
Intermediate filaments (IF) are among three main

cytoskeleton components in eukaryotic cells. They are

called intermediate because their diameter (8-12 nm) is

intermediate between those of microtubules (25 nm) and

actin microfilaments (5-8 nm) [1-4]. IF consisting of dif-

ferent proteins are expressed at different stages of embry-

onic development and differentiation as well as in differ-

ent cell types. Several different IF are present simultane-

ously in different cell types [1, 3, 5]. Altogether, about 70

genes have been found in human genome that encode dif-

ferent IF proteins, forming one of most numerous protein

families [6].

Unlike actin and tubulin, having highly conserved

structures, the homology of IF protein sequences some-

times does not exceed 20% [1, 4]. Nevertheless, five dif-

ferent types of intermediate filaments are distinguished on

the basis of biochemical, immunological, and structural

similarity [1, 3, 4]. Keratins representing two types of pro-

teins, I and II, comprise the most numerous and compo-

sitionally complex group of IF proteins [7]. Acidic ker-

atins belong to type I, all the rest being of type II. Proteins

of both types are necessary for assembly of keratin IF—

they form heteropolymers [1, 8]. Epidermal keratins, sim-

ple epithelial keratins, and those expressed in hair, wool,

and nails are known [3]. Four proteins belong to type III

IF proteins: desmin, vimentin, peripherin, and GFAP

(glial filament acidic protein). Desmin is expressed in all

types of muscle cells; vimentin is found in fibroblasts,

lymphocytes, endothelial cells, and some other mes-

enchymal tissues; peripherin is present mainly in periph-

eral neurons, where it together with type IV proteins is

involved in IF assembly; GFAP is expressed in glial cells

[3, 9-11]. Unlike keratins, type III IF proteins can form

homopolymers, but they are also able to form heteropoly-
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of some IF proteins, which point to an important physiological role of these cytoskeletal structures.
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mers with other type III proteins and with NF-L protein

[1, 12, 13]. Type IV IF proteins are mainly expressed in

nerve cells, where they are involved in the radial growth of

axons. They include α-internexin and a triplet of neuro-

filament proteins NF-L, NF-M, and NF-H (light, medi-

um, and heavy neurofilament proteins) [1, 3, 14-16].

Another protein, nestin, was first found in the nerve cell

progenitors and is sometimes assigned to the special type

VI of IF proteins. However, structural peculiarities of

nestin allow its classification as type IV [4]. In addition to

the abovementioned proteins that are among cytoplasmic

IF and are the main subject of this review, there are two

more types, very different from the previous ones, name-

ly type V-forming nuclear lamins, and two type VI pro-

teins detected in the crystalline lens [1, 17, 18].

Five types of IF proteins, distinguished on the basis

of their sequence homology, are divided into three groups

differing by assembly principles. The first group includes

keratins, the second contains type III and IV IF, and the

third assembly group is formed by lamins. These three

groups may co-exist as three independent IF systems

within one and the same cell [19]. Cytoplasmic IF can be

assembled in vitro in the absence of auxiliary proteins [1].

Members of the first group are obligatory heteropoly-

mers, i.e. the assembly of keratin filaments requires cou-

pling of type I and II IF. Keratins are not able to form

polymers with IF of other types. Proteins of type III IF

and NF-L of the second assembly group form homopoly-

mers in vitro but very often they appear as intracellular

copolymers. Lamins are not able to form copolymers with

proteins of cytoplasmic IF [20].

The main intracellular function of IF, based on their

mechanical properties and ability for self-assembly, is

maintenance of cell and tissue integrity [1]. Besides this

“traditional” function, they play an important role in

intracellular distribution of organelles and proteins [3,

21], which, in turn, influences functions of these

organelles. Thus, it was shown in a number of works that

functions of mitochondria in various cells depend on

desmin, vimentin, keratin IF, and neurofilaments [4, 22].

The role of IF in localization of such organelles as Golgi

apparatus, endosomes, lysosomes, as well as of nuclei is

well documented in many works [3, 21, 23, 24].

Structural peculiarities of different IF, many of

which are now well studied, suggest that their interactions

with different cell organelles are defined both by structur-

al features common for all IF and by peculiarities of indi-

vidual members of this large family. Thus, the highly con-

served central part of all of IF molecules, namely, α-helix

and the filament structural units, can be involved in inter-

actions identical for all IF proteins. At the same time,

regions located on the ends of the molecules and sharply

distinct in different proteins can be responsible for specif-

ic interactions of only these IF.

In this review we consider the results of structural

investigations, paying special attention to relationships

between IF structure and functions, particularly to inter-

actions with different organelles. A significant place in

the review is given to vimentin IF as the best studied ones.

STRUCTURE OF INTERMEDIATE FILAMENTS

Primary Structure of IF Proteins

Analysis of IF protein primary structures has shown

that despite great variety, all of them share a common

structure (Fig. 1) [1, 25]. All IF proteins have a central α-

helical domain flanked by non-helical N-terminal

(“head”) and C-terminal (“tail”) domains. The terminal

domains of the different type IF strongly differ in size and

primary amino acid sequence [1].

On the contrary, the central domain structure is

extremely conserved. It contains four helical segments

1A, 1B, 2A, and 2B divided into three points by short

non-helical linker regions L1, L1-2, and L2, often con-

taining proline and glycine residues. The amino acid

sequence of the central domain α-helical regions consists

of (abcdefg)n type heptade repeats where positions “a”

and “d” are preferably occupied by small hydrophobic

residues leucine, isoleucine, methionine, and valine [25].

Such repeating motif of 7 amino acid residues is charac-

teristic of proteins capable of formation coiled-coil α-

helix (or superhelix) consisting of two α-helices [26].

