientation. N, amino terminus; C, carboxyl
terminus. (D) Schematic representation of the three-phase assembly model for cytoplasmic IFs—involving, first,
lateral association and then longitudinal annealing, followed by a maturation phase that involves radial com-
paction—as originally proposed by Herrmann and Aebi 1998. The degree of radial compaction—from 17 to
11 nm—is to some extent buffer-dependent (see Herrmann et al. 1996, 1999; Miicke et al. 2004a; Georgako-

poulou et al. 2009). (Figure on facing page.)
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Figure 3. (Legend on facing page.)
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coiled coil was the second leucine of the IF consensus motif
2 (Leu404), and that already the first glutamic acid of this
motif (Glu405) bent away from the a-helical axis. Also, the
atomic structure disclosed that both helices harbor an in-
trahelical salt bridge between Lys390 and Asp394. In addi-
tion, the structure revealed one interhelical salt bridge
between Glu396 of the one chain and Arg401 of the other
chain, which is assumed to stabilize the coiled coil (Bur-
khard et al. 2001). Notably, these four amino acids are
evolutionarily highly conserved in IF proteins as diverse
as human hair keratins and Hydra lamin, indicating they
mediate a principal molecular interaction in filament for-
mation (Herrmann et al. 2000).

Originally, coil 2 was also subdivided into two helical
segments—coil 2A and coil 2B—connected by linker L2.
However, as all three subsegments showed the same num-
ber of amino acids in all IF proteins investigated (i.e., 19, 8,
and 121) and as L2 did not show any “helix-breaker”-type
amino acid such as proline, the nature of the folding of coil
2 remained ambiguous. However, it was proposed that
linker L2 has the potential to form an o-helix as well (Parry
and Fraser 1985; Fraser et al. 1985). In addition, at exactly
the same position in coil 2B of all IF protein sequences
studied to date, eight and a half heptads downstream
from the start of coil 2B, there is a so-called “stutter”—a
discontinuity of the heptad repeat pattern that formally
corresponds to a four-residue insertion (Parry and Steinert
1995). As the structural appearance of such a stutter in an
IF protein coiled-coil dimer was unknown, the atomic
structure of a segment covering most of coil 2B of vimentin
(amino acids 328—411) was determined by X-ray crystal-
lography. Accordingly, the crystal structure revealed that
the two a-helices run parallel for a short distance, corre-
sponding to an 11-residue (hendecad) repeat segment
(Strelkov et al. 2002). Corresponding structures for coil
2B were subsequently obtained for lamin A (Strelkov
et al. 2004) and a heterodimer formed by keratin K5 and
K14 fragments (Lee et al. 2012). In both cases, the coiled-
coil structural organization followed the one originally elu-
cidated for vimentin (Strelkov et al. 2002).

Eventually, the atomic structure of the entire coil 2 of
human vimentin was solved, showing that this originally
defined coil 2A and L2 represent hendecad segments (Ni-
colet et al. 2010; Chernyatina and Strelkov 2012). Hence,
coil 2 is predicted to be 115 amino acids long, with the first
36 amino acids forming hendecad repeats instead of heptad
repeats, and another hendecad repeat residing within the
second half of coil 2. Taken together, coil 2 adopts a distinct
fold in all TF proteins, from keratins to lamins, indicating
that this specific structure is a crucial “hub” for IF assembly.

