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Abstract. Intermediate filament (IF) proteins are en- properties vary among the different filaments. Thus, the
intricate tissue-specific expression pattern of individualcoded by a large multigene family and form polymers
IF proteins (especially, their co-expression with otherwith a uniform diameter of approximately 10 nm. How-
members of the IF protein family or with IF-associatedever, although the cytoplasmic representatives all
proteins to form obligatory heteropolymers) points toconfirm to a unit-type structural principle leading to the
distinct functions acquired during evolution relevant toformation of extended coiled coils, it is becoming in-

creasingly clear that subunit arrangements and physical cellular homeostasis in various tissues.
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The filament systems of eukaryotic cells

Actin and tubulin, globular proteins of known atomic
structure [1–3], constitute the molecular building blocks
of microfilaments (MFs) and microtubules (MTs) in the
cytoplasm of all eukaryotic cells. These cytoskeletal
filaments possess apparent diameters of 6–8 nm and
20–25 nm, respectively, and are ‘closed’ assemblies in
terms of their lateral subunit interactions (i.e., those
specifying the diameter of the filament). In contrast,
intermediate filament (IF) proteins, so named because
their filaments exhibit an apparent diameter (i.e., 8–12
nm) between that of MFs and MTs, fold into polypep-
tides with extended �-helical coiled coils similar to other

fibrous proteins such as myosin, tropomyosin, or colla-
gen [for reviews see refs 4–10]. As a consequence, these
elongated, two-stranded �-helical coiled-coil molecules
interact laterally and longitudinally at multiple sites,
thereby yielding polymorphic ‘open’ supramolecular as-
semblies with the potential for lateral subunit addition
and/or exchange [see ref. 11].
Although MTs and MFs are evolutionarily older than
IFs (i.e., the latter have not been found in plants, fungi,
or protists), it has become clear that IFs must have
developed very early in eukaryotic evolution, in parallel
with the emergence of animals, since (i) nearly all higher
eukaryotic cells contain nuclear IFs [i.e., lamins; cf. ref.
12], and (ii) annelids, nematodes, and mollusks exhibit
complex patterns of IF protein expression [7, 13]. To
mention a very recent relevant finding, ‘primitive’ inver-* Corresponding author.
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tebrate chordates, such as the tunicate Styela, synthe-
size an IF protein in their muscle cells that is highly
homologous to the mammalian muscle-specific IF
protein desmin, including sequence identity at both ends
of its �-helical rod, sequence motifs which are highly
conserved throughout the entire IF protein superfamily
[14]. Moreover, in the hypervariable amino-terminal
end domain, this tunicate protein contains a sequence
motif conserved in several IF proteins from frog to rat
[15] and directly involved in filament assembly [16–19].
The more than 200 IF protein sequences known to date
have revealed a structural design that is common to and
characterizes all members of the IF multigene family:
highly variable non-�-helical amino- and carboxy-ter-
minal end domains flank a central rod domain consist-
ing of distinct �-helical segments of conserved amino
acid number and sequence, thus forming coil 1A, coil
1B, and coil 2 [8]. Within these three distinct �-helical
segments there is a heptad repeat pattern with hydro-
phobic amino acids in positions 1 and 4, which causes
IF proteins to form stable parallel two-stranded �-heli-
cal coiled coils via their central rod domain. These
dimeric molecules can withstand denaturing conditions
as strong as 6–8 M urea [20].
The eukaryotic cell has evolved a strict dependence on
tubulin and actin: mitosis and cellular morphogenesis
depend on MTs, while cytokinesis, as well as other
myosin-powered movements, requires MFs. Thus, actin
and tubulin polymers probably fulfilled essential func-
tions at the level of the individual cell long before they
became engaged by evolution in building complex cellu-
lar entities such as flagella, microvilli, axons, or sarcom-
eres. Moreover, one may assume that these proteins
evolved to function efficiently at the optimal tempera-
ture of the particular organism. For those poikilotherm
species that have to tolerate large temperature differ-
ences, these proteins must perform well over a wide
range of temperature changes. Indeed, some members
of the aquatic vertebrata (e.g., fishes) may live either at
freezing temperatures or close to 50 °C [21]. Conse-
quently, actin and tubulin are highly conserved with
regard to their amino acid sequences, i.e., as house-
keeping proteins that are of central importance for the
eukaryotic cell.
Beginning with this basic cytoarchitectural framework,
differentiating cells that aggregate into morphologically
and functionally distinct tissues developed a third
filament system possessing new structural and mechani-
cal properties tailored to the needs of a multicellular
organism, the IF system [22]. These proteins originally
evolved to form part of the nuclear lamina, disassem-
bling during mitosis, and were only later remodelled to
serve cytoplasmic needs. Thus, cytoplasmic IFs do not
contain a classical nuclear localization signal, residing
in the non-helical carboxy-terminal domain of lamins,

and all cytoplasmic IFs, with the exception of those
expressed in invertebrates, have lost a 42-amino-acid
sequence stretch from the first half of the central helical
rod, which reduces the length of the affected helix 1B by
roughly 6 nm [4, 7, 11, 12, 61]. IFs are highly viscoelas-
tic under various conditions, in contrast to the other
two cytoskeletal filament systems, and their resistance
to deformation changes dramatically when they are
mechanically stressed; i.e., under such conditions, IFs
acquire a new mechanical property which has been
called ‘strain hardening’ [23]. Thus, IF systems are not
only able to resist high strains, but the more they are
strained, the more resistant they become to further
deformation, i.e., in response to being strained, their
stiffness increases dramatically—hardening. These
properties may enable intermediate filaments to play a
central role in cellular response to mechanical forces.

