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Abstract: Intermediate filaments (IFs) are integral components of the cytoskeleton which provide
cells with tissue-specific mechanical properties and are involved in a plethora of cellular processes.
Unfortunately, due to their intricate architecture, the 3D structure of the complete molecule of IFs has
remained unresolved. Even though most of the rod domain structure has been revealed by means of
crystallographic analyses, the flanked head and tail domains are still mostly unknown. Only recently
have studies shed light on head or tail domains of IFs, revealing certainsecondary structures and
conformational changes during IF assembly. Thus, a deeper understanding of their structure could
provide insights into their function.
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1. Introduction

Throughout evolution, living cells have developed the cytoskeleton, a mechanical
network providing both stability and dynamics. Cytoskeletal filaments are represented by
microtubules (MTs), intermediate filaments (IFs), and microfilaments (MFs). In metazoans,
IF proteins are encoded by large gene families and even though they exhibit different pri-
mary structure and biochemical properties, they all share a common structural framework
while maintaining their tissue specificity [1]. About 70 genes have been found and have
been sequenced in humans which translate to different types of IF proteins (Figure 1), as
well as their orthologs in various species [2–4]. Cytoplasmic IF genes were first identified in
vertebrate genomes, while the nuclear IFs, which are called lamins, are universally present
in metazoans. Lately, IF-like genes have also been identified in invertebrate genomes [5,6].
It is thought that the archetypical cytoplasmic IF protein arose in eukaryotic evolution from
a mutated lamin gene which lost two signal sequences related to lamin functionality (the
nuclear localization signal and the CaaX box) [7]. Interestingly, lamin evolution has impor-
tant implications with regard to the evolution of the nuclear envelope [8]. The remarkable
adaptability of the IF structure makes these proteins powerful building blocks involved in
the development of new cellular shapes and functions.

IF proteins exhibit a common tripartite structure which consists of a central α-helical
rod domain, surrounded by the variable non-helical and low-complexity head and tail
domains (Figure 1). The characteristic central α-helical rod domain is a signature of all IF
proteins and contains the subregions and linkers coil1A, L1, coil1B, L12, and coil2 in line.
The basic unit during the assembly of IFs seems to be the dimer, as single molecules tend
to dimerize and create an α-helical coiled coil (CC) by their rod domains [9,10]. IFs have
unique properties such as a lack of polarity, high flexibility, and extensibility, in contrast
to the much more stiff and fragile MTs and MFs [11–13]. However, this specific structure
of intermediate filaments makes their isolation and crystallization challenging, explaining
the limited structural data. Thus, the crystallization of a full IF monomer or dimer has
not been achieved yet. Nevertheless, the conserved rod domain is described in various
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intermediate filaments by means of (X-ray) crystallography [14–16]. It has been shown that
the coil2 region of vimentin, a typical type III cytoplasmic IF protein, is continuously helical
without the interconnection of linker L2 [17], as was previously thought. Moreover, linker
L1 was found to be helical too, but without being involved in the coiled-coil formation [14].
Likewise, unlike previous predictions, the linker L12 in lamins also seems to be helical [16].

In the present study, we describe the known and current findings on structural data of
the less studied head and tail domains of IF proteins, the significance of those domains in
assembly process, and eventually their role in IF function.
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Figure 1. Intermediate filament proteins have been classified into six distinct types based on sequence
identity and tissue distribution [10,18,19]. Assembly groups are separated by different kinds of
polymerization. All intermediate filament proteins have a characteristic tripartite structure, consisting
of a highly α-helical central rod domain that is flanked by non-α-helical head and tail domains. The
linker L12 acts as a flexible hinge. The rod domain consists of the heptad repeats that are the signature
of α-helical proteins. The structure and length of the central rod domain are highly conserved in
vertebrates, except from the nuclear lamins, which contain six extra heptads in the 1B segment, and
thus coil1B is larger in lamins than the other IFs. A four-residue insertion in segment 2B produces
a discontinuous heptad-repeat pattern (“stutter”) which is highly conserved in all IF proteins. The
variability of intermediate-filament proteins lies in the length and sequence of the head and tail
domains (for example, the short head and long tail domains of nestin [20] or the tailless phakinin [21]
or keratin19 [22]), that are thought to be involved in regulating the interactions between intermediate
filaments and other proteins.

