
The large group of heat shock proteins includes sev�

eral classes of proteins different in molecular weight,

properties, and structure. All these proteins are combined

in one group since they participate in the proper folding

of proteins under both normal conditions and especially

under extreme conditions (such as heat shock, effect of

organic compounds, strong oxidants, and other poisons).

These proteins are also involved in renaturation of par�

tially denatured proteins or complete elimination of fully

denatured proteins. Heat shock proteins are usually

divided into several classes according to their molecular

weight [1]. Different classes of heat shock proteins have

molecular weight of 100, 90, 70, 60, and 40 kD. Heat

shock proteins having lower molecular weight are com�

bined in the group of so�called small heat shock proteins.

Heat shock proteins with molecular weight 100, 90, 70,

and 60 kD possess ATP�binding sites. ATP hydrolysis is

required for normal functioning of chaperones with

molecular weight 70 and 60 kD, as well as for the heat

shock proteins with molecular weigh 110 kD that are

homologous to the proteins with molecular weight of

70 kD. The proteins with molecular weight 90 kD have

low ATPase activity and it is suggested that the binding of

ATP is important for regulation of interaction of Hsp90

with accessory proteins. Heat shock proteins with molec�

ular weight 40 kD and small heat shock proteins do not

have an ATP�binding site; however, the data indicate that

ATP somehow affects the structure of small heat shock

proteins and their interaction with protein substrate [2,

2a]. Small heat shock proteins may interact with partially

denatured proteins, prevent their aggregation and under

certain condition transfer partially denatured substrates

to chaperones possessing ATPase activity [3, 4].

STRUCTURE OF SMALL 

HEAT SHOCK PROTEINS

The group of small heat shock proteins (sHsp) com�

bines proteins with molecular weight in the range of 12 up

to 43 kD that were isolated from archaeon, bacteria,

plants, and animals [2]. All these proteins contain a rather

conservative so�called α�crystallin domain, containing

80�100 residues located as a rule in the C�terminal part of

these proteins. Homology of these domains vary from

20% between remote members of the family of small heat

shock proteins isolated from bacteria and mammals up to

60% between closely related members of this family

obtained from mammalian tissues [5].

It is supposed that vertebrates synthesize five major

classes of small heat shock proteins. These are αA� and

αB�crystallin, small heat shock proteins with molecular
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weight 25�27 kD (Hsp25/27), small heat shock proteins

with molecular weight 20 kD (Hsp20), small heat shock

proteins with molecular weight 17 kD (HspB3), and so�

called activator of myotonic dystrophy protein kinase

(MKBP, myosin dystrophy binding protein) that some�

times is designated as HspB2 [6�8]. Recently a new class

of sHsp with molecular weight 22 kD was described in the

literature [9, 10]. Several sites can be distinguished in the

sHsp monomer (see Fig. 1). One can find not very con�

servative so�called WDPF domain on the very N�terminal

end of some of sHsp monomer. This motif has a primary

structure (W/F)(D/F)PF�X0�8�(W/F)(D/E)(P/F)F,

where X�denotes non�conservative residues [11]. The

WDPF domain is followed by a short variable sequence

having on the C�terminal end a rather conservative site

with the primary structure PSRLFDQXFGEXLL [7, 8].

The already mentioned α�crystallin domain consisting of

80�100 residues is located in the C�terminal part of the

sHsp. This domain is usually followed by a short variable

sequence having a rather high motility and flexibility. The

difference in the molecular weight of sHsp is explained by

the difference in the length of variable sites between the

WDPF�domain and α�crystallin domains as well as by the

length of the variable C�terminal tail.

Small heat shock proteins tend to form large

oligomeric complexes. Oligomers of mammalian sHsp

are very flexible, and this is probably the reason for the

lack of X�ray crystallographic data for mammalian sHsp

[12]. However there are data on the structure of small

heat shock proteins from the hyperthermophilic archaeon

Methanococcus jannaschii [13] and wheat [13a]. It was

shown that the heat shock protein from M. jannaschii

with molecular weight 16.5 kD (so�called MjHSP16.5)

forms hollow spherical complexes consisting of 24 sub�

units. This oligomer is composed of dimers, which are

formed by interaction of two α�crystallin domains of

neighboring monomeric subunits of MjHSP16.5. The α�

crystallin domain contains nine β�sheets that interact

with each other and form tight contacts with neighbor

subunits. Recently published data on the structure of

dimers of αB�crystallin obtained by synchrotron radia�

tion X�ray scattering indicate that the crystallin domain

possesses a rather large flexibility and may form different

complexes being located inside the small heat shock pro�

tein from of M. jannaschii and αB�crystallin of mammals

[12]. Anyhow, there are no doubts that the crystallin

domain plays an important role in the oligomerization of

small heat shock proteins.