Thermosensitivity of IF proteins

Mammalian MTs are strongly temperature sensitive
and disassemble in vitro when cooled to 4 °C [24]. In
contrast, IFs withstand the combined challenge of non-
ionic detergents, high salt concentration, ice-cold tem-
perature, and homogenization. Indeed, IFs can be
purified away from most other cytoskeletal proteins by
repeatedly being subjected to harsh conditions that dis-
solve even MFs [25]. In vivo, however, IF meshworks
may be strongly affected by temperature changes. For
example, Schliwa and Euteneuer [26] demonstrated that
the tonofilament system (i.e., the cytokeratin IFs) of
warm-water teleost fish epidermal cells undergo a dra-
matic, yet reversible rearrangement when the cells are
cooled to near 0 °C. Upon rewarming, these entangled
filament masses reorganize back into extended IF mesh-
works within minutes. Similar structural transitions of
cytokeratin IFs have been observed during embryogene-
sis of some amphibia [27]. These structural transitions
are reminiscent of the reorganization of IFs during
mitosis [28, 29]. Since such temperature-mediated IF
changes have never been observed in vitro, it was con-
cluded that they were not intrinsic to IFs but, rather,
are caused by cellular factors, such as those involved in
the spreading of IF networks, and possibly MTs.
The first evidence for the intrinsic thermosensitivity of
an IF protein in the physiological temperature range
came from work with amphibian vimentin. After cDNA
transfection of Xenopus lae�is vimentin into the vi-
mentin-free bovine mammary gland epithelial cell line
BMGE+H grown at 37 °C, it was observed that in
most cells, IF arrays did not form, although occasional
individual cells with more filamentous than aggregate-
type staining were observed [17]. Moreover, with a
mutant Xenopus vimentin missing the non-helical car-
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boxy-terminal tail domain and thereby assembling con-
siderably better than wild-type vimentin at room tem-
perature (as determined by viscometric assays), short
but apparently normal IFs were occasionally detected
by immuno-electron microscopy in transfected
BMGE+H cells grown at 37 °C. However, the major-
ity of the immunopositive material was organized in
aggregates exhibiting a periodic transverse banding pat-
tern [30]. This observation, in turn, indicated that the
frog protein was able to form IFs in mammalian cells,
although filament assembly was at variance with some
of the structural features of the frog vimentin at this
temperature. Since frogs are normally reared at room
temperature, the in vitro assembly properties of Xeno-
pus vimentin were determined over a wide range of
temperatures, and the optimum temperature was found
to be around 28 °C [31]. At 37 °C under otherwise
standard assembly conditions, however, Xenopus vi-
mentin assembled into non-IF-type fibers of irregular
diameter and rather short length (see fig. 1A, B). The
non-IF nature of the fibrils formed at 37 °C was partic-
ularly evident in ultrathin-sectioned pellets obtained
from centrifuged polymerized material. In contrast to
uniform, filamentous structures seen at room tempera-
ture, the fibers formed at 37 °C revealed 20- to 40-nm

granules often extending into irregularly contoured
filaments (5–20 nm diameter) with a hairy coat (fig. 1C,
D) [31].
In agreement with these in vitro observations, Xenopus
vimentin formed extensive IF arrays in vivo when the
stably transfected mammalian cells were transferred to
28 °C [31]. In particular, IFs appeared to grow out of
non-filamentous, aggregated masses within a few hours,
indicating that the protein, while trapped in a non-IF
state, was actively reorganized upon shift to the permis-
sive temperature. Indeed, vimentin assembled in the test
tube at the ‘non-productive’ temperature (i.e., non-per-
missive for regular IF assembly) is able to reorganize, at
least in part, to more IF-like fibers if shifted to the
permissive temperature within half an hour after initia-
tion of assembly. This was documented by viscometric
experiments performed at 37 °C for increasing time
periods followed by a shift to 23 °C. Accordingly, as-
sembly can be carried out for up to 30 min at 37 °C,
producing little viscosity increase during this incubation
period, followed by a significant viscosity increase after
shift to 23 °C (fig. 2) [31]. As observed by electron
microscopy, after 5 min of assembly at 37 °C, Xenopus
vimentin had formed predominantly globular aggre-
gates of approximately 50–60 nm diameter (fig. 3A).

Figure 1. Temperature sensitivity of Xenopus lae�is vimentin. Assembly was performed under standard conditions [see ref. 20] at room
temperature (A, C) or 37 °C (B, D) for 1 h. Polymers formed were fixed and negatively stained (A, B) or pelleted in an Airfuge and
processed for embedding and ultrathin sectioning (C, D). Note that at 37 °C, Xenopus vimentin forms rather heterogenous structures,
i.e., short fibrils with diameters between 10 and 40 nm that often aggregate laterally with one another [for details see ref. 31]. Bars, 100
nm. Magnification in (C, D) is the same as in (A).



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999 1419Review Article

Figure 2. Viscosity measurements of recombinant Xenopus vi-
mentin assembled for various times (5–60 min, as indicated to the
right of the curves) at 37 °C, before being shifted to room
temperature for the remaining time. Initiation of assembly was at
10 min; open squares show a control incubation performed at
room temperature throughout [for details see ref. 31].