The surface of the α-helical domain of IF proteins is

highly charged. For example, 116 (70 acidic and 46 basic)

out of 310 amino acids forming central domain of

vimentin are charged. So, the excess of negative charge of

24 amino acids falls in each vimentin subunit [20]. Unlike

the central domain, the head of many IF proteins is pos-

itively charged. The N-terminal domain of vimentin con-

tains 12 arginines, whereas that of B2 lamin has only

three Arg residues. In this case, the number of positively

charged amino acid residues correlates with the length of

the N-terminal domain (it consists of 102 amino acid

residues in vimentin and of 25 amino acid residues in

lamin B2). Even the acidic glial protein GFAP with a

short N-terminal domain of 68 amino acids contains nine

Fig. 1. Scheme of some IF protein molecules (based on data pub-

lished in [136]).

regions containing heptade repeats

central α-helical domain

keratins

vimentin

neurofilament
proteins

nuclear lamins

N-terminus
(head)

C-terminus
(tail)

L1 L1-2 L2

1A 1B 2B2A



INTERMEDIATE FILAMENTS AND INTRACELLULAR ORGANELLE DISTRIBUTION 1455

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  13   2008

basic residues. It is assumed that positively charged amino

acid residues of the head interact with negatively charged

amino acid residues of the central domain. Besides, these

charged clusters on the filament surface can serve as

potential binding sites for various cell components [19].

The approximately 45 nm long central domain of

cytoplasmic IF consists of 310 amino acids. In nuclear

lamins due to the presence of the additional 42 amino

acids in the 1B segment, the central domain contains 356

amino acid residues and reaches 53 nm in length.

Dimensions of segments forming the α-helical domains

of IF are highly conserved: 1A consists of 35 amino acids,

1B of 101 amino acids, 2A of 19 amino acids, and 2B of

115 amino acids [1]. It appeared that IF with different

amino acid sequences contain two regions of constant

amino acid composition at the ends of the α-helical

domain. One of them of 26 amino acid residues compris-

es the first two thirds of segment 1A (with eight absolute-

ly conserved residues), and the other region of 32 residues

is located at the very end of segment 2B, containing 13

absolutely conserved residues [27]. It was shown using the

cross-linking technique (this method is described in

detail below) that both these regions are involved in inter-

action of two neighboring IF protein dimers in mature fil-

aments [26, 28]. Another specific structural peculiarity of

segment 2B is a slight distortion of heptade structure. An

insert of four additional residues is found in all IF pro-

teins after eight complete heptades [29]. This structural

distortion is also important for IF assembly. The L1 link-

er strongly varies in size and sequence, whereas the L2

sequence is highly conserved in all five IF types and con-

sists of eight amino acids [20].

The most pronounced differences in size and amino

acid composition are observed in non-helical terminal

domains of IF proteins—head and tail. Thus, the tail

length in keratin K19 is only nine residues, while the

nestin tail consists of 1491 residues [1, 30].

Thus, the central domain of all IF proteins has simi-

lar structure and size and carries total negative charge,

whereas terminal domains of these proteins are charac-

terized by varied length and amino acid composition and

carry total positive charge.

Initial Stages of Assembly: Dimer Formation

Intermediate filaments are polymers exhibiting a

unique ability of self-assembly without involvement of

additional proteins and, unlike microtubules and actin

microfilaments, without additional energy in the form of

ATP or GTP. Data concerning IF protein structures sug-

gested a possible mechanism of their assembly that was

later largely confirmed by electron microscopy as well as

by X-ray analysis and EPR spectroscopy.

IF assembly includes several steps (Fig. 2). First,

dimers are formed when central domains of two polypep-

tide chains are wound around each other forming a twist-

ed helix with a pitch of 14 nm [31-33]. Dimers are formed

due to hydrophobic interactions between amino acid

residues in positions “a” and “d” of heptade repeats of

the interacting protein molecules [34].

The central domain structure, predicted on the basis

of its primary sequence, and the interaction of central

domains within the dimer were confirmed and studied by

X-ray analysis. The large size of IF supramolecular struc-

tures makes it difficult to obtain three-dimensional crys-

tals, and owing to this separate small fragments of IF pro-

teins were crystallized [35]. It appeared contrary to

expectations that the vimentin 1A segments within the

dimer are located in parallel, i.e. they are single α-helices.

It is supposed that monomeric helices of segment 1A

serve as mobile “couplers” between the back-turned head

of one chain and 1A segment of the other chain of the

dimer [35].

The distortion of heptade structure in the central

domain 2B segment was also an important feature for the

filament assembly. This distortion results in the local

untwisting of a twisted helix by approximately 28°. The

result of partial untwisting is a different mutual orienta-

tion of functionally important N- and C-terminal groups

of the central domain of vimentin. The distortion of this

mutual orientation may result in incorrect intramolecular

interactions during assembly [35]. Actually, it was shown

that although insertion of three amino acid residues for

monomers

dimers

tetramers

single protofilaments

10 nm filament

Fig. 2. Scheme of individual steps of IF self-assembly (half of a

single protofilament consisting of two octamers is shown).
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restoration of heptade structure does not hamper forma-

tion of filament subunits, it interferes with their assembly

into mature filaments [36].

The central domain terminal regions play a special

role in IF assembly. Investigations of filament formation

in vitro have shown that even a point replacement of a sin-

gle amino acid at the N-terminus of segment 1A or at the

C-terminus of segment 2B result in serious distortions of

their structure [37].

Data of X-ray analysis were confirmed by EPR spec-

troscopy. This method provides information concerning

structural elements and assembly mechanism. It is based

on the usage of spin labels that are chemical groups con-

taining an unpaired electron (such as nitrogen oxide)

covalently bound to certain protein regions. The unpaired

electron enables detection of such groups in a magnetic

field as those having magnetic moment with characteris-

tic spectrum. The spectral line width is indicative of the

presence of a certain secondary structure and the extent

of interaction between regions in tertiary structure. The

spectral line broadening value is defined by the magnetic

interaction of the label and can be estimated in terms of

interspin distances that can be used for determination of

subunit positions during assembly. Spectra are sensitive to

reorientation of molecules, their local structure, and

dynamics of the protein molecule side chains containing

the EPR label. Over 100 protein variants containing spin

label in different positions have been obtained for

vimentin. Investigations using EPR spectroscopy have

shown that the IF central domain, except for separate

regions, is a twisted helix, and they confirmed principles

of dimer assembly to tetramers earlier obtained by cross-

linking technique [38].