This viewpoint was supported in the series of inves�

tigations performed on crystallins and small heat shock

proteins from Mycobacterium tuberculosis and mammals

where site�directed mutagenesis was combined with

ESR�labeling [5, 14]. It has been shown that certain sites

of the crystallin domain indeed are involved in the for�

mation of β�sheets that interact with each other and

directly participate in oligomer formation. In the case of

Fig. 1. Scheme of the structure of several representatives of the family of small heat shock proteins. The dark shaded area marks the so�

called WDPF�domain, the light shaded area marks conservative region in the N�terminal part of sHsp and the black area denotes conser�

vative α�crystallin domain. P, the sites of phosphorylation; zigzag, flexible C�terminal region. Figures above the scheme denote number of

amino acid residues (after Lambert et al. [11] and Sugiyama et al. [8] with slight modifications).
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human crystallins and small heat shock protein (Hsp27)

some peculiarities of the primary structure of the α�crys�

tallin domain lead to formation of stable dimers that

aggregate to tetramers and form unstable oligomers con�

sisting of 16�32 (and even more) subunits. It is worth�

while to mention that crystallins and small heat shock

proteins with molecular weight of 25�27 kD can form

mixed oligomers [2, 7]. Recent data indicate that het�

erologous oligomeric complexes containing different

small heat shock proteins can exist in the living cell. At

least three different heterologous complexes were

described in the literature [8]. These were complexes

simultaneously containing αB�crystallin and small heat

shock proteins with molecular weight 25�27 kD

(Hsp25/27); complexes consisting of αB�crystallin,

Hsp25/27, and Hsp20; and complexes consisting of

Hsp25/27 and Hsp20. The components of these com�

plexes can be rather easily exchanged with each other

[15]. Mammalian myosin dystrophy kinase binding pro�

tein (MKBP) having a molecular weight of 20 kD forms

oligomeric complexes with molecular weight of about

150 kD [7]. However, this protein is also able to form

heterooligomeric complexes with HspB3 [8]. It is sup�

posed that in mammalian tissue there are several differ�

ent forms of homo� and heterooligomeric complexes

consisting of different small heat shock proteins [8].

There is no doubt that the α�crystallin domain plays a

crucial role in formation of small oligomers consisting of

2�4 subunits. However, formation of large oligomers is to

some extent dependent on the variable N� and C�termi�

nal sequences of small heat shock proteins.

This suggestion was confirmed in investigations per�

formed on small heat shock proteins of Caenorhabditis

elegans. The genome of this worm contains 16 genes of

small heat shock proteins, and depending on conditions

this nematode can synthesize several small heat shock

proteins with molecular weight between 12.2 and 25 kD

[2, 16]. Small heat shock proteins with molecular weight

12 kD form only small oligomers (dimers and tetramers)

and possess small chaperone activity. Deletion of the N�

terminal residues of sHsp with molecular weight 16 kD

also results in a decrease of chaperone activity and

decrease of the size of oligomers [17]. It has been shown

that deletion of residues 5�23 from the sequence of

Chinese hamster small heat shock protein (Hsp27) pre�

vents formation of large oligomers with molecular weight

700 kD without affecting formation of dimers [11]. It is

worthwhile to mention that chimeric protein containing

residues 5�109 of Chinese hamster Hsp27 and luciferase

tends to aggregate with formation of the complexes with

molecular weight 350 kD. Probably the crystallin domain

provides for formation of only dimers and tetramers of

sHsp [11]. Formation of large aggregates seems to be

dependent on the presence of WDPF�domain located in

the very N�terminal part of sHsp. Deletion of 33 residues

located in the N�terminal part of sHsp beyond the

WDPF�domain does not effect oligomerization and

chaperone activity of sHsp [18, 19].

The data on the involvement of the flexible C�termi�

nal tail of sHsp in formation of large oligomers are rather

controversial. It has been shown that the negative charges

of the flexible C�terminal tail of crystallin stabilize

oligomer formation [20]. However, deletion of the last 18

residues of mouse Hsp25 does not affect the structure of

monomers or oligomers of this protein. But this deletion

influences the chaperone activity of Hsp25 with certain

protein targets [21]. It is possible that the flexible C�ter�

minal tail participates in the interaction of sHsp with the

target proteins and affects general hydrophobicity of

oligomeric complexes of sHsp. All these factors will affect

the equilibrium between different oligomeric forms of

small heat shock proteins.