1.1. The Role of Head and Tail Domains in IF Assembly

The main role of the head domain of IF proteins seems to be structural, as it is mainly
important for the correct composition and organization of the final form of the intermediate
filaments. While the N-terminal head domains seem to control IF assembly and stabilization,
the tails are thought to regulate the lateral packing and stabilization of higher order filament
structure [1]. Assembly varies among different types of intermediate filament proteins;
type I acidic keratins and type II basic keratins assemble only in heterodimers, while
type III and IV IFs assemble both in homodimers and heterodimers (Figure 1). On the
other hand, type V lamins start the assembly process with head-to-tail interactions and
they do not co-polymerize with other types of IF proteins. Lastly, type VI IFs assemble
in hetero-polymer IFs to uniquely form the lens-specific “beaded-chain filaments” which
consist of filensin/phakinin hetero-oligomers [23]. In general terms, the cytoplasmic IFs
initially assemble in parallel dimers and then in anti-parallel tetramers. Next, the tetramers
interact laterally to form protofilaments (or unit-length filaments, ULFs) which anneal
longitudinally, before the final maturation phase that involves radial compaction—as
originally proposed by Herrmann and Aebi in 1998 [3]. However, the keratin IF formation
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progress is different. They assemble very rapidly into polymers, and their lateral association
and longitudinal annealing occur almost simultaneously [24].

The existence of the head domain is important even from the first steps of assembly
and especially at the stage of tetramers in type III IFs [25,26]. Notably, an in vitro study
revealed that in the dimer formation of vimentin, the head domain folds back and interacts
with coil1A [27]. This interaction is very significant since when it is hindered, the formation
of intermediate filaments is disrupted [28] or aggregates are observed [29]. Interestingly,
the interacting amino acid G17 from vimentin’s head domain [27] resides in the extremely
preserved nonapeptide motif “SSYRRTFGG” (Figure 2), which has been shown to be
necessary for the assembly of IFs [30,31]. Another motif, albeit less conserved, is located
at the end of the head domain of type III intermediate filaments and type IV α-internexin
protein (Figure 2). Recent data support that during vimentin’s assembly, the head domain
interacts in intra-dimeric and inter-dimeric ways to form tetramers [32]. Afterwards, at the
elongation phase, the ULFs are joined longitudinally through head-to-tail interplay [3,33],
similarly to lamin filament formation where the head-to-tail interaction happens first [34].
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Human_DESMIN       QRVSSYRRTFGGAPGFPLGSPLSSPVFP-RAGF--GSKG-SSSSVTSRVYQ----VSRTS GGAGGLGSLRASRLGTTRTPS-----SYGAGELLDFSLADAVN---QEFLTTRT 98 
Opossum_DESMIN     QRVSSYRRTFGGGPSFSLGSPLGSPSLS-RAAF--GSKG-SSSSVSSRVYQ----VSRTS GGAGGLGSFRSSRVGFPRAAAS---SSYGAGELLDFNLADAVN---QEFLTTRT100 
Chicken_DESMIN     QRVSSYRRTFGGG---------TSPVFP-RASF--GSRG-SGSSVTSRVYQ----VSRTS -AVPTLSTFRTTRVTPLRTYGS---AYQGAGELLDFSLADAMN---QEFLQTRT 90 
Frog_DESMIN        QRASSYRRTFGGG--       -SPSFSTRSSF--GSKGASSSSVSSRVYQ----VSRST -AAPSLSSFRATRVAPVRSS-------YGA-DVLDFSLADAMN---QEFLQTRT 86 
ZebrafishDESMIN    ESASSYRRTFGSG--------LGSSIFAGHGSS--GSSG--SSRLTSRVYE----VTKSS -ASPHFSSHRASGSFGGGSVVR---SYAGLGEKLDFNLADAIN---QDFLNTRT 91 
Shark_DESMIN       ASSSSYRRTFGGN-------LMGSPQMS-RASYSGGRFGGGGSNLSSRLL-----ISKSS -ALPSYSSYRSK--VPSRGY-----------EVVDFNIADALN---QEFVQTR- 83 
     Motif 1          Motif 2 
 