incompatible with proper unit-length filament (ULF)
assembly. Remarkably, the unassembled ULF-type ag-
gregates (i.e., the distinct globular aggregates) are ‘ac-
tive,’ in the sense that they are capable of terminating
filament elongation (see fig. 3F). A more speculative, yet
plausible view suggests that although attenuated, they
can still take part in filament assembly by being struc-
turally ‘instructed’ to rearrange before stably integrating
into a bona fide IF.
At this point it was of interest to investigate whether IF
proteins, in their fully folded soluble state, are heat stable,
i.e., whether they withstand heating to high temperature
(such as 80 °C) for extended times, yet remain competent
for IF formation (Herrmann et al., unpublished data). As
documented in figure 4, this was indeed the case for
Xenopus vimentin, and it was also true for zebrafish,
trout, and human vimentin (data not shown). Hence, one
may conclude that the coiled-coil dimer (or the tetramer)
stayed properly folded or regained, after cooling to
23 °C, the conformation required for assembly into bona
fide IFs.
In contrast, at low temperature such as 4 °C, Xenopus
vimentin forms long filaments which infrequently reveal
‘partially unravelled’ segments (fig. 5A, arrow) or exhibit
distinct bead-like densities (fig. 5A, arrowheads). The
partially unravelled filaments appeared to consist of
protofibrils wound around each other in a right-handed
fashion (fig. 5B) [see also ref. 32]. Similarly, human
vimentin is also sensitive to cold: at 4 °C mainly unrav-
elled filaments are observed. This is in contrast to
vimentin from trout and zebrafish. Trout vimentin, which
exhibits its temperature optimum for assembly at 18–
24 °C, forms normal-looking IFs at low temperatures
(4–12 °C), while producing mostly polymorphic, unrav-
elled, or very thick irregular non-IF structures at 28 °C
[33, 34]. Zebrafish vimentin, on the other hand, with an
assembly optimum at 28 °C, yields considerable viscosity
at 12 °C by producing long and unusually thick laterally
interacting filaments [35]. At 15–18 °C, even thicker
filaments, laterally aggregating over considerable dis-
tances, are produced. At 21 °C, however, apparently
normal IFs form.
In summary, vimentin from different species, despite
considerable sequence identity [33, 35], yields quite dis-
tinct filaments at a given temperature. Virtually indistin-
guishable, partially unravelled IFs are generated by trout
vimentin at 28 °C, by Xenopus vimentin at 4 °C and
31 °C, and by human vimentin at 4 °C and 45 °C
(unpublished data). In contrast, unusually thick filaments
are produced by zebrafish vimentin between 12 °C and
18 °C, by trout vimentin after extended incubation at
28 °C [34], and byXenopus vimentin at 37 °C [31]. These
different types of filaments are, no doubt, formed
by variations in dimer-dimer interactions and are
composed of different numbers of subunits per

Similarly, after 5 h at 37 °C, the bulk of assembled
material consisted of globular aggregates (fig. 3B). In
contrast, whenXenopus vimentin, after 5 min of assembly
at 37 °C, was transferred to 23 °C for another 30 min,
practically no aggregates were encountered. Instead, only
long filaments were seen that were occasionally irregu-
larly thickened or even fused with a neighboring filament
(arrows in fig. 3C).
Above its optimal assembly temperature (i.e., 28 °C in
the case of Xenopus vimentin), normal IF formation
becomes severely compromised even with a temperature
rise of only 3 °C. Although the viscosity profiles obtained
at 31 °C and 23 °C are similar [i.e., reaching about half
the maximum value of the specific viscosity obtained at
28 °C; see ref. 31], the appearance in the electron micro-
scope is completely different at the two suboptimal
temperatures. IFs at 23 °C appear practically indistin-
guishable from those formed at 28 °C (fig. 3D). How-
ever, at 31 °C, predominantly long and rather ‘spongy’
(i.e., partially unravelled) filaments are observed even
after 5 min (fig. 3E), which evidently fail to compact
during the following 3-h incubation period at this temper-
ature (fig. 3F). Nevertheless, a small number of more
compact IFs with an apparent diameter ranging between
10 and 16 nm are present both at 5 min and 3 h. Similar
to the situation at 37 °C, the compact filaments are often
capped by globular aggregates (arrows in fig. 3F), which
occur significantly less frequently in free form than at
37 °C (arrowheads in fig. 3E, F).
Taken together, these findings suggested that IF assem-
bly, at least of Xenopus vimentin, is strikingly tempera-
ture sensitive. Therefore, the majority of the tetrameric
complexes apparently assume a configuration that is
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filament cross-section, thereby reflecting the structural
versatility of these fibrous proteins.
Last but not least, temperature sensitivity of an IF system
in vivo as a consequence of inherited point mutations in
cytokeratins CK5 or CK14 has indeed been demon-
strated in keratinocyte lines derived from patients with
epidermolysis bullosa simplex [36]. Although under stan-
dard growth conditions the cytokeratin system did not
exhibit any obvious abnormalities, upon thermal stress
(i.e., raising the temperature for 15 min to 43 °C), the
filaments were observed fragmenting into small aggre-
gates. This phenotype is nearly completely reversed after
1 h of recovery from thermal stress. These experiments
clearly demonstrate that IF structure (in this case with
point mutations) is sensitive to temperature.

Amino acid sequence divergence of vimentins and

desmins

A clue to those amino acids responsible for this distinct
assembly behavior may be obtained by sequence com-
parison of vimentin from cold-water and warm-water
fish, X. lae�is and human. In general, the elementary
building block of all IFs, the central �-helical rod
domain, is about 80% identical between zebrafish, trout,
X. lae�is and human vimentin [33, 35]. On closer inspec-
tion, however, certain residues are unique to a particular
species, the other three species being identical and differ-
ent from the unique residue at these positions. For
example, human vimentin has nine residues that differ
from the other three species (fig. 6), whereas zebrafish

Figure 3. Electron microscopic analysis of negatively stained structures formed by X. lae�is vimentin assembled at different
temperatures and for different times: 5 min at 37 °C (A); 5 h at 37 °C (B); 5 min at 37 °C, before 30 min at 22 °C (C); 30 min at
22 °C (D); 5 min at 31 °C (E); 3 h at 31 °C (F). Assembly of soluble vimentin (in 5 mM Tris-HCl, pH 8.4) was initiated by addition
of an equal volume of ‘filament buffer’ (45 mM Tris-HCl, pH 7.0, 100 mM NaCl), except for (B) which was performed by dialyzing
the protein into a buffer of 25 mM Tris-HCl, pH 7.5, 50 mM NaCl. Arrowheads point to globular aggregates, possibly corresponding
to unit-length-filament-type structures as formed at optimal assembly temperatures. Arrows mark apparent fusion events between
temperature-induced aggregates and IFs. In (E) the open arrows denote fusion of aggregates with ‘open’ IFs. Bar, 100 nm.
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Figure 4. Heat stability of tetrameric vimentin. After heating for 10 min at 80 °C, X. lae�is vimentin readily assembles into bona fide
IFs upon cooling to room temperature, although some globular aggregates (as typically seen at 37 °C) are also present. Note that most
of these aggregates attach to growing IFs (arrowheads). Assembly was for 10 s (A) and for1 h (B). Bar, 100 nm.