Role of N-Terminal Domain (Head)

When studies of IF structure had just begun, it

seemed that only the central domain was necessary for IF

assembly, while the terminal domains were involved in

interaction with adjacent dimers and other cell compo-

nents [31]. However, it became clear later that the N-ter-

minal domain plays an important role in IF formation

and stabilization. Vimentin and keratin molecules devoid

of this domain do not form filaments. Interaction of the

positively charged N-terminal domain with the acidic

central domain is probably critical for the first phase of

assembly [39]. This was studied in detail in experiments

with gradual shortening the vimentin polypeptide chain

at the N-terminus. The amino acid sequence at the very

end of the vimentin head appeared to be the most impor-

tant. It includes a nonapeptide whose sequence

SSYRRIFGG is highly conserved among all type III IF

[40]. The deletion or modification of this sequence in

vimentin from Xenopus laevis as well as addition of pep-

tides with analogous or identical sequence during in vitro

assembly disturbed this process. However, no visible

effect was observed after removal of the first four amino

acid residues [40].

Analysis of mouse vimentin mutants with different

N-terminal deletions revealed residues most essential for

vimentin polymerization [41]. The first 24 residues

appeared to be important. The removal of these residues

as well as of the whole head makes the IF assembly

absolutely impossible. The removal of amino acids 25-38

has no effect on the protein polymerization either in vitro

or in vivo. At the same time, IF are not assembled in vitro

after removal of amino acids 25-63, but they can be

formed in vivo. The removal of a fragment that is five

residues longer (25-68) results in emergence of a mutant

protein incapable of polymerization. Unexpectedly, after

a small deletion within this region (44-69 amino acid

residues) the protein formed IF in vivo, but not in vitro. It

is surprising that further removal of residues beginning

from 44 results in a protein that is completely capable of

polymerization (∆44-95) or completely incapable of it

(∆44-103). This indicated that specific residues in the

head C-terminal part might play the crucial role in IF

assembly, which was confirmed later when it was found

that vimentin ∆88-103 was also incapable of assembly

(both in vivo and in vitro), while vimentin ∆40-95 was able

to form IF [41]. The absolute dimension of the head

domain middle deletion is probably less important than

the position of the region to be deleted. It follows from

these data that amino acid residues 64-69 are necessary

for IF assembly in vivo. Besides, except for the sequence

at the very N-terminus of the molecule, residues 97-103

are most important for vimentin polymerization.

The middle part of the head is not very important for

assembly. It is assumed that this part of the N-terminal

sequence extends from the vimentin tetrameric complex,

forms a loop, and draws the nonapeptide region

SSYRRIFGG nearer to the central domain of the adja-

cent protein subunit, thus stimulating their association

[41].

The involvement of the N-terminus of vimentin in

IF assembly was also shown indirectly by another group

of researchers who found that numerous regions within

the vimentin head domain can be phosphorylated in solu-

tion and they become inaccessible for protein kinases if

the protein is incorporated in IF [42].

C-Terminal Domain (Tail)

The role of the C-terminal domain of vimentin is not

very pronounced. Its removal does not distort IF assem-

bly. However, the diameter of such IF formed by the “tail-

less” vimentin is for 3 nm greater than that in the case of

the wild-type molecules. In other words, the removal of

the C-terminal domain alters control of the assembling

filament thickness [43].
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Tetramer Formation

The next stage of assembly is the joining of dimers

into larger complexes. For cytoplasmic IF it is formation

of tetramers (Fig. 2), which distinguishes IF from lamins,

which follow the “head-to-tail” principle upon assembly

and thus forms linear polymers [1, 44]. Tetramer forma-

tion involves electrostatic interactions between alternat-

ing zones of positive charges, the excess of which exists in

the N-terminal domain of vimentin, and negative ones

that dominate in the central domain of the molecule [34].

There are several models of dimer joining to

tetramers based on the results obtained by the cross-link-

ing technique (Fig. 3). The method involves covalent

bonding between certain amino acid residues of adjacent

molecules using special reagents containing two reactive

groups interacting with these residues. Reagents interact-

ing with lysine or cysteine are used most often. The

resulting complexes have been isolated, purified, cleaved

by proteinases, and analyzed by chromatography.

Comparison of chromatographic profiles of specimens

before and after cross-link cleavage by sodium periodate

revealed several possible variants of inter- or intramolec-

ular cross-links. Peaks on chromatograms that disappear

after treatment by sodium periodate correspond to mole-

cules formed by cross-linking between different mole-

cules or within one protein molecule. So, this method

reveals protein region(s) located in the immediate vicini-

ty of each other, i.e. determines mutual arrangement of

subunits within filaments. Most peptides obtained by pro-

teolysis of vimentin IF were rather short (less than 10

residues), owing to which amino acid composition

allowed unambiguous detection of peptide position with-

in the sequence of vimentin [26]. In some cases, when

only a single peptide was found after periodate treatment,

this was indicative of cross-link formation within the

chain. Many lysine residues formed cross-links in several

different reactions.

Sixteen unique cross-links were detected for

vimentin, five of which are between two parallel chains

included “in register” and forming the double-stranded

twisted homodimer vimentin molecule. Eleven cross-

links can be ascribed to three possible models of inter-

molecular interaction shown in Fig. 3. The A11 model (six

cross-links) suggests that two antiparallel dimers interact

in such a way that 1B segments of their central domains

are significantly overlapped [26]. According to another

model A22 (three cross-links), two antiparallel dimers are

overlapped in the region of 2B segments. In the third

model A12 (two cross-links), two dimers are antiparallel

and completely overlapped (located “in register”).

The existence of these three types of dimer interac-

tions was confirmed for keratins. In the case of vimentin,

even a fourth model ACN was proposed for interaction

between dimer complexes within filaments. If two

tetramers formed according to models A11 and A22 are

adjacent to each other, then one dimer of each tetramer

will follow the head-to-tail principle of interaction. In

this case, from 5 to 10 N-terminal residues of 1A segment

of one dimer will overlap with 5-10 C-terminal residues of

2B segment of another dimer (Fig. 3) [26]. Similar data

were also obtained for the structure of desmin IF [45, 46].

Further Stages of Assembly

Until recently, it was possible to obtain structural

information about IF assembly only from electron micro-

scopic analysis of preparations fixed at certain time inter-

vals. Later the small angle X-ray scattering technique

(SAXS), used for investigation of macromolecules in

solution, was applied to the assembly process [47, 48].