Human_Vimentin     VSSSSYRRMFGGP---------GTASRPSSSRSYVTTSTRT-YSLGSALRP---STSRSL YASSPGGVYATRSSAVRLRSS--VPGVRLLQDSVDFSLADAIN---TEFKNTRT 96 
Marmo_Vimentin     VSSSSYRRMFGGP---------GTASRPSSSRSYVTTSTRT-YSLGSALRP---STSRSL YASSPGGVYATRSSAVRLRSS--VPGVRLLQDSVDFSLADAIN---TEFKNTRT 96 
Mouse_Vimentin     VSSSSYRRMFGGS---------GTSSRPSSNRSYVTTSTRT-YSLGSALRP---STSRSL YSSSPGGAYVTRSSAVRLRSS--VPGVRLLQDSVDFSLADAIN---TEFKNTRT 96 
Oposs_Vimentin     VSSSSYRRMFGGS---------STGGRPSASRSYVTSTTR--YSLGSAIRP---STTRSV YSSSPGAVYATRSSAARLRSSAPIPGVRLLQDSVDFSLADAIN---TEFKNTRT 97 
Chick_Vimentin     SKNSSYRRMFGG------------GSRPSSGTRYITSSTR--YSLGSALRP---SSARYV SAS-PGGVYATKATSVRLRSS--MPPMR-MHDAVDFTLADAIN---TEFKANRT 90 
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Figure 2. (A). Multiple sequence alignment of the head domain of type III intermediate filament
proteins (desmin, vimentin, peripherin, and glial fibrillary acidic protein) and type IV α-internexin
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from different species. (B). The alignment indicates two highly conserved regions, motif-1 and motif-2,
in the head domain at the beginning and at the end, respectively, with the exception of GFAP which
lacks motif-1 but preserves another motif with similar characteristics [35]. The alignment of sequences
was performed with MUSCLE (multiple sequence comparison by log-expectation) [36] and visualized
with Jalview [37]. The optimization of the alignment was carried out with the computational program
MacClade [38]. Colors correspond to Jalview criteria.

More specifically, during the formation of the premature ULFs of the well-studied
vimentin, octamers seem to interact laterally through the tail domains and centrally through
interactions of the head domains, where coil 2 dimers shape the outer vimentin IF surface,
whereas coil 1A–1B dimers predominantly coat the inner surface of the filaments [39]. In
this way, vimentin IFs incorporate the low-complexity amino terminus domains within
a highly structured helical structure, thereby creating an additional level of structural
complexity and filament assembly that relies on transient molecular interactions [39]. The
connection of the flexible terminal domains enhances the construction of a high-strength
and -elasticity biopolymer [39,40]. Nevertheless, vimentin filaments that polymerize within
the cell appear to exhibit polymorphisms in conformation. Indeed, two configurations of
vimentin filaments have been described, with the main difference being the existence or
lack of an internal amyloid-like fiber inside the lumen of ULFs which is constituted through
the interaction of the head domains. However, the researchers point out that somehow both
the head and tail domains of intermediate filaments remain accessible for modifications and
interactions [39,40]. The assembly process of intermediate filaments seems to be dynamic
and requires numerous interactions in a very coordinative and hierarchical manner, where
the low-complexity regions are equally necessary.

On the other hand, type I and II keratin molecules intertwine in parallel, forming
heterodimers. The model of keratin K1/K10 dimer is formed in a similar way to vimentin
as the head domain folds back and interacts with the rod domain, forming a globular
structure [41]. The head domain is also involved in the next stages of keratin filament
formation [24]. Among type IV IFs, nestin is incapable of forming homopolymers because
of its particularly short head domain, and thus it usually co-assembles with other type III
or IV cytoplasmic IFs [42]. Moreover, the α-internexin head domain is significant in self-
assembly and co-assembly with neurofilament proteins [43]. The head domains of nuclear
lamins are relatively short compared to the head domains of cytoplasmic IF proteins, but
they are equally important [44,45]. An in vitro analysis has shown that the last twenty
residues of the head domain of lamin A are essential for the construction of the head-to-tail
polymers [45]. In addition, deletion mutations in the C-terminal CaaX domain of lamin B1
and deletion mutations in either the head or CaaX domain of lamin A form intranuclear
aggregates and disrupt the endogenous lamins A/C without affecting lamins B1/B2 [46].
The head-to-tail association involves an “overlap” of the highly conserved rod domain,
and interactions with the head domain are vital for dimer formation, probably through
electrostatic interactions [16,47]. Finally, in the exceptional case of type VI IFs, it seems that
the tail domain of filensin is necessary for beaded filament formation with the naturally
tailless phakinin [48,49], while the partial truncation of the N-terminal domain of filensin
does not affect filament formation [49].