exhibits 18 positions at which it differs from the other
three vimentins. Similarly, frog and trout vimentin har-
bor unique amino acids for which the other three spe-
cies are identically different (fig. 6). Finally, 22 positions
of the two fish vimentins differ identically from the
tetrapod vimentins, which are also identical at these
sites. The absolute sequence identity is highest in the
carboxy-terminal part of coil 2B, where the last 34
amino acid residues are absolutely conserved in vi-
mentin of all four species. Coil 1A is also highly con-
served with 80% sequence identity among the four
species. In contrast, the proposed linker sequences L1,
L12 and L2 are only 50% identical, highlighting their
role in establishing unique molecular properties for a
particular type of vimentin. Relevant to this point, we
have recently shown that small changes within one of
the linkers (i.e., insertion of three alanines into linker
L1 of human vimentin) totally prevents the altered
protein from assembling into distinct ULFs and to
associate longitudinally [34]. At present, we do not
know how these differentially conserved residues con-
tribute to the distinct structural and functional proper-
ties of the various vimentins. It is tempting to speculate
that they are engaged in specific molecular interactions
involved in building and stabilizing an IF, and thus are
‘indicators’ for specific features of a particular vimentin
filament.
Without dwelling too much on amino acid compari-
sons, it is evident that the distinct molecular properties
of individual IF proteins are determined by several
characteristic sequence motifs, particularly when con-
sidering desmin sequences. Sequence alignment of both

vimentin and desmin from zebrafish, X. lae�is, chicken,
and hamster reveals that, besides the generally con-
served amino acid sequences, each type of IF protein
harbors unique sequence motifs (fig. 7). For example, at
the beginning of coil 2B1, vimentins read FADLSE,
whereas desmins read VSDL(N/T)Q. Similarly, in the

Figure 5. Assembly of X. lae�is vimentin at 4 °C for 1 h as
monitored by electron microscopy of a negatively stained sample
Bars, 100 nm. (A) Note that long, normal-looking IFs occasion-
ally change into unravelled forms (arrow). In addition, unravelled
IFs with (arrowheads) and without bead-like aggregates are
found. (B) Higher magnification of an open filament exhibiting a
right-handed twist.
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Figure 6. Scheme of the �-helical rod domain of vimentin highlighting various subdomains: PR, precoiled coil region; C1A, coil 1A;
L1, linker 1; C1B, coil 1B; L12, linker between coil 1 and coil 2; C2A, coil 2A; L2, linker 2; C2B1, first half of coil 2B with respect
to the ‘stutter’ region S; C2B2, second half of coil 2B. Residues unique in the amino acid sequence of a certain species are depicted as
red dots (zebrafish), pink dots (human), dark-blue dots (trout), and light-blue dots (frog, X. lae�is). The white dots represent identical
amino acids in the ‘cold’ (trout, frog) versus ‘warm’ (zebrafish, human) vertebrate vimentin sequence. The vertical green bars indicate
amino acid positions identical in fish, versus those in the two tetrapods. The numbers above the yellow-colored bars indicate amino acid
positions of zebrafish vimentin; the bold numbers below indicate the percentage of amino acid identity of the corresponding subdomain.
The dark-green region at the end of coil 2B2 denotes a region with 100% sequence identity between all four species. Note in particular
that only those amino acids have been highlighted where the corresponding other three sequences are identically different from the one
indicated.

center of coil 1B, desmins are conserved as NNLAA,
whereas vimentins are more heterogeneous with a
STLQS-type consensus, the character of these amino
acid side chains being distinctly different. Besides such
extended specific sequence motifs in various positions
along the rod, single amino acids differ consistently
between the two type III IF molecules. This difference
occurs despite the idea that these are somehow equiva-
lent molecules, which (at least in vitro) form hetero-
polymers indistinguishable from the respective
homopolymers [37]. Moreover, in the highly variable
head domain, certain features are consistently differ-
ent. For example, the fifth amino acid of desmin is a
tyrosine, and a center of the conserved AM1 motif
contains a hydroxy amino acid (Thr). In contrast, vi-
mentin contains a hydrophobic amino acid (Met/Ile) in
the latter position. Furthermore, vimentin possesses a
cdc2 phosphoacceptor site in its head domain, which is
absent in desmin. On the other hand, desmin reveals
an SPEQ motif in its tail domain, which is not seen in
vimentin. This motif too is a putative phosphoacceptor
site for the cdc2 kinase. As a further difference in the
head domain, vimentins consistently have two more
arginines than desmins. In a peculiarity of the basic
head domain, both zebrafish desmin and vimentin ex-
hibit a single glutamic acid up- and downstream of the
assembly-relevant motif (AM1). The tail domain, while
similar for the two types of IF protein, exhibits various
distinct differences between vimentins and desmins.
These sequence differences between vimentin and
desmin are clearly manifested in the way they assem-
ble. At room temperature (fig. 8A) and at 37 °C,
desmin forms ULFs and IFs that appear to be consid-
erably thicker than those generated by vimentin [20,
34]. In further contrast to vimentin, after 10 s of as-
sembly at 37 °C, desmin ULFs are nearly completely

annealed to longer filaments, and ULFs are only en-
countered occasionally (fig. 8B). Thus, the IF assembly
kinetics are considerably faster for desmin than for
vimentin [20]. The mass per length (MPL) of these
filaments, assembled from recombinant human vi-
mentin and mouse desmin, was determined by STEM
mass measurements of unstained/freeze-dried speci-
mens. The differences in MPL of mature IFs are di-
rectly compared in figure 9A: vimentin IFs yield MPL
peaks of 38, 47, and 56 kDa/nm, whereas desmin
filaments exhibit one major peak at 59 kDa/nm.
A MPL histogram very similar to that of recombinant
desmin was obtained for authentic chicken gizzard
desmin assembled under identical conditions (i.e., dia-
lyzed from 8 M urea into standard assembly buffer);
the histogram revealed a relatively sharp and symmet-
rical peak with 65 kDa/nm, as compared to 59 kDa/
nm (fig. 9B). These MPL peaks correspond to 52 and
47 molecules per filament cross-section, respectively. In
contrast, chicken gizzard desmin IFs, obtained by dial-
ysis at 4 °C into a buffer of higher pH (but with 5
mM MgCl2), yielded four peaks with 34, 41, 50, and (a
small amount) 60 molecules per filament cross-section.
This indicated that: (i) desmin forms IFs quite differ-
ent from those made from vimentin; (ii) with desmin,
the number of subunits per filament cross-section is
not fixed, but is determined by the exact assembly
conditions employed [34].