PHOSPHORYLATION 

OF SMALL HEAT SHOCK PROTEINS 

AND EFFECT OF PHOSPHORYLATION 

ON THEIR OLIGOMERIC STATE

In smooth muscle, stimulation of cyclic nucleotide

dependent protein kinases and/or inhibition of phospho�

diesterase results in phosphorylation of small heat shock

proteins with molecular weight 20 kD [22�25]. cAMP�

and cGMP�dependent protein kinases phosphorylate

Ser16 of Hsp20 and induce dissociation of oligomers of

this protein [23, 24]. It is supposed that phosphorylated

Hsp20 predominantly interacts with monomeric actin

(G�actin) whereas unphosphorylated Hsp20 predomi�

nantly interacts with F�actin [24]. It is important to men�

tion that phosphorylation of the site that is located at the

very N�terminal part of the molecule within the WDPF

domain and far from the crystallin domain leads to the

change in the oligomeric state. This is indirect evidence

for the important role of the N�terminal part of Hsp20 in

oligomer formation.

Stimulation of HeLa cells by arsenite, phorbol

esters, or tumor necrosis factor (TNF) results in phos�

phorylation of Ser78, Ser82, and to a smaller extent Ser15

of Hsp27 [26]. All the above mentioned sites contain the

consensus sequence RXXS. It is worthwhile to mention

that the primary structure of sHsp in the vicinity of the

sites of phosphorylation is rather conservative, however

there are examples where this conservative sequence is

not preserved in the vicinity of one or even two potential

sites of phosphorylation. Ser15 is located at the N�termi�

nal end in the WDPF�domain, whereas two other sites of

phosphorylation are located in a variable part of the mol�

ecule close to the crystallin domain of small heat shock

proteins [11] (Fig. 1).

It is well known that certain hormones and biological�

ly active compounds as well as different types of stresses

activate the MAP�kinase cascade (see Fig. 2). Activation of
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p38 MAP�kinase results in increase of activity of so�called

MAPKAP�2 kinase. This protein kinase phosphorylates

the three above�mentioned sites in Hsp25/27 [27�31].

p42/p44 ERK kinase seems not to be involved in phospho�

rylation of small heat shock proteins [31, 32].

Recently it has been shown that certain isoforms of

protein kinase C can be involved in phosphorylation of

Hsp25/27 [33]. The delta isoforms of protein kinase C

seem to phosphorylate the same sites of Hsp25/27 as

MAPKAP�2/3. Platelet sHsp27 is phosphorylated by

cGMP�dependent protein kinase that phosphorylates

Thr143 [34]. Phosphorylation of Hsp27 by cGMP�

dependent protein kinase does not affect phosphorylation

of this protein by MAPKAP�2 kinase. At present little is

known about enzymes involved in dephosphorylation of

Hsp25/27. However it has been shown that under certain

conditions Ca�calmodulin dependent protein phos�

phatase (calcineurin) is able to dephosphorylate

Hsp25/27 [35].

It was found that eye lens αB�crystallin can also be

phosphorylated and that cAMP�dependent protein

kinase may participate in this process. Different stress

factors induce phosphorylation of Ser19, Ser45, and

Ser59 of αB�crystallin. Ser45 seems to be phosphorylated

by p42/p44 kinase, whereas Ser59 is phosphorylated by

MAPKAP�2 kinase [36]. As in the case with Hsp25/27,

the sites of phosphorylation in crystallin are located either

in the N�terminal part in the so�called WDPF�domain or

in the variable sequence in the vicinity of the crystallin

domain. Summing up, we conclude that crystallins and

Hsp25/27 can be phosphorylated by different MAP�

kinases at sites located either at the very N�terminal

domain or in the vicinity of the conservative crystallin

domain. In addition these proteins can be phosphorylated

by cyclic�nucleotide dependent protein kinases (Fig. 1).

Phosphorylation of Hsp25/27 by MAPKAP�kinases

or replacement of the corresponding Ser residues by an

Asp [37] or Glu [11] leads to dissociation of large

oligomers consisting of 24 (or even more) monomers to

tetramers. In both cases phosphorylation or mutation of

the site located in the N�terminal part (Ser15) induces

only a small effect on the oligomerization, whereas phos�

Fig. 2. Scheme of activation of MAP�cascade. Ras, Rac, and Cdc42 are small G�proteins. MKKK are kinases of kinase of MAP�kinase.