The assembly of vimentin IF in vitro appeared to consist

of successive formation of different oligomers including

tetramers, octamers, and a single protofilament consist-

ing of two octamers (Fig. 2). Measurements using this

method showed that dimers within tetramer are at a dis-

tance of 3.4 nm from each other, while the distance

between twisted helices is 1.5 nm. This separation might

be due to the electrostatically unfavorable direct contact

between acidic central domains. It also became clear that

the dimer joining in tetramer according the model A11

occurs largely due to the second half of the head domain

(35-70 residues), i.e. electrostatic attraction of positively

charged head and acidic central domain is probably the

driving force [39, 49].

Fig. 3. Scheme showing three possible models of tetramer forma-

tion during IF assembly.
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The final IF subunit, the single length (65 nm)

protofilament, on average consists of four octamers. Most

likely the single length protofilament is rather oval than

round in cross section. Measurements using scanning

electron microscope have shown that individual protofil-

aments can significantly differ in the number of vimentin

chains forming these protofilaments.

At the last stage of assembly filament subunits are

thickened to 10-12 nm. This stage might be also accom-

panied by intra-filament rearrangement because assembly

variants for tetramers A22 and A12 are detected only in

mature structures [49].

The existence of vimentin tetramers in vivo is already

proved, whereas the presence of two other intermediate

components of assembly, such as octamers or single fila-

ments, requires further investigations [49, 50].

The number of protofibrils (octamers) per IF cross-

section varies from two to six depending on the IF type

and assembly conditions [51]. It is supposed that each

protofibril consists of two protofilaments, and each

protofilament, in turn, consists of tetramers joined end-

to-end. Thus, as shown for vimentin [20], one filament

can consist of 24-40 polypeptides (usually 32—eight

tetramers) across the width. Thickness may change both

from one filament to another and even within a single fil-

ament [51].

Intracellular IF

Mature IF and their precursors are dynamic and

mobile inside cells. Continuous intracellular assembly,

disassembly, and transfer of IF have been described.

Formation of intracellular network of different type IF

differs in different cells. This may be caused by interac-

tions of IF with different types of molecular motors and

other factors [52].

IF subunits and mature polymers are in equilibrium

in the cytoplasm and incorporation of a new subunit is

possible in any site of a mature filament. However, for-

mation of an IF network begins near the cell nucleus. Not

only individual subunits, but mature fibrils move within

cells as well. It was shown for vimentin IF that they can

move in the cytoplasm both towards the cell surface and

to the cell nucleus. The average speed of the long IF

transfer is 0.2-0.3 µm/min, while IF subunits move at a

higher speed (1-2 µm/sec) mainly along microtubules

[53, 54]. Most of them (65-70%) move towards the cell

periphery. The ability of vimentin subunits to move along

microtubules in different directions is explained by their

association with motor proteins kinesin and dynein.

Association with kinesin is responsible for movement of

vimentin filaments and their subunits to the microtubule

plus-ends and to the cell surface [55]. Movement to

microtubule minus-ends to the cell nucleus is caused by

interaction with the motor complex consisting of dynein

and dynactin [56]. These interactions are probably neces-

sary for formation and maintenance of the IF network

(Fig. 4). Long vimentin IF bind to the IF-associated pro-

teins (IFAP) such as plectin that forms cross-links

between individual IF and other cytoskeleton structures,

thus preventing their motility. Such interaction is proba-

bly necessary for IF stabilization in special regions of the

cytoplasm undergoing mechanical stress or deformation

[52].

Unlike vimentin IF, consisting of a single protein,

keratin IF are always heteropolymers. Owing to this, the

balance between types I and II keratins is necessary to

maintain the stable network of keratin filaments, because

an excess of any one keratin type results in alteration of

the IF network. It is interesting that in cells simultane-

ously expressing keratin and vimentin, long keratin fila-

ments move at three times lower speed compared to that

of vimentin filaments (0.06 µm/min), while the speed of

keratin subunits is 15 times slower than of vimentin sub-

units. Besides, transport of keratin subunits is mainly

directed towards the cell nucleus (84%). These distinc-

tions might be caused by different abilities of keratins and

vimentin to bind microtubules and motor proteins [57].

Actually, a large part of keratin subunits are associated

with the network of actin microfilaments and dynamic

properties of keratin IF are caused by interaction with

myosin. However, since myosin moves more slowly than

the microtubule-associated motor proteins, just this may

explain differences in the rate of keratin and vimentin

transport within one cell type [52].

Formation in neurons of an IF system called neuro-

filaments is of special interest. The neuronal processes

can reach one meter in length. If the speed of IF transport

was equal to that of the slow transport of other cytoskele-

ton structures (0.3-8.0 mm/day), years would be neces-
Fig. 4. Vimentin IF network in a mouse fibroblast as revealed by

immune fluorescence.

10 µm
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sary for them to reach distal regions of the process [58].

However, neurofilament subunits move along an axon

with the speed of 1.8 µm/sec [59] because they are trans-

ported via microtubules with involvement of kinesin and

dynein [52, 58]. True, the motility of these structures is

interrupted by long breaks, owing to which they move

only 27% of the time and in mature sensory axons neuro-

filaments are at rest for about 99% of the time [58].

It should be said in conclusion that significantly dif-

ferent N- and C-terminal domains are involved in the

assembly of different IF types. They also take part in

interaction of IF with different proteins such as molecu-

lar motors or IFAP that, in turn, help them in distribution

and formation of intracellular IF networks. Regulatory

mechanisms of IF assembly and their interaction with

different proteins will be considered below.

FUNCTIONS OF INTERMEDIATE FILAMENTS

According to current concepts, based on the

mechanical properties and ability of self-assembly of IF,

their main function is maintenance of cell and tissue

integrity [1]. Enhanced interest in their mechanical role

is due to information concerning hereditary diseases

caused by disturbances of IF structure in tissues subjected

to mechanical stress, such as skin, muscle, and blood ves-

sels. However, IF are present in cells of all types, includ-

ing those not subjected to mechanical stress, but alter-

ation of their networks also results in pathological conse-

quences. Thus, there are serious diseases associated with

disturbance of IF functions in the nervous system [60].