As mentioned above, vimentin dimerizes in 6 M urea,
and tetramers are formed in 5 M urea. Further dialysis into
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low-ionic-strength buffer such as 2 mm Tris-HCI (pH 9)
preserves tetramers, as shown by analytical ultracentrifuga-
tion. This biophysical behavior is consistently shown by all
cytoplasmic IF proteins (Lichtenstern et al. 2012). Chem-
ical cross-linking of entire filaments followed by sequencing
of cross-linked peptides revealed the existence of four types
of tetrameric orientations (Parry and Steinert 1995). These
forms are A,;, half-staggered, antiparallel dimers associat-
ing via coil 1 (this is also the major form found in soluble
tetramers [Micke et al. 2004a]); A,,, half-staggered, anti-
parallel dimers associating via coil 2 (this association has
been found in filaments and in headless vimentin under
physiological salt conditions and, thus, coil 2 shows a salt-
induced binding site); A,, in-register, antiparallel dimers
(this association has been found in mature filaments and
might be formed by dimers of neighboring tetramers); and
Acn» the longitudinal, “amino terminus to carboxyl termi-
nus,” head-to-tail overlap of two coiled-coil dimers. In
lamins, the head-to-tail overlap of several dimers “in tan-
dem” can be directly documented by EM (Fig. 3B). The
globular structures observed by rotary metal shadowing
techniques represent the tail domain and, thus, serve as a
marker for the directionality of the assembled fiber made
from dimeric complexes by head-to-tail association (Fig.
3B; left panel). Moreover, note that also the tailless lamin A
still assembles and that now the head-to-tail overlap region
can be seen directly (Fig. 3B; right panel, white bars). From
a large series of such EM images, the length of the overlap
has been determined to be in the range of 2—4 nm (Heit-
linger et al. 1992; Kapinos et al. 2010). For cytoplasmic IFs,
this overlap distance was determined to be 1-2 nm by
chemical cross-linking experiments (Parry and Steinert
1995). However, the molecular length of the bidirectional
cross-linkers and the accessibility of their substrate—the
e-amino groups of lysines—might influence this value con-
siderably, as cross-linking can “force” more-distant side
chains to come closer together. Accordingly, EM showed
a highly stringent periodicity in vertebrate cytoplasmic IFs
of 43 nm (Henderson et al. 1982) and, together with the
calculated length of the coiled-coil dimer of 46 nm, these
two values would yield an overlap of 3 nm. From these data,
we proposed that this overlap could involve the formation
of two heterodimeric coiled-coil segments between helices
from the first three heptads of coil 1A and those from the
last three heptads of coil 2 (Fig. 3C); alternatively, the four
a-helical segments might form a four-stranded coiled coil
or lock in laterally (Strelkov et al. 2004; Kapinos et al. 2010).

The exact mode of the A}, organization has been deter-
mined jointly by SDSL-EPR, using spin-labeled vimentin
filaments and X-ray diffraction analysis of an extended coil
1B fragment of vimentin: The interaction of the two coiled
coils is centered around the glutamic acids in position 191
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(Fig. 1C) (Aziz et al. 2012; Chernyatina et al. 2012). The
total length of a vimentin tetramer without the nonstruc-
tured “head” and “tail” domains is 62 nm and is therefore
six times longer than the diameter of an IE In contrast, the
globular subunits of an actin filament are arranged in a
single helix, with 13 subunits packed in six left-handed
turns, showing an axial increase of 2.76 nm per subunit
(Fig. 1C). Accordingly, the structure can also be described
as a right-handed long-pitch two-start helix (Dominguez
and Holmes 2011). Because of this distinct subunit ar-
rangement, the actin filament is polar, and this polarity
has a consequence for assembly: Actin filaments show a
fast-growing and a slow-growing end (for review, see Pol-
lard 2016). In contrast, because of the antiparallel associa-
tion of the two dimers in a tetramer as a building block for
assembly, IFs are nonpolar.

7 FILAMENT ASSEMBLY: THE UNIT-LENGTH
FILAMENT PARADIGM

Different from actin and tubulin, which are globular pro-
teins with nucleotidase activity that is intimately connected
to the assembly process, IF proteins are fibrous and lack
enzymatic activity. Solely under the influence of mono-
valent cations, the 62-nm-long A;; tetramers laterally
associate into ~58-nm-long mini-filaments termed unit-
length filaments (ULFs) (Herrmann et al. 1996). This pro-
cess has been termed “phase 1” of IF assembly, and it is so
fast that A;; tetramers are all consumed in ULF formation
within seconds. ULFs are productive precursors for the
formation of long filaments (Fig. 3D). Note that ULFs,
because of their half-staggered, antiparallel association of
dimers within the tetramer, are made of a central “core” of
32 coil 1 domains and two flanking segments consisting of
16 coil 2 domains each. In phase 2, elongation occurs by
longitudinal annealing of ULFs via coil 2, such that fila-
ments containing two, three, and more ULFs are formed. In
phase 3, the filament diameter radially compacts by 20%—
40%, yielding mature filaments of ~10 nm in diameter
(Herrmann and Aebi 1998; Georgakopoulou et al. 2009).
These filaments show a high flexibility, with an apparent
persistence length I, of 0.3—1 wm (Miicke et al. 2004b).
Notably, various desmin disease mutants that were not
able to form proper IFs in vitro were shown to get stuck
at one of the three described stages, either staying in the
arrested state or aggregating massively into amorphous
structures over time (Bér et al. 2005). These desmin aggre-
gates have indeed been discussed as a cause for disease
development in the wider context of protein aggregate my-
opathies (Clemen et al. 2015).