1.2. Structural Data

A unique feature of vimentin and sequence-relative IF proteins (such as desmin and
neurofilaments) is that they preserve a small pre-coil domain (pcd) in the head domain that
mainly contains amino acids with a high probability for α-helix formation, but without this
structure having been determined. This motif is absent from keratins and lamins [1,50].
Depending on the stage of the IF assembly, the pcd interacts with the rod domain through
electrostatic forces, like H-bonds. Through these transient interactions, the head domain
may play an essential role in preventing off-pathway interactions and guiding the tetramers
to the productive oligomerization pathway [51]. Recent research reinforces the assumption
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that the head domain must exhibit some kind of structural order, where the isolated amino-
terminal head domains form an unstable cross β-strand secondary structure that promotes
self-association and facilitates the assembly of desmin and NFL (neurofilament-light), as
was shown using solid-state NMR (ss-NMR) spectroscopic studies [52,53]. Mutations in
phosphosites of desmin and NFL increase the self-association of the head domains, resulting
in the formation of immature polymers, a disrupted network of IFs, and the formation of
aggregates [52]. On the other hand, some IFs, particularly keratins and nuclear lamins,
have glycine-rich repeating peptides in the head and tail domains that form a “glycine
loop” structural motif [54]. Especially in keratins, a subdivision of the head domain has
been proposed which includes three subdomains: subdomain E1; a variable glycine-rich
subdomain, V1; and a region of sequence homology close to the rod domain, H1. In a
similar way, the corresponding subdomains of the tail domain are E2, V2, and H2. One
modeling analysis of keratins K1/K10 in octamer assembly proposed an aromatic zipper
mechanism that brings together two tetramers forming a tetrameric terminal domain
complex through the interaction of glycine loop regions of head and tail domains [55].
Furthermore, it is known that the conserved H1 subdomain of the head domain of type
II keratin 1 is indispensable in the early stages of keratin K1/K10 intermediate filament
formation [56].

Nevertheless, the only crystal structure of the low-complexity regions in IFs is derived
from the lamin tail domain and indicates that the lamin-specific motifs of Ig-like fold motifs
interact with each other in dimer formation and create a continuous β-fold sheet struc-
ture [57], which indicates some kind of secondary structure during the process of assembly.
Another piece of information about the complex interaction of the tail domains in filaments
comes from type IV neurofilaments and α-internexin long tails, which have recently been
investigated using small-angle X-ray scattering experiments, yielding a concept that the
protruding tails conform in a “bottle brush” network [58]. Additionally, a study based on
the electron paramagnetic resonance (EPR) analysis of vimentin tail domain revealed some
structural order like the formation of a β-hairpin structure and conformational change
during filament elongation and final assembly process [59]. Moreover, an in silico analysis
of desmin’s head domain has predicted a 3D model which consists of both α helical motifs
and β sheets, which contradicts a previous theory that assumed that the head domain
is unstructured and of a low level of complexity [60]. In support of these predictions, a
previous infrared spectroscopy study showed that a major part of the head domain of
desmin consists of β-sheet formations [61].

1.3. Interactions

Under the assumption that both the head and tail domains protrude from mature
intermediate filaments, they appear to interact with other proteins or organelles. For
example, desmin’s head domain interacts with myospryn [62], and thus it is connected
to lysosome function as myospryn binds to dysbindin, a component of the biogenesis
of lysosome-related organelles complex 1 (BLOC-1), which regulates protein trafficking
and organelle biogenesis [63,64]. Recently, it was shown that desmin’s head domain is
necessary for interactions with the lysosomal protein saposin D and the mitochondrial
protein NDUFS2 (NADH ubiquinone oxidoreductase core subunit S2) [60], a core subunit
of complex I, and therefore plays a significant role in mitochondrial function. At the
same time, it has been shown that desmin can also bind directly to mitochondria in vitro
through the head domain [65]. These observations are in line with a report suggesting
that the N-terminal domain of vimentin, another type III IF protein like desmin, is not
only responsible for interaction with mitochondria but it also regulates the mitochondrial
membrane potential [66].

The cytoskeletal network of intermediate filaments is essential for tissue integrity,
and plakin proteins contribute to the formation of cell–cell and cell–matrix junctions and
connections to organelles such as mitochondria and nuclei by linking intermediate fil-
aments, actin microfilaments, and microtubules. Initially, it was shown that the head
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domain of most type II keratins interacts with desmoplakin [67,68], but a recent study
indicated that coil1 from IFs I-III is necessary for the interaction [69]. However, it should
be emphasized that desmoplakin binds more strongly to full-length IF proteins [69], and
as the head domain is important for the proper assembly of intermediate filaments, it
could also be considered significant and maybe act synergistically with the desmoplakin
binding. Another plakin family protein, plectin, interacts with desmin’s and vimentin’s rod
domains [70]. Plectin also binds to keratin K5/K14 rod domains and the polymerization
of keratin filaments significantly enhances the binding [71], noting again the importance
of the assembly process. Although the associations between IFs and plakin proteins are
strong, there are regulatory mechanisms that temporarily modulate those interactions. In
fact, posttranslational modifications (PTMs), such as phosphorylation events, control the
assembly stage of IFs and thus control the interactions between different proteins affecting
IF function in processes such as cell migration, cell mitosis, and stress responses [72]. Fur-
thermore, the head domain acts as a recipient of multiple post-translational modifications
regulating the dynamic assembly–disassembly process of the IF network and contributes
to maintaining the structural and functional integrity of IFs [72–75]. Important interactions
between IFs and other cellular components and structures are catalyzed through PTMs [76].
In addition, a plethora of mutations in intermediate filament genes, that affect PTMs, some
of which are located in the head domain (as is the case with desmin [19]), are related to
different diseases [74,76].