Molecular models of IF architecture

The above considerations regarding different types of
IF assembly justify formulation of a molecular model
of IF architecture that allows the coiled-coil dimer to
arrange into several distinct types of dimer-dimer inter-
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actions and, consequently, introduces ‘uncertainty
principles,’ instead of an ‘all for one’ model. The clas-
sical textbook scheme envisages a surface lattice ar-
rangement involving eight strands, each made of
longitudinally associated tetramers. This eight-stranded
surface lattice is wrapped into a tubule exhibiting a
rather spacious hollow core [38] (fig. 10A). This type
of tubular structure, resembling a microtubule, can be
excluded based on radial mass density profiles com-
puted from STEM mass measurements [39]. As a con-
sequence, the new edition of Albert et al.’s textbook
[40] now favors a model involving seven peripheral and
one central fiber. Unfortunately, this new model, while
plausible, is not based on state-of-the-art structural
data (see below). Another IF model, reproduced in
several reviews [7, 8, 41–43], attempts to incorporate

the experimental finding that phosphate buffers of low
ionic strength mediate partial unravelling of keratin
IFs into three to five distinct octameric protofibrils
with an apparent diameter of 4.5 nm [32]. While based
on an interesting observation, this model too exhibits
several inconsistencies. In particular, the way in which
the tetramers [shown to be the building blocks for
filament assembly; see ref. 20] laterally interact to form
the 4.5-nm protofibrils and, ultimately, the entire IF, is
far from conclusive. It is clear that the two pairs of
dimeric coiled coils within the 4.5-nm protofibril must
interact strongly, as more than 5 M urea is required to
dissociate the 4.5-nm protofibrils into tetramers.
Hence, the geometry of this tetramer-tetramer interac-
tion within the 4.5-nm protofibril has remained elusive
[9, 10].

Figure 7. Amino acid sequence comparison of vimentins (upper four rows) versus desmins (lower four rows) from zebrafish (Z), X.
lae�is (X), chicken (C), and hamster (H). Amino acid symbols (one-letter code) are colored red when identical in at least six of the eight
sequences. Green letters indicate amino acid positions identical in at least three desmins and different in at least three vimentins. Black
bars below the desmin sequences enhance these positions. The non-�-helical N-terminal and C-terminal subdomains are indicated as
HEAD and TAIL, respectively. An assembly-relevant motif (AM1) is conserved in the otherwise rather heterogeneous, head domains
[see ref. 10]. cdc2 depicts a potential kinase recognition site (SPX+ ), which in zebrafish is several amino acids upstream, SPVR
(overlined). In the tail domain, conserved proline residues are marked by arrowheads: three in vimentin, two in desmin (the second
proline could be a potential cdc2 recognition site). PCD, precoiled coil domain (see PR in fig. 6). Helical regions are designated by a
blue bar and are named as in fig. 6. The bracket between coil 2B1 and coil 2B2 marks the ‘stutter’ region. In zebrafish desmin, this
region deviates considerably from the other desmin sequences (overlined). Also, in the tail domain, zebrafish exhibits a major insertion
compared to the other three sequences (overlined).
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Figure 8. Electron microscopic analysis of negatively stained human desmin filaments, formed 10 s after initiation of assembly at room
temperature (A) or 37 °C (B). The large arrow in (A) denotes a discontinuity, indicative of two filaments evidently in the process of
longitudinal annealing. Bar, 100 nm.

Thus, based on the observation that tetrameric com-
plexes, reconstituted from urea-denatured protein by
dialysis into buffers of low ionic strength and high pH
[44], are stable and do not significantly associate under
these conditions, we have argued that the three-dimen-
sional arrangement of the two dimeric coiled coils
within a tetramer must be trapped in a non-productive
conformation. Structural rearrangements probably have
to occur within this tetrameric complex when IF assem-
bly is initiated by a ‘kinetic-type assembly’ regimen [9].
Hence, the abrupt increase in ionic strength and the
rapid drop of pH (by 1 unit) must release the ‘assembly
block’ of the urea (low ionic strength/high pH)-reconsti-
tuted tetramers, possibly by overcoming the non-pro-
ductive binding of several of the basic residues of the
non-helical head domain to the rod. Now free to inter-
act with neighboring tetramers, these positively charged
head domains could quickly mediate the tight lateral
association of eight tetramers into an ULF. In a next
step, ULFs anneal longitudinally into filaments exhibit-
ing an unusually large diameter (i.e., 16–23 nm). Fi-
nally, after several minutes these ‘immature’ filaments
appear to laterally ‘compact,’ to yield ‘mature’ IFs with
an apparent diameter of 11–13 nm. This reduction in
filament diameter is ‘conservative’ in the sense that the
MPL, as determined by STEM comparing immature
and mature filament measurements, remains un-
changed. This strongly argues for an intrafilamentous
rearrangement of dimers and/or tetramers [34].
The non-�-helical ‘head’ domain is essential for the
generation of IF assembly tetramers, since headless
cytokeratins (as well as headless vimentins) are unable
to laterally associate beyond the coiled-coil dimers [20,