IF proteins are highly insoluble under a wide range of
ionic conditions, including standard “physiological” con-
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ditions. This property dictates the way that they can be
isolated, purified, and crystallized; in addition, it may in-
fluence investigations of their assembly and their interac-
tion with other cellular constituents. Hence, a “cocycling”
type of assembly—disassembly regime, as successfully used
to coisolate, for instance, microtubule-associated proteins
(MAPs), is only possible when a denaturation step with
chaotropic agents such as urea or sodium dodecyl sulfate
or dissolution in low-ionic-strength buffers is applied
(Renner et al. 1981; Steinert et al. 1981). Such a “cycling”
regime has been documented to work also for plectin, a
high-molecular-weight cytolinker protein (~500 kDa),
which copurifies with vimentin when cells are dissolved
in buffers containing 1% nonionic detergent and 1.5 M
potassium chloride (Herrmann and Wiche 1987; Foisner
et al. 1988).

For decades, filament-like “precursors” were observed
in various types of keratin preparations analyzed by EM.
However, these were, in most cases, met with caution and
skepticism, as they were obtained together with various
heterogeneous, in many cases somewhat unraveled, fila-
mentous structures. These were of different lengths, de-
pending on the disassembly or reassembly conditions
used, and occurred in the presence of phosphate buffer or
even 4 M urea (Franke et al. 1982; Eichner et al. 1985).
Notably, epidermal keratin IFs showed a distinct subfila-
mentous organization that could best be described as a
partially unraveled, multistranded helix of two to four pro-
tofibrils when reconstituted filaments were deposited onto
an EM grid and washed with phosphate buffer before neg-
ative staining (Aebi et al. 1983). However, it was not clear in
what order tetramers would associate laterally and longitu-
dinally to form an IE The idea of elongated protofibrils
serving as IF precursors was attractive as the nuclear IF
protein lamin A had been shown to form, under a certain
assembly regime, long strands of head-to-tail—associated
dimers that eventually would laterally associate in an anti-
parallel manner to yield filamentous structures, although
without reaching a “steady state” in the form of a structur-
ally distinct filament with a uniform 10-nm diameter (Aebi
et al. 1986; Heitlinger et al. 1991; Foeger et al. 2006; Ben-
Harush et al. 2009).

However, although cytoplasmic IFs looked rather uni-
form, determination of MPL by STEM showed that they
were “polymorphic” (i.e., distinct segments of individual
filaments contained different numbers of subunits per fil-
ament cross section), although this polymorphism was less
evident with directly isolated (native) filaments compared
with IFs reassembled from renatured subunits (Steven
et al. 1982). Hence, the molecular mechanism of assembly
was not immediately evident. As it turned out, the mode
of assembly very strongly impacts on the homogeneity
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of the filaments formed. For example, “kick-start” of as-
sembly by the addition of a concentrated salt solution to
tetramers to establish “assembly buffer” conditions yields
filaments with varying MPLs along one and the same fila-
ment (Fig. 4A,a,b). In contrast, assembly of tetramers
by dialysis into assembly buffer results in homogeneous
filaments in terms of their MPL (Fig. 4A,c,d) (Herrmann
et al. 1996).

8 ASSEMBLY MECHANISM AND KINETICS

One way to follow the assembly of IFs over time is by
turbidometric methods, in which changes of light scatter-
ing are followed over time at 300 nm (Steinert and Gullino
1976; Steinert et al. 1976). However, the temporal resolu-
tion achieved in these early experiments was not very
high because assembly was followed in the minute-to-
hour range and because soluble complexes were prepared
by “desalting” urea-denatured molecules into assembly
buffer using molecular-sieving columns, thus, starting as-
sembly in the column. In any case, it was shown that, at
physiological protein concentrations (1-2 mg/mL), IF as-
sembly reached a plateau by ~2 h, indicating that, by this
time, the assembly precursors were used up.