Meanwhile, the border region between the head and 1A domain can be a genetic hot
spot, carrying pathogenic mutations in different IF-encoding genes like KRT5, GFAP, or
LMNA, encoding, respectively, keratin 5, glial fibrillary acidic protein, and lamin A/C [77–79].
Interestingly, DES mutations are differently associated with desminopathies, depending
on the domain they affect, as mutations in the head or tail domain of desmin are mostly
identified in patients with isolated cardiological signs, while mutations in the rod 2B
domain affect both the skeletal and cardiac muscle of patients, according to a phenotype–
genotype correlation meta-analysis [80]. IFs also seem to play a pivotal role in signaling
pathways [81], especially through the binding interactions of signaling components to both
the head and tail domains of IF proteins [18,74,82]. For example, cdk5 activity is regulated
by the scaffolding of cdk5/p35 onto nestin through tail domain interactions [83].

Remarkably, IF proteins and especially type I-IV IF proteins seem to bind to nucleic
acids through their N-terminal domains and thus maybe participate in the regulation of
genomic events [84]. These studies referred to the cytokeratins K8, K18, and K19 from
type I and II; the proteins desmin, glial fibrillary acidic protein (GFAP), peripherin, and
vimentin from type III; and the neurofilament protein L (NFL) from type IV. Also, the
interactions show some similarities, i.e., all of the head domains were found to possess both
a majority of arginine residues and multiple aromatic residues which can be crosslinked
to an oligonucleotide [84]. In vivo, there is a pathological condition where the disruption
of the vimentin IF network, followed by the activity of the HIV-1 protease, results in the
entry of free vimentin head domain peptides into the nucleus and the perturbation of the
organization of nuclear chromatin [85]. Regarding type V of IFs, the tail domain of lamin
A/C, and especially the Ig-like fold region, interacts and forms a ternary complex with
emerin, a protein of the inner nuclear membrane, and with BAF (Barrier-to-Autointegration
Factor), a chromatin-associated protein, according to a 3D-structure scope [86]. Mutations
in this region of lamin A/C are linked to muscle diseases [87]. On the other hand, an
in vitro study shows that the head and coil1 domains of lamin B1 are necessary for the
interaction with p53-binding protein (53BP1), which plays a pivotal role in genome repair
and stability [88].

1.4. Low-Complexity Regions

Intermediate filament proteins have been shown to have low-complexity regions
(LCRs) in their head and tail domains. This is not a unique feature, as over 20% of eukary-
otic proteomes include polypeptide sequences that are of low complexity [89]. The majority
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of proteins carrying LCRs include the RNA- and DNA-binding proteins related to gene
regulation [90]. LCRs seem to be significant even in prokaryotes since they have various
functional roles and are highly conserved [91]. The basic consideration about LCRs is that
they can undergo phase separation out of aqueous solutions to form either liquid-like
droplets (LLDs) or amyloid-like reversible polymers upon in vitro incubation [92,93]. Espe-
cially in the case of RNA-binding protein hnRNPA1, the LCRs are sufficient to drive stress
granule assembly, leading to pathological fibrillization [94]. Nevertheless, the process of
phase separation in cellular processes as the biogenesis of membraneless cellular compart-
ments should be viewed with skepticism [95]. Studies of isolated desmin and NFL head
domains revealed that they are capable of shelf-interaction and they could form labile β-
strand–enriched amyloid-like polymers under phase separation [52]. In Drosophila, the tail
domain of the atypical tropomyosin Tm1-I/C, which presents several of the intermediate
filament properties [96], forms labile and dynamic β-strand conformations (amyloid-like
polymers) during the process of assembly [97]. LCRs are capable of forming secondary
structures such as helixes and sheets [98], alongside the formation of toxic amyloids and
aggregation in diseases [99], as it has been shown for desmin and heart failure [100–102]
or keratin-8 and liver disease [103]. In addition, keratins are highly enriched in LARKS
(low-complexity aromatic rich kinked segments), a structural motif which exhibits a kinked
β-sheet structure where, upon polymerization, the aromatic residues interact in an intra-
and inter-sheet manner [104], as has been proposed in the model of K1/K10 keratin assem-
bly [55]. LARKS have been found in several proteins with LCRs [104].