45]. In line with this behavior, both vimentin and
desmin with proteolytically shortened or point-mutated
head domains fail to assemble properly into bona fide
IFs [16, 17, 46]. Evidently, the relative positioning of
the two coiled coils within the tetramer (i.e., in terms of
relative polarity and stagger) determines the type and
degree of lateral and longitudinal tetramer-tetramer in-
teraction within the mature IF. Cross-linking experi-
ments with tetramers have revealed that one major
dimer-dimer interaction involves coil 1B associating in
an antiparallel, approximately half-staggered orienta-
tion, yielding �65-nm-long tetrameric complexes [47]
designated the A11 form (fig. 11) [8]. In cross-section,
the packing of �-helices in the tetramer could form a
square or a parallelogram. We favor a parallelogram
organization, because it would allow closer packing of
�-helices and consequently an IF with minimal hollow
core [see fig. 10A; for comparison see ref. 9]. This type
of dimer-dimer interaction, in turn, would result in a
minimal-size hollow core and, additionally, allow for
dynamic changes of some of the lateral interactions
between tetrameric complexes within the filament (fig.
10C) [9].
A quite different mode of subunit interaction has been
proposed by Downing [48], suggesting the establishment
of a central hydrophobic channel formed by a hydro-
phobic seam extending along each �-helix from the
amino acids in the a and d positions of the heptad
repeats. This mode of subunit interaction implies that
no two-stranded �-helical coiled-coil dimers would
form. However, there is no experimental evidence to
support such a molecular arrangement. Furthermore,
our model proposes that the head domains of at least
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half of the polypeptides should be exposed to the out-
side of the filament. In the case of vimentin, this would
generate a ‘garland’ of 12×16 (i.e., 192) arginines
evenly distributed over the surface of a 43-nm-long
filament stretch, and another 192 arginines within the
central core of the filament. Probably, most of these
arginines bind to charged residues on the surface of the
filament shaft, thus contributing to the known stability
of IFs at high ionic strength (as high as 1.5 M KCl). In
contrast, at low ionic strength, IFs tend to depolymerize
indicating that closely spaced repulsive charges are be-
coming dominant. Moreover, multivalent anions such
as phosphate have been shown to specifically interfere
with the keratin IF structure, leading to a partial unrav-
elling of the filament backbone into protofilaments or
protofibrils [32]. This directly leads to considerations of
quasi-equivalence for (at least some of) the lateral
dimer-dimer interactions occurring in mature IFs [9].
Finally, the situation becomes even more complex if
heteropolymer formation is considered. In the case of
cytokeratin IFs, type I and type II subunits are required
to form obligatory heterodimers, which then further
associate to yield heterotypic tetramers [49–51]. Second,
neurofilaments are composed of three sequence-related
polypeptides, the neurofilament triplet proteins of low,
medium, and high molecular weight (NF-L, NF-M, and
NF-H). Besides the NF-L/NF-L homodimers, het-
erodimers composed of NF-L/NF-M and NF-L/NF-H
are the most favored species that may differentially
associate, eventually forming the mature neurofilament
[52–54]. Third, the beaded-chain filaments of eye lens
fiber cells, composed of two unusually structured IF

proteins, phakinin (CP49) and filensin, probably assem-
ble in a similar way to neurofilaments. More specifi-
cally, these filaments may consist of a ‘core filament’
made from four phakinin tetramers per cross-section,
which further associates with four heterotetramers
made from phakinin/filensin heterodimers (fig. 10D)
[55–57]. Although this molecular architecture, pro-
posed for the beaded chain filaments (fig. 10D), may
also hold true for other IF proteins (such as the neurofi-
lament triplet proteins, nestin, synemin, and parane-
min), the exact in vivo assembly pathway (which may
also pertain to vimentin, desmin, or other IF proteins)
remains elusive [58–60].

Some of the molecular features leading to IF

polymorphism

Parry and Steinert [8] pointed out that four types of IF
proteins can be discerned with regard to their ‘near-ax-
ial periodicity.’ Epidermal (‘soft’) cytokeratins exhibit
values of 22.7 nm, which are significantly different from
hair (‘hard’) �-keratins with an axial repeat of 23.5 nm.
Vimentin (and possibly the other type III and IV IF
proteins) exhibit 21.3-nm repeats. Nuclear lamins and
invertebrate cytoplasmic IF proteins (that share a 42-
amino-acid insertion in coil 1B) exhibit an axial repeat
pattern of 24–25 nm. These distinct structural parame-
ters imply unique assembly characteristics of these
proteins, preventing significant co-polymerization of
members from these four different groups. Ultimately,
these distinct molecular properties may determine how

Figure 9. Histograms of MPL measurements of recombinant desmin IFs compared to recombinant vimentin IFs (A), and chicken
gizzard desmin IFs assembled under different conditions (B). Abscissa, MPL (kDa/nm); ordinate, number of filament segments
measured. (A) Vimentin (yellow) and desmin (red) IFs were formed in the kinetic mode (i.e., addition of buffered salt solution) at 37 °C
for 1 h. (B) Chicken gizzard desmin IFs were either assembled in the kinetic mode at 37 °C for 1 h (blue) or by overnight dialysis into
a buffer containing MgCl2 at 4 °C (green).
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Figure 10. Different models of IF subunit arrangements. The models are highly schematic. Individual protofilaments and protofibrils
are helicoidally twisted. Bar, 5 nm. (A) This model favors a tube with radial symmetry made from eight individual protofilaments (green
cylinders), each consisting of longitudinally interacting tetrameric complexes of individual �-helices (blue tubes) [redrawn from ref. 38].
As indicated in the model, this type of subunit arrangement would yield a pronounced hollow core. (B) The main building blocks
according to this model [redrawn from ref. 42] are the octameric protofibrils (yellow cylinders), each consisting of two tetrameric
protofilaments (green cylinders). The protofibrils are assumed to be ca 4.5 nm in diameter. It is hard to reconcile how eight �-helical
molecules (blue tubes), each with an approximate diameter of 1 nm, could fit in the depicted orientation into a 4.5-nm protofibril. (C)
The basic subunit of an IF, the antiparallel tetramer is shown as a ‘closest’-packed unit, with dark- and light-blue cross-sections
indicating �-helices packaged in a coiled coil by hydrophobic forces (yellow bars). Eight such tetrameric subunits are packed together
as closely and as symmetrically as possible [see ref. 9], thereby generating a minimal-size hollow core. In this model, we try to keep
individual subunits to scale, thereby approximating a 10-nm filament built from 2-nm dimeric coiled coils and 2.8-nm-diameter
tetramers. The coil 1 segments of one of the coiled coils (in the front) is schematically drawn with a helical pitch of 14 nm and the
interruption through linker L1 (red loops between the helically twisted tubes). The red structures at the top (shown for one dimer)
represent the non-helical amino-terminal (‘head’) domains which may be distinctively structured, because of stacking of six aromatic
side chains [see ref. 10]. (D) Model for a beaded-chain IF consisting of two different IF proteins: phakinin (red) and filensin (green) in
a proportion of 3:1. The exact arrangement of the heteropolymeric complexes (yellow tubes) is not known. However, the long
non-�-helical C-terminal ‘tail’ domains of filensin probably stick out of the filament [redrawn from ref. 55].