In an attempt to identify IF assembly intermediates,
quick-freeze/deep-etch EM was performed on vimentin
assemblies that were formed by dialysis of tetramers that
had been renatured into a buffer containing 10 mm Tris-
acetate buffer (pH 8.5), 50 mm NaCl, and 1 mm MgCl, (Ip
et al. 1985). This revealed 60-nm-long filaments that pro-
duced mature IFs when further dialyzed into a buffer of
physiological ionic strength and pH (170 mm NaCl, 10 mm
imidazole, pH 7.0). However, these studies did not reveal
assembly intermediates, and the underlying assumption

that tetramers are in the A, form turned out to be incorrect
(see Miicke et al. 2004a).

To follow quantitatively the kinetics of assembly of vi-
mentin, viscometry was performed by a kick-start assembly
schedule (Hofmann et al. 1991). In this, tetramers were
“forced” to assemble by the addition of a concentrated
buffered salt solution, leading to the instantaneous increase
of the ionic strength from 5 mwm Tris-HCI to 25 mm Tris-
HCI plus 160 mm NaCl and a simultaneous drop of the
pH value from 8.4 to 7.5. Visual inspection of the mature
filament assemblies by EM revealed them to be homoge-
neous and aggregate-free. With a standard Ostwald capil-
lary viscometer, the time resolution was in the minute
range: Typically, measurements were performed at 1 min
after initiation of assembly, and then every 5 min. Depend-
ing on the ionic conditions and temperature, the increase
in relative viscosity was very fast and leveled off by 10 min
of assembly, indicating that, on average, the filaments had
reached a length larger than the mesh size and thereby had
established the properties of a network (Herrmann et al.
1999). Accordingly, the mesh size of vimentin IFs was de-
termined to be 200 nm (at 0.5 mg/mL) and 150 nm (at
2 mg/mL) under standard assembly conditions in a rhe-
ometer by small-amplitude oscillatory shear measurements
(Schopferer et al. 2009).

The mechanism underlying this network formation is
based on the rapid lateral association of A;; tetramers (Fig.
1C) into ULFs (Fig. 2C). The formation and further growth
of these “immediate early” assembly products was docu-
mented by a time-lapse EM approach. Accordingly, the
assembly reaction was quenched after initiation of assem-
bly from one second onward by addition of assembly buffer
containing the strong fixative glutaraldehyde at various

Figure 4. Determination of intermediate filament (IF) architecture by complementary experimental methods. (A)
Measuring the mass-per-length (MPL) of IFs by scanning transmission electron microscopy (STEM). (Left) Dark-
field electron micrographs of unstained freeze-dried single IFs (top) together with the corresponding MPL tracings
(bottom). (Right) MPL histograms obtained from measuring several hundred segments along many filaments.
Fitting these histograms by multiple Gaussian curves reveals distinct MPL peak values (in kDa/nm). Assembly
was performed either by dilution (“kick-start” mode; a,b) or by dialysis (“slow” mode; ¢,d) of tetramers from low-
salt buffer into filament-forming buffer, as described by Herrmann et al. (1996). (B) Red and green fluorescently
labeled vimentin were each assembled separately for 1 h before being mixed to trace how assembly continued over
the next two days. Inspection of the assembly products in sample chambers confined in height, so that long filaments
could swiftly equilibrate on the surface, was performed by total internal reflection fluorescence (TIRF) microscopy.
Scale bar, 3 pm. (Reprinted from Winheim et al. 2011.) (C) IFs obtained from cultured human rhabdomyosarcoma-
derived (RD) cells in the course of their extraction with 0.2% NP40 were fluorescently labeled with antibodies
directed against vimentin (green) and desmin (red). (D) Single vimentin IFs were double-labeled with a mouse
monoclonal antibody detecting an epitope at the beginning of coil 2 of the central rod (red) and a rabbit serum
detecting the last nine amino acids of the carboxy-terminal tail domain (green). The filaments in C and D are ~20-
pm long; imaging was by stimulated emission depletion (STED) microscopy. The inset clearly depicts the peripheral
space occupied by the tips of the carboxy-terminal vimentin tail domains around the filament core. (The micro-
graph in C was provided by Michaela Hergt [B065, DKFZ]; the micrograph in D was produced by Michaela Hergt
[B065, DKFZ] in collaboration with Jasmin Zahn [E190, DKFZ]). (Figure on facing page.)
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time points (Herrmann et al. 1996). During the first mi-
nute of assembly, electron micrographs also yielded a
“background” of fibers representing tetrameric assembly
products beyond the ULF state. After one minute, this
background had disappeared, indicating the consumption
of the ULF-assembly precursors. As measured in a quanti-
tative study, the mean filament length grew from 55 nm at
5 secto 130 nm by 1 min, indicating that these filaments on
average consist of three ULFs (Kirmse et al. 2007). Note
that, during longitudinal annealing of two ULFs, the length
grows only by 43 nm because of the overlap of the two coil 2
segments in the annealing zone. Hence, a “double” ULF is
~100-nm long (55 nm plus 43 nm). Every further addition
of an ULF yields a 43-nm increase in length.