Interestingly, atomic structures derived from microcrystallography studies of various
amyloid fibrils reveal stacked, identical layers of protein monomers that form β-sheets.
These β-sheet bilayers form a tightly interdigitating “steric zipper” [105]. The highly stable
bonds which grow likely contribute to the resistance of amyloid fibrils to disaggregation and
proteolytic degradation. In contrast to LARKS, amyloid fibrils are irreversible formations.

2. Discussion—Conclusions

Even though there is no crystallographic information specific to the head domain of
intermediate filaments, the data so far indicate that maybe they are constituted by structural
order, such as the pre-coil domain in several type III and IV IFs [1], or β-sheet formations in
desmin [61]. The head domain of desmin has been predicted to consist of α helical motifs
and β sheets [60]. On the other hand, the predictions about the octamer keratin K1/K10
assembly suggest the formation of an aromatic zipper mechanism that brings together two
tetramers through the interaction of glycine loop regions of the head and tail domains [55].
Moreover, the fact that even in early stages of assembly, like in dimer formation, the head
domains of vimentin or keratin fold back and interact with coil1A [27,41] emphasizes the
dynamic nature of the head domain. Additionally, the known structural data from the low-
complexity region of IF protein tail domains indicate the existence of a secondary structure.
Specifically, the lamin tail domain consists of an Ig-like fold motif and, in dimer formation,
those two motifs interact and create a continuous β-fold sheet structure, as is indicated in a
crystallization study [57], while based on EPR analysis, the vimentin tail domain has been
proposed to form a β-hairpin motif [59], derived from a conserved sequence motif among
type III IFs [106]. During dimerization, two such motifs interact to shape a continuous
β-sheet conformation [32,59]. Taken together, all of the above enhance the hypothesis of a
certain structural order, flexibility, and dynamic framework of the terminal domains of IFs.

The head domain is necessary for the proper assembly and interactions of IFs [1] with
other proteins or organelles. Phosphorylation, a common PTM, which regulate the dynamic
assembly–disassembly process [72], could also regulate these interactions. Interestingly,
some interactions seem to occur in a similar pattern, like in the case of desmin head domain
interactions with NDUFS2 and saposin D, as indicated by an in silico analysis [60]. More
specifically, the residues that contributed to both interactions through H-bonds are Arg16
and Ser32 [60]. R16 is included in the preserved motif “SSYRRTFGG” [31], and mutations
in this motif could cause serious defects as in the case of desmin gene mutations S13F and
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R16C, which are linked to cardiomyopathy and atrioventricular block [107,108]. Desmin
could also bind to desmoplakin and plectin by using a different binding region, referring to
the C-terminal and N-terminal of the rod domain, respectively, and the same applies to vi-
mentin [70,109]. This may provide insights into which intermediate filaments participate in
multiple and non-competitive molecular interactions with various cytolinkers to strengthen
their connections. It should be noted that interactions are stronger with full-length IFs. In
addition, most of the IF proteins interact with nucleic acids through their head domains and,
in this way, may affect nuclear chromatin [84]. Thus, for these fine-tuning and orchestrated
processes, some kind of structural order is necessary, in contrast to the tendency of β-sheet
conformations to form amyloid-like toxic aggregations [100–103], as it occurs in the LCRs
of other kind of proteins [99]. This flexibility feature may explain the wide functionality of
IF proteins in health and disease [76]. Therefore, a deeper understanding of the head and
tail domains’ dynamic structure could provide insights into IF protein functions.

Author Contributions: Conceptualization, M.M. and K.T.; visualization, K.T. and M.M.; writing—
original draft preparation, K.T. and M.M.; writing—review and editing K.T. and M.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request.

Acknowledgments: We would like to thank Mary Tsikitis and Rafailia Beta for editorial assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Herrmann, H.; Aebi, U. Intermediate Filaments: Molecular Structure, Assembly Mechanism, and Integration Into Functionally

Distinct Intracellular Scaffolds. Annu. Rev. Biochem. 2004, 73, 749–789. [CrossRef] [PubMed]
2. Conway, J.F.; Parry, D.A.D. Intermediate Filament Structure: 3. Analysis of Sequence Homologies. Int. J. Biol. Macromol. 1988, 10,

79–98. [CrossRef]
3. Herrmann, H.; Aebi, U. Intermediate Filament Assembly: Fibrillogenesis Is Driven by Decisive Dimer-Dimer Interactions. Curr.