This fact as well as dynamic nature of IF and the presence

of a large number of IF-associated signal proteins show

that IF not only provide for resistance to external factors,

but they also have different specialized intracellular func-

tions. Although these functions in different cell types are

still not sufficiently studied, it is already known that their

significance is high. Non-mechanical functions of IF are

probably associated with their participation in intracellu-

lar distribution of organelles and proteins, as well as in

lipid transport [61].

The functions of IF are defined by their interactions

with various cell components. Thus, IF provide for cell

mechanical integrity by binding to other cytoskeleton

components such as microtubules and microfilaments

and to the plasma membrane, interaction with which

takes place in special attachment sites like desmosomes

and hemidesmosomes of epithelial cells and in the points

of fibroblast focal contacts [19]. For interaction with such

organelles like mitochondria, Golgi apparatus, endo-

somes, and lysosomes, IF bind different membrane com-

ponents of these organelles. This binding is provided by a

large protein family, IFAP [62], but probably direct bind-

ing is also possible. Some examples of such interactions

will be considered in more detail below.

Mechanical Functions

Interaction with cytoskeleton and plasma membrane.

Electron-microscopic investigations show that different

cytoskeleton structures are connected to each other and

to membrane organelles. “Bridges” discernible on elec-

tron microphotographs for a long time were considered as

binding structures of unknown nature. Later it became

clear that molecular motors, kinesins and dyneins, are

responsible for association of many cell organelles with

microtubules. The role of kinesin in the interaction of IF

with microtubules was shown using antibodies that block

activity of this motor protein [55]. The radial distribution

of IF along microtubules is due to kinesin-dependent

transport.

However, the main role in the interaction of IF with

many cell components belongs to IFAP, joining IF with

organelles, microfilaments, and microtubules as well as

with intercellular contacts [19]. Such proteins as desmo-

plakin, BPAG1 (bullous pemphigoid antigen 1), and

plectin belong to the plakin family. All of them contain a

very long central α-helical domain that forms a twisted

helix upon dimer complex formation. The central domain

is flanked by (i) a non-helical N-terminal domain that

may contain sites for actin binding (actin-binding

domain, ABD) and/or sites for microtubules (micro-

tubule binding domain, MBD) and (ii) by a C-terminal

domain that, in addition to IF binding sites, may contain

different amounts of desmoplakin-specific repetitive

domains A, B, and C [64].

Plectin is the best-studied protein capable of joining

three different cytoskeleton systems and interaction with

different proteins (Fig. 5). Mutations in this protein result

in serious diseases such as bullous epidermolysis, accom-

panied by emergence of bullas on the skin, and muscular

dystrophy [65]. Electron microscopy revealed that plectin

Fig. 5. Scheme showing different interactions of cytoskeleton

structures with involvement of plectin and kinesin (based on data

from [63]).

microtubules
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myosin filaments

intermediate 
filaments
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kinesin
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forms approximately 200 nm long and 2-3 nm thick side

processes, branched off from IF [63]. The ability of

plectin to bind IF by both ends suggests that the ends of

its chain have identical properties and its molecules are

homotetramers. Quantitative analysis of vimentin–

plectin complexes has shown that there are 10 plectin

molecules per IF region of 1 µm [63]. In muscles, plectin

is co-localized with desmin IF near Z discs and structures

forming intracellular myofibrillar skeleton [66]. In

plectin-free mice, serious distortions in muscle structure

were observed [67], whereas significant alterations of

cytoskeleton architecture and dynamics were detected in

cultured fibroblasts and astroglial cells obtained from

such mice [68].

Desmoplakin, another protein of the plakin family,

joins different IF with desmosomes with involvement of

plakoglobulin and plakophilins whose family is continu-

ously growing. Expression of plakophilins is thoroughly

regulated within cells; thus, the plakophilin-2 gene is

expressed simultaneously with genes encoding keratins 8,

18, and 19, which is indicative of expression regulation

specific to a certain cell type. Mutations in this protein

gene were found in patients with hereditary diseases char-

acterized by skin instability and epidermal dysplasia.

Since the plakophilin-2 gene is expressed in all internal

organs, mutations in it have very severe consequences

[19].

Both plectin and BPAG1 protein are represented by

several isoforms that result from alternative splicing of

their mRNA [69, 70]. Structural distinctions between

these isoforms are probably due their ability to interact

with different components in different cell types [70].

Intracellular Distribution of Organelles

Until recently no one supposed that IF could be

involved in membrane transport; however it has been

recently shown that IF are important both for transport of

membrane organelles and their functioning [60].

Mitochondria and IF. Mitochondria are membrane

organelles that are most important for cell physiology.

They are localized near IF in different cell types, and this

probably plays an important role. Thus, it appeared that

morphology and intracellular localization of mitochon-

dria are changed in the heart and skeletal muscle of

desmin-free mice. Besides, progressive destruction of

matrix is observed in such mitochondria, while the latter

are organized in groups near sarcolemma [71, 72]. All

these alterations result in distortion of mitochondrial

functions, i.e. decrease in maximal respiration rate and

ADP-stimulated oxygen consumption, disappearance of

creatine kinase, and decrease in level of cytochrome c. In

addition, anti-apoptotic protein Bcl-2 (B-Cell

Lymphoma oncogene) is transferred from the inner mito-

chondrial membrane to the outer one [72].

Mitochondria and IF interact not only in muscle

cells, but in other cell types as well. It was shown in our

laboratory that motility of mitochondria in cultured

fibroblasts is inhibited by their interaction with vimentin

IF [73] under control of protein kinase C (PKC). Another

group of researchers has shown that phosphorylated pro-

teins of neurofilaments selectively bind in vitro to mito-

chondria, and as shown in experiments with potential-

dependent dyes, this binding depends on the level of

mitochondrial membrane potential [74]. Mutations in

the neurofilament protein NF-L, which cause accumula-

tion of mitochondria in the neuronal body, thus lowering

the number of mitochondria in axon and axonal transport

of neurofilaments, appeared to be a factor that might be

responsible for the severe hereditary disease

Sharko–Marie–Toose neuropathy [75]. Changes in

intracellular distribution of mitochondria were also

detected in patients with bullous epidermolysis caused by

mutations in keratins K5 or K14 [76].