9 QUANTITATIVE DESCRIPTION AND KINETIC
MODELING OF ASSEMBLY

To describe the kinetics of assembly, a suite of different
types of complexes that can theoretically assemble from
tetramers, such as 8-mers, 12-mers, 16-mers, and further
multiples of 4, was investigated. The resulting association
constants were applied to the experimentally derived mean
length values and compared with a scenario in which tet-
ramers predominantly formed eight-mers and multiples
thereof, which eventually yielded the best approximation
to the measured assembly data (Kirmse et al. 2007). In a
next step, the assembly process was modeled according
to the experimentally determined filament length histo-
grams at different time points and by considering geo-
metrical constraints, as well as the diffusion behavior of
rod-like aggregates (Portet et al. 2009). This way, it became
clear how the measured IF assembly differs from the mono-
mer-addition-type polymerization shown, for example, by
actin and tubulin.

With respect to the late stage of IF assembly, it was
shown by TIRF microscopy of preassembled IFs that fila-
ments of micrometer length and longer do longitudinally
anneal, although it takes days for a significant number of
elongation events to occur (Winheim et al. 2011). By this
approach, IFs exceeding 10 pm in length were obtained,
formed by micrometer-long alternating red-fluorescent
and green-fluorescent segments (Fig. 4B). Furthermore, it
has directly been demonstrated using fluorescently labeled
vimentin that in vitro the exchange of subunits from as-
sembled filaments is rather low (Noding et al. 2014). The
segmental organization of IFs has also been visualized in
IFs of cultured cells. In the case of human rhabdomyosar-
coma-derived RD cells, which contain both vimentin and
the muscle-specific desmin, individual IFs show alternating
segments, being either rich in vimentin (green) or in des-
min (red) indicating that vimentin and desmin segregate
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from each other up to the level of ULFs (Fig. 4C) (M Hergt
and H Herrmann, unpubl.).

In summary, the work on IF assembly clearly revealed
that a “nucleation”-type of reaction, as observed for actin
and tubulin, does not hold true for vimentin. Referring to
this different assembly mechanism of IFs, it has been moot-
ed by Douglas that the complex evolution in the assembly
dynamics of the IFs, as proposed by Portet and colleagues
(Portet et al. 2009), is probably more of a norm than an
exception (Douglas 2009).