many tetramers can preferentially aggregate laterally
into a filament, thus explaining why IF proteins of
individual sequence homology classes contain different
numbers of molecules per filament cross-section and,
consequently, yield different MPL values [34]. Remark-
ably, the largest differences with respect to their MPLs
have been observed comparing desmin and vimentin,
two type III sequence homology class members with
high sequence identity [34]. In contrast, while vimentins
from different species (such as human and frog) exhibit

similar values of overall sequence identity [as do human
vimentin and human desmin, i.e., around 72%; see ref.
33], they reveal very similar MPL values [20]. Hence,
some rather subtle sequence motifs, characteristic for a
particular IF protein type (see fig. 7), must ultimately be
responsible for these relatively large differences in MPL.
The importance of such IF protein type-specific se-
quence motifs is exemplified by the cytoplasmic IF
proteins of invertebrates. As mentioned above, they
possess (like nuclear lamins) a 42-amino-acid insertion
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in coil 1B, and yet exhibit a different mode of filament
assembly. They form tetramers rather than dimers as in
the case of nuclear lamins. They first associate head-to-
tail before significant lateral association occurs, to yield
mature IFs appearing similar to vertebrate IFs [61].
Their MPL values are in the range of vertebrate IFs, as
determined for Ascaris proteins (high and low) which
exhibit a major MPL value of 37 kDa/nm, with addi-
tional peaks at 59, 77, and 94 kDa/nm. More subtle
functional assays may eventually provide information
on how similar they are to vertebrate IF proteins.

The dilemma of missing quantitative data

To achieve a model of the IF in which every dimeric
coil 1 domain is adjacent to a dimeric coil 2 domain [as
detected from cross-linking experiments; see ref. 8],
three types of tetramer, A11, A12, and A22 (see fig. 11),

would have to associate with each other via coil 1/coil 2
interactions. For efficient ULF formation, appropriate
amounts of all three types of tetramer should be
present. However, analysis of soluble vimentin
oligomers by analytical ultracentrifugation has revealed
that octameric species are also present, although it is
not known how they are formed or how many different
types exist (fig. 11) [9, 20]. In principle, two types of
tetramer interaction to generate an octameric complex
are conceivable and compatible with the structural IF
model proposed by Fraser et al. [62]: (i) a tetramer of
the A11 type may associate with one of the A22 type, via
interaction of a coil 1 dimer with the corresponding coil
2 dimer (fig. 11; A11/A22); (ii) two tetramers of the A12

type may interact via a coil 1 dimer in an antiparallel,
half-staggered fashion (fig. 11; A12/A12). Whether any of
these octameric complexes represent the active species
for productive assembly is not known. We also do not

Figure 11. Schematic representation of tetramers (left panel) and octamers (right panel). The A11 tetramer represents an antiparallel,
approximately half-staggered complex of two coiled-coil dimers interacting through their coil 1 domains (light-blue boxes), the A22

tetramers are the corresponding complex generated by interaction of their coil 2 domains (dark-blue boxes). An antiparallel,
unstaggered interaction of two dimers would result in the A12 teramer. The A11 and A22, and A12 tetramers have been calculated to
measure approximately 65 nm and 43 nm, respectively [8]. The hypothetical interaction of an A11-type with an A22-type tetramer
through their coil 1 and coil 2 domains would generate an octamer of 65 nm (A11/A22). Correspondingly, the interaction of two A12

tetramers through their coil 1 domains could also generate an octameric complex (A12/A12) of 65 nm [compare with Fig. 3.17, p. 93,
in ref. 8]. Note that four oligomers of both the (A11/A22) and the (A12/A12) type could laterally aggregate to form an ULF of identical
molecular composition and would therefore be able to longitudinally fuse with one another. The non-helical amino-terminal domains
(‘heads’) are indicated by arrows. Since the mode of their interaction with the �-helical rod domains is not known, we have arbitrarily
indicated potential binding regions on coil 1 and coil 2. However, since headless vimentins and cytokeratins form dimers but not
tetramers [20, 45], the head domains are likely to be engaged in tetramer formation. Therefore, it is hard to reconcile how the A22