Thus, it is clear that IF effect the functions of mito-

chondria, but many details of this interaction are still

unclear. It still should be elucidated how the functional

relationship is realized and what additional proteins are

involved in the interaction of IF with mitochondria [61].

Golgi apparatus and IF. Golgi apparatus is located

along IF near the microtubule organization center. The

interaction of Golgi apparatus with vimentin IF is well

studied, and proteins involved in their association have

been found. One of them, formiminotransferase-

cyclodeaminase (FTCD), is a histidine cleaving protein.

The gene of this protein is expressed in all cell types, but

the level of its expression is especially high in liver cells.

As shown experimentally, a mutant form of this protein

devoid of enzyme activity can bind vimentin [77, 78].

Disintegration of microtubules by nocodazole result-

ed in altered distribution of Golgi apparatus; another pro-

tein of the latter, GM130, is also located along vimentin

filaments [77]. A third protein, MICAL (molecule inter-

acting with CasL), directly binds vimentin and GTPase

Rab1 that is a main participant in vesicular transport from

ER to Golgi apparatus [79].

As shown in experiments on cell culture, the rela-

tionship between IF and Golgi apparatus is probably

important for cell physiology. However, it is still an enig-

ma that up to now it has not been shown on ex vivo ani-

mal models that the absence of IF results in any serious

functional disturbance of the Golgi apparatus [61].

Endosomes, lysosomes, and IF. Another example of

the involvement of IF in membrane organelle functions is

the role of IF in endosome and lysosome transport. It was

shown that vimentin, peripherin, and α-internexin bind

to adapter protein AP-3 [60, 80]. AP-3 protein is a het-

erotetrameric adapter complex involved in vesicle trans-

port between endosomal and lysosomal compartments,

and it regulates protein delivery to lysosomes and tissue-

specific organelles like melanosomes, hematopoietic



INTERMEDIATE FILAMENTS AND INTRACELLULAR ORGANELLE DISTRIBUTION 1461

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  13   2008

granules, and synaptic vesicles. Mutations in this protein

result in albinism, continuous hemorrhages, and pul-

monary fibrosis known as Hermansky–Pudlak syndrome

[80]. AP-3 interacts with IF via a specialized domain of

β3A and β3B subunits, which is also necessary for the

AP-3 function associated with protein sorting, and this is

the only AP-3 site interacting with vimentin [80].

The absence of AP-3 or vimentin results in emergence

of an identical phenotype, because in both cases distribu-

tion of zinc ions is altered. In fibroblasts devoid of AP-3 or

vimentin, the zinc ion level is decreased. Intracellular zinc

is mainly localized in endocyte vesicles and endosomes,

and its storage depends on the flow of chloride through

their membranes. The chloride delivering channels regu-

late both pH in endosomes and zinc ions storage in them.

Proteins forming these channels are transferred by mem-

brane vesicles associated with adapter complex AP-3. It is

supposed that the absence of AP-3 complex from cells

results in alteration of pH level within endosomes, which is

defined by the chloride transport. In vimentin-free cells,

zinc content in vesicles is 40 times lower [80].

The AP-3 complex is also responsible for transport of

another load, the LAMP-2 (lysosome-bound membrane

protein) molecule. It is a resident protein of endosomes

and lysosomes, required for their fusion with autophago-

somal vacuoles that are formed from endoplasmic reticu-

lum, envelope the organelle intended for cleavage, and

deliver it to lysosomes or endosomes [81]. It was shown

that the alteration in IF assembly results in disturbance of

the autophagosomal vacuole formation, but the mecha-

nism of their interaction is still unknown [82]. It is sup-

posed that combined action of IF and AP-3 is connected

with LAMP-2 transport. Nevertheless, it is important that

localization of endosomes and lysosomes is independent

of IF.

Cell nucleus and IF. One of the important functions

of IF is localization of cell nuclei. The cell nucleus has a

definite position specified by its interaction with different

cytoskeleton components. The nuclear envelope is a spe-

cialized continuation of endoplasmic reticulum (ER),

which has two membranes and a perinuclear space

between them separating the cell nucleus from the cyto-

plasm. The external nuclear membrane is attached to ER,

while the lamina is adjacent to the internal membrane.

The lamina is a special structure formed by a network of

fibrils consisting of type V IF proteins. The external and

internal membranes join each other at nuclear pores. The

structure of nuclear envelope raises two questions con-

cerning intracellular localization of the nucleus: (i) there

should exist proteins able to bind cytoskeleton to the

nuclear matrix, i.e. making contact across two mem-

branes and intermembrane space, and (ii) proteins should

exist which would allow one to differentiate between

external nuclear membrane and ER.

Such proteins have been found in eukaryotic cells.

They form two families, KASH and SUN, that join exter-

nal and internal nuclear membranes and bind cytoskele-

ton with nuclear laminas [83]. Proteins of the SUN fam-

ily have a conserved domain at the C-terminus and at

least one transmembrane domain. These proteins are

supposed to be located on internal nuclear membrane and

interact by their C-terminus with KASH proteins, while

their N-terminus interacts with laminas and can serve as

a linker for chromosomes during meiosis. Proteins of the

KASH family have several different functions. They con-

tain at the C-terminus a transmembrane domain that is

necessary for localization in nuclear membrane; the N-

terminal domain of these proteins is directed outside to

the cytoplasm and can interact with actin filaments, cen-

trosomes, and IF [83].

The role of IF in nucleus localization is still not suf-

ficiently studied. Most likely, it is keeping the nucleus in

its place and attraction of proteins that would be able to

interact with other cytoskeletal components [83]. The

effect of cytoplasmic IF on the nucleus localization and

shape was studied on the example of vimentin-free cells

in culture in which nuclear membrane invagination was

observed along with other distortions [84]. It was shown

in other works that nuclei in desmin-free myocytes are

localized unevenly and form aggregates [85], while in

mouse epidermal cells mutations in keratin K10 or its

absence result in alterations in the nucleus size and shape

[86]. Impressive results have been recently obtained on

mice deprived of desmin by knocking its gene out.