In the case of the cytoplasmic IFs, ULFs represent the
basic building blocks or “monomers” of the assembly pro-
cess. However, in sharp contrast to dynamic polymer situ-
ations, on initiation of assembly, growing filaments hardly
release subunits such as ULFs, and the equilibrium is very
much on the side of the “polymer.” In fact, the magnitude
of this exchange reaction was determined to be typically
one tetramer per micron of filament per hour, which is
equivalent to one out of 200 tetramers per hour (N6ding
et al. 2014; Koster et al. 2015). The reason for this behavior
might reside in the fact that IF proteins are polyelectrolytes
with a negatively charged rod domain and a very basic head
domain. As a consequence, the IF is built as a complex
network of ionic interactions formed by the acidic rod
and the basic head domain, complemented by additional
hydrophobic interactions of the head and the rod with
neighboring subunits within the filament. Hence, IFs
formed in vitro cannot be dissolved by incubation with
high concentrations of nonionic detergents and salt (1%
NP40, 1.5 M KCI); however, phosphorylation by protein
kinases dissolves IFs very effectively, as first shown for
vimentin IFs (Inagaki et al. 1987). In cells, additional
mechanisms using various posttranslational modifications
exist to remodel IF networks dynamically (Snider and
Omary 2014).

10 MECHANICAL PROPERTIES OF INTERMEDIATE
FILAMENTS AND NETWORK BEHAVIOR

An important organizational feature of IFs is the position-
ing of the protein tail domain within the filament. By
stimulated emission depletion microscopy with domain-
specific antibodies, the tips of the protein tail domain ap-
pear to form a peripheral “cloud” around the core of the
filament (Fig. 4D). Also, a direct demonstration of the tails
protruding from the filament axis was shown by EM after
glycerol spraying coupled with rotary metal shadowing of
filaments assembled from the low-molecular-weight and
high-molecular-weight forms of the neurofilament triplet
proteins (NF-L, NF-H) formed in vitro. As documented in
Figure 2E the long NF-H tails project radially, thereby giving
the neurofilaments a millipede-like appearance (see also
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Hisanaga and Hirokawa 1988; Heins and Aebi 1994). Fur-
thermore, the complex interaction of the tail domains in
filaments made from NF-H, NF-L, the medium-molecular-
weight neurofilament protein NF-M, and another neuron-
specific IF protein, a-internexin, has recently been investi-
gated by small-angle X-ray scattering experiments, yielding
a concept for their complex and precisely tunable function
as elements in a composite “bottlebrush-type” network
(Kornreich et al. 2015).

The tail domains are probably of general significance
for the unusual resistance of IFs to mechanical stress dis-
played, for example, when filaments are stretched in bulk
on an EM grid (Fig. 5A) or manipulated individually by the
tip of an atomic force microscope (AFM) (Fig. 5B). By
TEM, stretched IFs show a shrinking of their diameter,
typically from 12 to 4 nm (Fig. 5A, arrowheads). A similar
shrinking is observed by AFM, in which individual IFs can
be stretched by up to 250% before they rupture (Fig. 5B)
(Kreplak et al. 2005).

Because of their exposure to the filament surface, the IF
tails have important roles in the gelation—or network for-
mation—of long filaments (Beck et al. 2010). Although
the IF tail domain appears to control filament width (see
below), it can be completely “deleted” by recombinant
techniques and the resulting tailless proteins still assembled
perfectly (Eckelt et al. 1992; Rogers et al. 1995; Herrmann
et al. 1996). In contrast, the biomechanical properties
of, for example, “tailless” desmin filaments are completely
different from those formed by the wild-type protein. In-
stead of becoming stiffer, like wild-type desmin networks,
when being mechanically stressed, tailless desmin filament
networks actually become softer (Fig. 5C; compare
black circles with black squares) (see also Schopferer et al.
2009). The behavior of filamentous networks to increase in
viscoelasticity on being mechanically stressed is also re-
ferred to as “strain stiffening” (Janmey et al. 1991). As an
important medical consequence, desmin tail mutations
causing both cardiomyopathy and skeletal muscle disease
show altered strain-stiffening behavior (Fig. 5C) (Bir et al.
2010).

MPL measurements by STEM of tail-truncated vimen-
tin variants made it clear that the first 30 amino acids of the
tail domain are directly engaged in the packing of the
coiled-coil domains within the filament core. Hence, tail-
less vimentin contains more tetramers per filament cross
section than wild-type vimentin (i.e., 12 compared with
eight to nine tetramers) when assembly is performed in
conjunction with dialysis (Herrmann et al. 1996).