tetramers could form, since their head domains are rather distantly located from the interacting coil 2 domains. The visualization of
tetramers/octamers by glycerol spraying/rotary-metal-shadowing electron microscopy establishes the existence of extended rodlike
particles of 45 and 65 nm in length [20].
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know the relative amounts of the different tetramer
species present, nor the dynamics of conversion from
one type to another. In principle, the A12 tetramer could
be the active species, so that two of them would associ-
ate to form an approximately half-staggered antiparallel
octamer (fig. 11; A12/A12), and four of these octamers
could join laterally to yield the ULF [9]. ‘Tetramer
switching’ of the A11 and the A22 species [4] could
replenish the A12 tetramer as it is consumed for octamer
formation. Collision-type interactions between te-
tramers have been excluded, based on cross-linking
experiments of various engineered vimentins (fig. 7)
[63]. Therefore, conversion of an A11 tetramer into an
A12 tetramer, for example, has to be the result of a
rearrangement within a tetramer [4].
The situation becomes even more complex when data
obtained by transient electric birefringence measure-
ments are considered. Employing this method, Kooij-
man and colleagues [64] found that vimentin (in 5 mM
Tris-HCl, pH 8.5) occurs as a heterodisperse mixture of
particles of different size, revealing two decay processes.
At pH 6.8, three components were observed. Thus,
these authors conclude that considerable amounts of
hexamers [compare with ref. 50], were present side by
side with antiparallel staggered tetramers and octamers.
In addition, they postulated the existence of dimers,
which have never been encountered under these buffer
conditions in any significant amount by analytical ultra-
centrifugation [20]. The types of intermediates formed
when assembly is initiated with such a heterogeneous
mixture of soluble oligomers may increase significantly
and give rise to the MPL polymorphism, observed even
along one and the same filament (fig. 9) [20]. Similarly,
Steinert [50 and references therein] followed the occur-
rence of increasingly complex oligomers with cytoker-
atins 1 and 10 in a buffer system that yields a low
assembly rate, so that little polymer is detected within
the first 12 min after initiation of assembly. This is in
marked contrast to the behavior of cytokeratins 8 and
18, which by 5 min of assembly reached nearly maximal
values of viscosity, indicating that long filaments had
formed by that time [65]. Moreover, the assembly of
cytokeratin 8 with different acidic partners (i.e., CK13,
18, 19, or 20) revealed that at 5 mM Tris-HCl, CK20
was by far the best assembly partner for CK8. In
addition, the four different pairs of CKs generated IFs
that looked quite different by electron microscopy of
negatively stained samples [65]. Hence, one may specu-
late that the subunit number per cross-section of CK8/
13, CK8/19 and CK8/20 appears to be significantly
different from that of CK8/18 IFs.
One reason for the observed differences with the data
obtained for CK1/10 IFs might result from the fact that
Steinert [50] used protein isolated from murine epider-
mis, which may have been posttranslationally modified

in this terminally differentiated tissue, in such a way
that the dynamics of assembly or even the subunit
composition were affected. Similarly, bovine lens vi-
mentin, which is stably deposited in a highly ordered
state in the terminally differentiated lens fiber cells [57],
assembles much more slowly than bacterially expressed
human vimentin, although both vimentins have nearly
identical amino acid sequences, suggesting some type of
posttranslational modification modulating assembly [31,
66, 67]. In analogy to the different assembly behavior of
vimentin and desmin [34], it is also conceivable that
different cytokeratin pairs form significantly different
types of IFs, since their amino acid sequences are much
less conserved than those of desmin and vimentin. This
is especially true when a pair such as CK8/18 and
CK1/10 are compared (e.g., the rod of human CK1 and
8 is 64.1%, that of CK10 and 18 only 51.1%, and that of
desmin and vimentin 73.5% identical). Moreover, as
shown for vimentin, the assembly regimen and the
physiological parameters employed are of critical im-
portance to the structure and MPL distribution of the
growing IFs. This will probably also hold true for most
other IF proteins [20, 67].

Conclusions and perspectives

Polymorphism of distinct biological assemblies may, at
first glance, irritate structural biophysicists [8]. How-
ever, this is not a new scenario. The emergence of
distinct types of filaments from one seemingly identical
kind of molecule has previously been observed with
both actin filaments [68] and with microtubules [69 and
references therein]. Rather, the ability of a particular
filament protein to form distinct supramolecular assem-
blies may be of physiological significance. The fine-
tuned response of an IF protein (such as vimentin) to
temperature and its interaction with heat shock proteins
[31, 70] points to a potentially important functional
property acquired during evolution [71].
Recent studies on skin diseases have clearly demon-
strated that single amino acid changes in specific IF
proteins have direct clinical sequelae, as in the case of
the various forms of epidermolysis bullosa simplex or
epidermolytic hyperkeratosis [42]. Thus, it is beyond
doubt that cytokeratin-type IFs have a distinct function
with regard to the mechanical integrity of cells. More-
over, the large variety of cytokeratin proteins found
supports the notion that a single type of IF protein
cannot satisfy the needs of various tissues. Indeed, new
cytokeratins are still being identified, sometimes leading
to the elucidation of new types of cells that were not
previously distinguished from neighboring cells [see ref.
72 for a novel human type II cytokeratin, K6hf, in the
companion layer of the hair follicle]. Furthermore, the
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role of CK16 in wound repair is far from being under-
stood. It is not even known if more than one CK16 gene
is present in humans [73, 74].
An even more dramatic impact on tissue architecture
has been described in the case of IF protein gene
inactivation, such as the muscle-specific IF protein
desmin. The absence of this hallmark cytoskeletal
protein within the sarcomere is fatal for homozygous
transgenic animals, due to serious deteriorations in the
structure of the beating heart myoblasts [75]. In addi-
tion, recent analyses of ‘knockout’ mice (negative for
the simple epithelial-type cytokeratins CK8 and 18)
demonstrate phenotypes which go beyond mere struc-
tural defects. For example, the hepatocytes of such mice
degenerate severely upon aging, exhibiting necrotic foci,
hepatomegaly, and massive tissue infiltration of red
blood cells [76]. Moreover, the exchange of a phospho-
acceptor serine for an alanine in the non-helical head
domain of cytokeratin 18 in transgenic mice renders
these animals extremely sensitive to hepatotoxins [77].
Although neither the filament organization nor the abil-
ity of their livers to regenerate after partial hepatectomy
is affected by the co-expression of the mutated cytoker-
atin, cellular physiology is apparently influenced in a
dramatic way. Hence, IF proteins may be of importance
for cellular homeostasis combating cellular stress
events, such as those encountered during viral infec-
tions, apoptosis, and challenges by toxins.
Obviously, mechanical stress is only one type of insult
with which eukaryotic cells and tissues must cope.
Hence, it is an attractive possibility that during the
evolution of a specific animal species, various IF
proteins have acquired distinct functions within the
particular tissue in which they are expressed. Indeed,
some of these specific functions may not be related
exclusively to the filamentous appearance of IF proteins
but may be related to alternative structures that might
be adopted under certain physiological conditions.
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