Although in normal skeletal muscle cells hundreds of

nuclei are distributed evenly and separately from each

other, nuclei in desmin-free animal muscle cells were

gathered in thick clusters. Besides, they were oval and

could not line up along the long axis of the cell. Cells with

mutant Syne-1 protein of the KASH family had a pheno-

type [87] that was indicative of involvement of both pro-

teins in nucleus localization in muscle cells.

The recently detected protein nesprin-3 of the

KASH family probably also joins external nuclear mem-

brane to IF [88]. This protein is known to be localized on

the external nuclear membrane, and in the intermem-

brane space it interacts with SUN protein localized in the

internal nuclear membrane (Fig. 6). Besides, it interacts

with plectin that, as mentioned above, can be bound to IF

and actin. Since nesprin-3 joins the actin-binding plectin

domain, this protein provides for its interaction with IF.

Other Functions of IF

Other known functions of IF include their participa-

tion in maintenance of the membrane lipid composition.

Thus, the absence or alteration of vimentin IF structure

lowered triglyceride stability in pre-adipocytes and result-

ed in changes in cholesterol metabolism in fibroblasts and

adrenal cells [89]. Quite a number of data show that alter-

ations in the membrane lipid composition are caused by
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damages emerging in the late stages of the endosomal

pathway. It appeared that one of the key enzymes of cho-

lesterol metabolism, hydroxysterol-binding protein,

interacts with vimentin IF [90]. Enhanced cholesterol

synthesis and lowered generation of its ester are observed

in IF-free cells. It is supposed that this is also due to alter-

ations in cholesterol transfer to endosomal and lysosomal

membranes. Maturation of glycosphingolipids in IF-free

cells is also retarded because their transport from Golgi

apparatus to the endosome system is hampered.

Alterations in lipid transport suggest the extremely

important role of the transport vesicle interactions with

IF.

In conclusion, the diversity of intracellular functions

of IF should be noted. Along with other cytoskeleton

components, they provide for the mechanical strength of

cells, take part in correct arrangement of intracellular

organelles and the cell nucleus, and in protein transport.

However, some details and fine mechanisms of these

interactions as well as the role of many participants are

still not clear.

PHOSPHORYLATION OF INTERMEDIATE

FILAMENTS REGULATES THEIR FUNCTION 

All the above-said shows that the basis of diverse

intracellular functions of IF is their interaction with many

structures and individual proteins. Numerous data show

that these interactions are under strict control of external

factors and are quickly rearranged in response to different

signals [91-93]. One of the best studied methods of regu-

lation of IF function is phosphorylation of IF proteins by

different protein kinases. Thus, phosphorylation plays the

main role in regulation of IF structure and assembly [94,

95]. In addition, phosphorylation may be involved in con-

trol of such functions as IF association with IFAP and tis-

sue-specific interactions [96, 97], as well as changes in IF

structure under stress conditions [98-100]. The direct

involvement of IF proper in signal transduction has been

shown in a number of works, because activity of many

regulatory proteins appear to be dependent on interaction

with IF. The equilibrium between polymeric and depoly-

merized vimentin under phosphorylation control regu-

lates activity and localization of Rho kinase [101, 102]. To

understand different mechanisms of regulation of IF

function by phosphorylation we shall analyze some exam-

ples in more detail.

In vitro IF Phosphorylation

Early works on IF structure and functions have

shown that in vitro phosphorylation causes immediate

depolymerization of IF [103]. Simultaneous analysis of

phosphopeptides obtained from phosphorylated vimentin

has revealed that protein kinase A (PKA) and protein

kinase C (PKC) phosphorylate this protein at different

sites [103]. Further investigations have shown that site-

specific phosphorylation in vitro by a number of protein

kinases also resulted in disintegration of different IF. As is

seen in the table, different authors have shown that prac-

tically all IF proteins are phosphorylated by the main pro-

tein kinases, which in most cases results in their in vitro

depolymerization. The table also shows that phosphory-

lation sites are located mainly on the N-terminal protein

domains, which according to the above-said are impor-

tant for IF assembly. In this connection, it was proposed

already in early works that intracellular phosphorylation

of IF proteins is a mechanism of regulation of their struc-

ture [103].

In vivo IF Phosphorylation

Data obtained on cells entering mitosis showed for

the first time that phosphorylation causes significant

alterations in the IF network [104-106]. Protein kinase

cdc2 (cell division cycle) undergoes activation at early

stages of mitosis, and vimentin phosphorylation by this

kinase results in fragmentation and collapse of the IF net-

work in many cell types. Besides, it became clear that,

along with cdc2 kinase, PKC can also be involved in

vimentin phosphorylation in mitotic cells [107]. It should

be noted that not all numerous vimentin phosphorylation

sites, found in in vitro experiments for quite a number of

protein kinases, were detected in experiments in vivo.

intermediate filaments

plectin

nesprin-3
ER

SUN

laminNUCLEUS

Fig. 6. Scheme showing the supposed participation of nesprin-3 in

the interaction of the nuclear membrane with the IF network

(based on a scheme from [83]). ER, endoplasmic reticulum;

SUN, integral protein of nuclear membrane.



INTERMEDIATE FILAMENTS AND INTRACELLULAR ORGANELLE DISTRIBUTION 1463

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  13   2008

Thus, PKC activation by phorbol esters in interphase cells

did not result in vimentin phosphorylation at the sites

specific for this enzyme [107]. At the same time, vimentin

phosphorylation was observed after injection of a consti-

tutively-activated PKC mutant. Based on these data, the

authors concluded that the involvement of PKC in

vimentin IF phosphorylation depends on localization of

the kinase proper, and that in interphase cells the IF net-

work is inaccessible for this enzyme.

Other protein kinases injected into cells also caused

IF network alteration or collapse. Thus, IF collapse and

fragmentation were observed after microinjection of con-

stitutively activated PKA mutant into fibroblasts [125] or

after foreign CaMKII (Ca-calmodulin-sensitive protein

kinase) expression in astrocytes [91]. Similar alterations

were also observed in cells treated by phosphatase

inhibitors, which increased the level of IF protein phos-

phorylation [126]. However, the role in cell physiology of

IF protein phosphorylation by various protein kinases is

still unclear because the above-mentioned alterations in

IF are not usually observed in interphase cells. These

reactions may be local and involved in slight rearrange-

ments of the IF network.