Despite their high resistance to mechanical stress, IFs
are highly dynamic polymers both in vivo and in vitro.
Hence, by simply challenging them with peptides (e.g.,
one representing the last 58 amino acids of coil 2 that
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harbors the IF consensus motif 2 [see Fig. 1A]), mature
filaments will disintegrate in seconds (Strelkov et al.
2002). When added during assembly, these peptides allow
the formation of ULF-like structures but completely inhibit
their longitudinal annealing (Fig. 5D). A molecular basis
for such a drastic effect might lie in the fact that IFs are built
from four protofibrillar strands, with appropriate space
around and within the individual protofibrils. Hence, the
dimeric head-to-tail overlaps within a protofibril can be
rather freely accessed by the peptides. The impact of these
peptides on cellular organization has also been shown di-
rectly in vivo, when, after its microinjection into serum-
starved cells, the entire vimentin IF network retracted into
the nuclear periphery and the cells showed extensive mem-
brane ruffling (Helfand et al. 2011).

The subfilamentous structure of vimentin IFs is docu-
mented in fine detail by cryo-electron tomography of un-
fixed, unstained specimens. Accordingly, in selected x—y
slices through tomographic reconstruction stacks, some
filament segments appear flexible and partially unraveled,
whereas others look stiffer and compact (Fig. 5E). Similar-
ly, in selected x—z slices of the same tomographic recon-
struction stacks, a prominent packing pattern of cross-
sectioned vimentin IFs with typically four protofibrils
per filament is evident (Fig. 5F; white arrows). When the
same unfixed vimentin IF samples were adsorbed to car-
bon-coated grids, blotted to remove excess liquid, quick-
frozen in liquid nitrogen, and unidirectionally metal shad-
owed, again a mixture of compact and partially unraveled
filament segments was revealed by TEM (Fig. 5G) (see also
Kirmse et al. 2010). Notably, as described above, brief in-
cubation of keratin IFs with phosphate buffer on adsorp-
tion to an EM grid yielded their subfilamentous nature, too
(Aebi et al. 1983).

The network’s keratin IF’s form is visualized well by
scanning electron microscopy—see, for example, the net-
work with an entrapped microsphere in Figure 6A. The
degree of filament—filament interaction is distinctly in-
fluenced by the ionic conditions—in particular, by the
presence of divalent cations such as Mg®* and Ca** (Hof-
mann et al. 1991; Koster et al. 2010; Lin et al. 2010; Kayser
et al. 2012; Leitner et al. 2012). Hence, depending on the
Mg** concentration, the mesh size of the IF networks can
be varied systematically, as shown by microrheology (Fig.
6B). A “negative” kind of regulation in both bundling and
network formation of keratin IFs can be evoked in vitro by
the small heat-shock protein Hsp27 (Fig. 6C). Here, the
binding of Hsp27 to the keratin K8 tail prevents a “kinetic
trapping” reaction because of bundling of short elongating
filaments in competition with longitudinal annealing
(Kayser et al. 2013). Small heat-shock proteins are also
expressed prominently in muscle, and mutations in one
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of them, aB-crystallin, have been discovered to cause ef-
fects in myofibrillar myopathies similar to those caused by
desmin mutations, indicating that they are authentic reg-
ulators of IF properties in muscle (Clemen et al. 2013).
Recent studies aimed at addressing the question of how
IFs behave in the context of other filament systems, such as
actin filaments, have been performed (Jensen et al. 2014).
The results show that different cytoskeletal systems influ-
ence each other in steric ways; however, a clear concept as to
what this means has yet to be formulated. Nevertheless, it
has become evident that it is the direct physical interaction
between the three major cytoskeletal filament systems that
comprises the primary determinants of the mechanical
properties of cells and tissues (Huber et al. 2015).