Opin. Struct. Biol. 1998, 8, 177–185. [CrossRef]
4. Hesse, M.; Magin, T.M.; Weber, K. Genes for Intermediate Filament Proteins and the Draft Sequence of the Human Genome:

Novel Keratin Genes and a Surprisingly High Number of Pseudogenes Related to Keratin Genes 8 and 18. J. Cell Sci. 2001, 114,
2569–2575. [CrossRef] [PubMed]

5. Herrmann, H.; Aebi, U. Intermediate Filaments: Structure and Assembly. Cold Spring Harb. Perspect. Biol. 2016, 8, a018242.
[CrossRef] [PubMed]

6. Herrmann, H.; Strelkov, S.V. History and Phylogeny of Intermediate Filaments: Now in Insects. BMC Biol. 2011, 9, 16. [CrossRef]
7. Dodemont, H.; Riemer, D.; Weber, K. Structure of an Invertebrate Gene Encoding Cytoplasmic Intermediate Filament (IF) Proteins:

Implications for the Origin and the Diversification of IF Proteins. EMBO J. 1990, 9, 4083–4094. [CrossRef]
8. Kollmar, M. Polyphyly of Nuclear Lamin Genes Indicates an Early Eukaryotic Origin of the Metazoan-Type Intermediate Filament

Proteins. Sci. Rep. 2015, 5, 10652. [CrossRef]
9. Kreplak, L.; Aebi, U.; Herrmann, H. Molecular Mechanisms Underlying the Assembly of Intermediate Filaments. Exp. Cell Res.

2004, 301, 77–83. [CrossRef]
10. Strelkov, S.V.; Herrmann, H.; Aebi, U. Molecular Architecture of Intermediate Filaments. Bioessays 2003, 25, 243–251. [CrossRef]
11. Herrmann, H.; Bär, H.; Kreplak, L.; Strelkov, S.V.; Aebi, U. Intermediate Filaments: From Cell Architecture to Nanomechanics.

Nat. Rev. Mol. Cell Biol. 2007, 8, 562–573. [CrossRef] [PubMed]
12. Qin, Z.; Kreplak, L.; Buehler, M.J. Nanomechanical Properties of Vimentin Intermediate Filament Dimers. Nanotechnology 2009, 20,

425101. [CrossRef] [PubMed]
13. Kreplak, L.; Fudge, D. Biomechanical Properties of Intermediate Filaments: From Tissues to Single Filaments and Back. BioEssays

2007, 29, 26–35. [CrossRef] [PubMed]
14. Chernyatina, A.A.; Nicolet, S.; Aebi, U.; Herrmann, H.; Strelkov, S.V. Atomic Structure of the Vimentin Central α-Helical Domain

and Its Implications for Intermediate Filament Assembly. Proc. Natl. Acad. Sci. USA 2012, 109, 13620–13625. [CrossRef]
15. Eldirany, S.A.; Ho, M.; Hinbest, A.J.; Lomakin, I.B.; Bunick, C.G. Human Keratin 1/10-1B Tetramer Structures Reveal a Knob-

Pocket Mechanism in Intermediate Filament Assembly. EMBO J. 2019, 38, e100741. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev.biochem.73.011303.073823
https://www.ncbi.nlm.nih.gov/pubmed/15189158
https://doi.org/10.1016/0141-8130(88)90015-3
https://doi.org/10.1016/s0959-440x(98)80035-3
https://doi.org/10.1242/jcs.114.14.2569
https://www.ncbi.nlm.nih.gov/pubmed/11683385
https://doi.org/10.1101/cshperspect.a018242
https://www.ncbi.nlm.nih.gov/pubmed/27803112
https://doi.org/10.1186/1741-7007-9-16
https://doi.org/10.1002/j.1460-2075.1990.tb07630.x
https://doi.org/10.1038/srep10652
https://doi.org/10.1016/j.yexcr.2004.08.021
https://doi.org/10.1002/bies.10246
https://doi.org/10.1038/nrm2197
https://www.ncbi.nlm.nih.gov/pubmed/17551517
https://doi.org/10.1088/0957-4484/20/42/425101
https://www.ncbi.nlm.nih.gov/pubmed/19779230
https://doi.org/10.1002/bies.20514
https://www.ncbi.nlm.nih.gov/pubmed/17187357
https://doi.org/10.1073/pnas.1206836109
https://doi.org/10.15252/embj.2018100741
https://www.ncbi.nlm.nih.gov/pubmed/31036554


Genes 2024, 15, 633 9 of 12

16. Ahn, J.; Jo, I.; Kang, S.; Hong, S.; Kim, S.; Jeong, S.; Kim, Y.-H.; Park, B.-J.; Ha, N.-C. Structural Basis for Lamin Assembly at the
Molecular Level. Nat. Commun. 2019, 10, 3757. [CrossRef] [PubMed]

17. Nicolet, S.; Herrmann, H.; Aebi, U.; Strelkov, S.V. Atomic Structure of Vimentin Coil 2. J. Struct. Biol. 2010, 170, 369–376. [CrossRef]
18. Chang, L.; Goldman, R.D. Intermediate Filaments Mediate Cytoskeletal Crosstalk. Nat. Rev. Mol. Cell Biol. 2004, 5, 601–613.