The recent pronounced progress in investigation of

the protein kinase regulatory role in IF rearrangement is

due to the use of specific antibodies able to recognize dif-

ferent sites of vimentin and some other IF proteins phos-

phorylated by known protein kinases. Inagaki and Izawa

[127] used such antibodies to show that after vimentin

Ser55 phosphorylation by cdc2 kinase, protein kinase

Polo 1 binds to this site and undergoes activation, and

then, in turn, phosphorylates Ser82. Detection in the

same laboratory of two sites of vimentin phosphorylation

during cytokinesis is another example of successful usage

of phospho-specific antibodies [127]. It was shown that

successful separation of two daughter cells required the

involvement of Ser38 and Ser71 phosphorylation in

vimentin by Rho kinase [128] and Ser72 phosphorylation

by Aurora B kinase [129].

Another very fruitful approach to investigation of

intracellular phosphorylation of IF proteins was the

application of mass spectroscopy. Analysis of phospho-

peptides, formed upon vimentin cleavage enables very

precise determination of the level of phosphorylation of

this protein at the sites specific for known protein kinas-

es. Goldman et al. [93] used mass spectroscopy to study

the role of vimentin phosphorylation by PKA at Ser38

and Ser72 residues for maintenance of equilibrium

between polymeric and soluble vimentin.

It is important that one and the same amino acid

residue in vimentin can be phosphorylated by different

protein kinases. This follows from data of in vitro experi-

ments shown in the table. The participation of protein

kinase PAK in regulation of smooth-muscle cell contrac-

tion is an example of one and the same amino acid

residue being involved in different signal chains during in

vivo vimentin phosphorylation [92]. This kinase phos-

phorylates Ser56 in vimentin of these cells (corresponds

to Ser55 of human vimentin), which results in partial dis-

assembly of IF and their intracellular re-orientation. It is

supposed that partial disassembly of vimentin IF causes

redistribution of associated proteins, like Rho kinase and

adaptor protein p130, involved in regulation of contrac-

tion [92]. So, phosphorylation of this amino acid residue

is the key to IF rearrangements in mitosis, but it can also

take part in other not less important events.

In vitro phosphorylation of IF proteins by some protein kinases

IF

Vimentin

GFAP

Desmin

Protein
kinase

PKA

PKC

CaMKII

cdc2 kinase

PAK kinase

PKA

PKC

CaMKII

cdc2 kinase

CF kinase

PKA

PKC

cdc2 kinase

Phosphorylation sites

Ser6, Ser24, Ser38, Ser46, Ser50, Ser65

Ser6, Ser8, Ser9, Ser20, Ser24, Ser25, Ser33, Ser38, Ser41, Ser50, Ser65

Ser38, Ser82

Ser41, Ser55

Ser25, Ser38, Ser50, Ser65, Ser72

Ser7, Ser8, Ser13, Ser34

Ser8, Ser13, Ser34

Ser13, Ser17, Ser34, Ser389

Ser8

Ser13, Ser34

Ser29, Ser35, Ser50

Ser12, Ser29, Ser38, Ser56

Ser6, Ser22, Thr64

Filament
disassembly

in vitro

+

+

+

+

+

+

+

+

−

+

+

+
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Thus, now many examples of IF protein phosphory-

lation, connected with assembly–disassembly of these

cytoskeleton structures, are known. However, the

involvement of IF protein phosphorylation in regulation

of their interactions with different cell components is far

less studied. Progress in this field should be expected in

the nearest future.

The need for more thorough investigation of princi-

ples and mechanisms of IF functioning in different cell

types is defined first of all by the fact that changes associ-

ated with these cytoskeleton structures are responsible for

many pathological states. Mutations in IF protein genes

are now known to be responsible for some severe heredi-

tary diseases. Among them there are hereditary bullous

epidermolysis caused by mutations in keratins 5 and 14;

myopathy and cardiomyopathy caused by desmin alter-

ations; severe neurological diseases like amyotrophic lat-

eral sclerosis and Alexander’s disease due to peripherin

and GFAP mutations, respectively; Parkinson’s disease,

and some other severe cases of neuropathy caused by neu-

rofilament alterations (detailed information is available on

the site of the Society of IF Researchers www.interfil.org).

The aim of active investigations in this field is to help or

make easier the life of such patients. In this connection

the recently proposed methods of gene therapy that would

be able to compensate for the damaged gene seem to be

quite promising.

Another application of fundamental knowledge con-

cerning IF was successful usage of their proteins as mark-

ers of various malignant tumors. The IF immunocyto-

chemical analysis, proposed for the first time by K. Weber

in 1981 [130], is still used in cancer diagnostics. It is based

on the fact that normal differentiated cells contain IF

types characteristic of a certain tissue, while expression of

other IF protein genes begins in tumor cells after malig-

nization. For many kinds of tumors the type of “incor-

rect” IF protein can serve as a diagnostic marker.

Recently, due to increased interest in the problem of the

use of stem cells, many researchers have paid attention to

IF as a convenient marker of cell differentiation. In fact,

detection of expressed IF protein makes possible easy and

rapid determination of cell type.

Thus, IF represent an important cytoskeleton com-

ponent exhibiting many unique properties and playing an

important role in cell physiology. It is paradoxical that

animals do not survive in the absence of most IF proteins,

while knock-out of such proteins like vimentin [131] and

GFAP [132] is not lethal. Mice without these genes not

only attain sexual maturity but produce progeny, and cells

of these animals usually containing vimentin or acidic

glial filaments are completely free of IF. Quite a number

of various pathologies were found in vimentin-free ani-

mals [133-135], while no distinctions from the wild-type

animals were detected in mice containing no GFAP

[132]. This suggests that in the absence of these proteins

some of their functions are carried out by different cell

components. Nevertheless, even the possibility to obtain

a full-value animal free of a single cytoskeleton compo-

nent in a single vital tissue seems surprising and makes the

investigation of IF even more intriguing.
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