11 CONCLUSION

Research on IF proteins is coming of age. What started with
peculiar diffraction patterns, whose beauty and simplicity
was the subject of the Ph.D. thesis of one of the greatest
biologists of our times—Francis Crick—has now reached a
phase in which we investigate the role of these simple
coiled-coil proteins in a multitude of biological functions.
Indeed, most of these functions are not merely “structural”
but often “functional” as well, reflecting that these two
terms are strongly coupled. For instance, the functional
architecture of the epidermis is highly dependent on the
proper keratin network organization. Likewise, the ability
of an eagle to generate feathers depends on the intricate

Intermediate Filament Protein Structure and Assembly

interaction of epithelial and mesenchymal cell layers to
organize two types of keratins into these complex bioma-
terials. Now, the role that IFs play in organogenesis and in
human disease needs to be explained in molecular terms.
Most important in this ongoing endeavor is to explore IF
structure, function, and dynamics more systematically in
the cellular and tissue context and to consequently com-
plement the emerging findings with corresponding ex vivo
and in vitro studies.
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Figure 5. Mechanical properties of intermediate filaments (IFs). (A) A desmin IF network stretched on a glow-
discharged carbon-coated copper grid followed by glutaraldehyde fixation and negative staining for electron mi-
croscopy. Scale bar, 100 nm. The arrowheads point to stretched IFs with a diameter of ~4 nm. For comparison, the
average diameter of the unstretched IFs is ~12 nm. (Reprinted from Kreplak et al. 2008.) (B) Native rat neurofila-
ments were subjected to pulling by an atomic force microscope (AFM) tip with a lateral force of 30-40 nN and a
scanning speed of 40 nm/sec. The upper left panel shows the filament before being pulled; the lower left image
documents the breakage of the filament through the action of the AFM cantilever after being operated under high
force; the white boxed area is shown enlarged on the right: arrows indicate the length of the stretched filament
segments after pulling and breaking, as well as the length of the original filament segment, now appearing as a gap of
280 nm. (Reprinted from Kreplak et al. 2005.) (C) Rheological investigation of the effect of disease-causing point
mutations in the human desmin tail domain (symbols in left box) on IF strain stiffening when compared with wild-
type and tailless desmin (symbols in right box). The reduced storage modulus G'/G is depicted as a function of the
strain amplitude . (Adapted from Bir et al. 2010.) Note that tailless desmin shows no strain stiffening at all. (D)
Inhibition of vimentin filament assembly in the presence of a peptide representing the last 58 amino acids of coil 2, as
described in Strelkov et al. 2002. Note that the presence of this peptide effectively prevents longitudinal annealing of
unit-length filaments (ULFs), but not their formation by lateral association of tetramers. (E,F) Cryo-electron
tomography of unfixed, unstained recombinant human vimentin assembled for 1 h at 37°C under standard IF-
forming conditions (see Goldie et al. 2007). In E, a selected x—y slice through a tomographic reconstruction stack
is shown. In this view, filaments are either compact or on occasion partially unraveled, thereby exposing individual
octameric protofibrils that show a twisted arrangement (red arrows). In E an x—z slice of the same tomographic
reconstruction stack is shown, yielding a prominent packing pattern of cross-sectioned IFs, with four protofibrils per
filament (white arrows). Scale bars, 100 nm. (G) Unidirectionally metal-shadowed vimentin IFs were obtained from
plunge-frozen /vitrified samples after freeze-drying (see Kirmse et al. 2010). Arrows point to partially unraveled IFs.
Scale bar, 100 nm. (E,F; Adapted from Goldie et al. 2007; G, provided by Andreas Hoenger, University of Colorado at

Boulder, Boulder, CO.) (Figure on facing page.)
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Figure 6. Network formation and role of physiological effectors. (A) Scanning electron micrograph of keratin K8/
K18 filaments entrapping a 1-pm microsphere, thereby enabling the investigation of network properties by micro-
rheology. (Image courtesy of Ines Martin, University of Ulm, Germany.) (B) Effect of magnesium ions (Mg**) on
vimentin filament networks. Microspheres of different diameter were tracked in the absence (left) and presence
(right) of 2 mm MgCl,. The two images for every bead size exemplify the degree of restriction of diffusible space for
the corresponding microspheres. Hence, at 2 mm MgCl,, the space is essentially confined for the 1-pm microsphere,
whereas the movement of the 0.5-pwm microsphere is hardly affected. (Adapted from Koster et al. 2010.) (C) Small
heat-shock proteins modulate keratin K8/K18 IF bundling. The presence of Hsp27 impedes the bundling reaction,
as the heat-shock protein affects the kinetics of filament formation by interacting with the K8 tail domain.
(Reprinted from Kayser et al. 2013.)
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