[CrossRef]
19. Tsikitis, M.; Galata, Z.; Mavroidis, M.; Psarras, S.; Capetanaki, Y. Intermediate Filaments in Cardiomyopathy. Biophys. Rev. 2018,

10, 1007–1031. [CrossRef]
20. Lendahl, U.; Zimmerman, L.B.; McKay, R.D.G. CNS Stem Cells Express a New Class of Intermediate Filament Protein. Cell 1990,

60, 585–595. [CrossRef]
21. Merdes, A.; Gounari, F.; Georgatos, S.D. The 47-kD Lens-Specific Protein Phakinin Is a Tailless Intermediate Filament Protein and

an Assembly Partner of Filensin. J. Cell Biol. 1993, 123, 1507–1516. [CrossRef] [PubMed]
22. Bader, B.L.; Magin, T.M.; Hatzfeld, M.; Franke, W.W. Amino Acid Sequence and Gene Organization of Cytokeratin No. 19, an

Exceptional Tail-less Intermediate Filament Protein. EMBO J. 1986, 5, 1865–1875. [CrossRef] [PubMed]
23. Goulielmos, G.; Gounari, F.; Remington, S.; Müller, S.; Häner, M.; Aebi, U.; Georgatos, S.D. Filensin and Phakinin form a Novel

Type of Beaded Intermediate Filaments and Coassemble de Novo in Cultured Cells. J. Cell Biol. 1996, 132, 643–655. [CrossRef]
[PubMed]

24. Herrmann, H.; Wedig, T.; Porter, R.M.; Lane, E.B.; Aebi, U. Characterization of Early Assembly Intermediates of Recombinant
Human Keratins. J. Struct. Biol. 2002, 137, 82–96. [CrossRef] [PubMed]

25. Herrmann, H.; Häner, M.; Brettel, M.; Müller, S.A.; Goldie, K.N.; Fedtke, B.; Lustig, A.; Franke, W.W.; Aebi, U. Structure and
Assembly Properties of the Intermediate Filament Protein Vimentin: The Role of Its Head, Rod and Tail Domains. J. Mol. Biol.
1996, 264, 933–953. [CrossRef] [PubMed]

26. Sharma, S.; Mücke, N.; Katus, H.A.; Herrmann, H.; Bär, H. Disease Mutations in the “Head” Domain of the Extra-Sarcomeric
Protein Desmin Distinctly Alter Its Assembly and Network-Forming Properties. J. Mol. Med. 2009, 87, 1207–1219. [CrossRef]
[PubMed]

27. Aziz, A.; Hess, J.F.; Budamagunta, M.S.; Voss, J.C.; FitzGerald, P.G. Site-Directed Spin Labeling and Electron Paramagnetic
Resonance Determination of Vimentin Head Domain Structure*. J. Biol. Chem. 2010, 285, 15278–15285. [CrossRef] [PubMed]

28. Aziz, A.; Hess, J.F.; Budamagunta, M.S.; FitzGerald, P.G.; Voss, J.C. Head and Rod 1 Interactions in Vimentin*. J. Biol. Chem. 2009,
284, 7330–7338. [CrossRef] [PubMed]

29. Usman, S.; Aldehlawi, H.; Nguyen, T.K.N.; Teh, M.-T.; Waseem, A. Impact of N-Terminal Tags on De Novo Vimentin Intermediate
Filament Assembly. Int. J. Mol. Sci. 2022, 23, 6349. [CrossRef]

30. Beuttenmüller, M.; Chen, M.; Janetzko, A.; Kühn, S.; Traub, P. Structural Elements of the Amino-Terminal Head Domain of
Vimentin Essential for Intermediate Filament Formation in Vivo and in Vitro. Exp. Cell Res. 1994, 213, 128–142. [CrossRef]

31. Herrmann, H.; Hofmann, I.; Franke, W.W. Identification of a Nonapeptide Motif in the Vimentin Head Domain Involved in
Intermediate Filament Assembly. J. Mol. Biol. 1992, 223, 637–650. [CrossRef] [PubMed]

32. Vermeire, P.-J.; Lilina, A.V.; Hashim, H.M.; Dlabolová, L.; Fiala, J.; Beelen, S.; Kukačka, Z.; Harvey, J.N.; Novák, P.; Strelkov, S.V.
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