They are poorly characterized and consist of MEKK (MAP�kinase and Extracellular responsive Kinase Kinases), Mixed Lineage Kinases

(MLK), and kinases activated by p21 (PAK). These enzymes can phosphorylate and regulate activity of several mitogen activated kinases

denoted as MKK 1/2, 3/6, 4, and 7. These enzymes phosphorylate Thr and Tyr of three different MAP�kinases. Namely Extracellular

Responsive Kinase (ERK, p42/44 MAPK); kinase, phosphorylating the N�terminus of factor c�Jun (JNK); and MAP�kinase with molec�

ular weight 38 kD (p38 MAP�kinase). This enzyme phosphorylates and activates MAPKAP�2 kinase which phosphorylates Hsp25/27 (after

Sugden and Clerk [66] with simplifications).
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phorylation of Ser78/Ser82 of human Hsp27 or Ser90 of

Chinese hamster Hsp27 leads to dissociation of large

oligomers of sHsp. Complete dissociation of oligomers

was observed only after phosphorylation of all three

potential sites of phosphorylation. Similar results were

also observed in the case of αB�crystallin. Replacement

of Ser, phosphorylated by MAPKAP�kinase, by Asp leads

to dissociation of large 500 kD oligomers of αB�crystallin

to smaller aggregates with molecular weight 100�300 kD

[36].

Recently published results [36, 37] indicate that

phosphorylation of Hsp25/27 accompanied by dissocia�

tion of large oligomers leads to decrease of chaperone

activity. These data agree with the fact that dimers of

Hsp25 do not possess chaperone activity, whereas large

aggregates and granules formed after aggregation of large

oligomers, have high chaperone activity [38]. It is worth�

while mentioning that heat shock leads to aggregation of

mammalian sHsp25/27 and formation of large granules

that retain high chaperone activity [38]. Amazingly,

increase in the temperature induces the opposite effect in

the case of Saccharomyces cerevisiae Hsp26 [39]. At low

temperature this protein forms 24�mer oligomers that dis�

sociate (not aggregate as in the case of mammalian sHsp)

at elevated temperature, and this dissociation is accom�

panied by increase of chaperone activity [39]. This means

that also highly homologous sHsp isolated from mammals

and yeast have distinctly different properties and differ�

ently react to heat shock.

Unfortunately, at present it is not absolutely clear

how phosphorylation and phosphorylation�induced dis�

sociation of Hsp25/27 provides for increased tolerance of

the cell to elevated temperature. For example, Arrigo et

al. [40, 41] did not observe correlation between phospho�

rylation and the protective effect of Hsp25 in mouse

murine L929 fibrosarcoma cells.

Summing up, we conclude that Hsp20 is predomi�

nantly phosphorylated by cyclic�nucleotide dependent

proteins kinases, whereas Hsp25/27 and crystallins are

predominantly phosphorylated by MAPKAP�kinases and

certain isoforms of protein kinase C, although cyclic

nucleotide dependent protein kinases may also phospho�

rylate Hsp25/27. Phosphorylation of certain sites results

in partial dissociation of oligomeric sHsp and modifies

chaperone activity and interaction of sHsp with target

proteins.

INTERACTION OF SMALL HEAT SHOCK 

PROTEINS WITH CYTOSKELETAL PROTEINS

AND POSSIBLE INVOLVEMENT OF sHsp 

IN REGULATION OF MUSCLE 

AND NON�MUSCLE MOTILITY

In early investigations performed on small heat

shock protein from avian gizzard it was found that Hsp25

prevented actin polymerization by blocking the barbed

end of the growing filament. In addition, Hsp25 prevent�

ed gel formation induced by addition of filamin and α�

actinin to F�actin and enhances depolymerization of F�

actin [42]. Very recently it has been shown that peptides

of Hsp25 restricted by residues W43�R57 and I92�N106

interact with actin and inhibit actin polymerization. It is

interesting that peptides of αB�crystallin homologous to

the peptide of Hsp25 containing residues 92�106 did not

affect polymerization of actin, whereas the same peptide

containing an additional 11 residues at its N�terminal

part significantly inhibited polymerization of actin [43].

At first the question of which types of oligomeric

forms of small heat shock proteins affect actin polymer�

ization was not analyzed. Later Benndorf et al. [44] found

that unphosphorylated monomeric forms of Hsp25 effec�

tively block actin polymerization, whereas phosphorylat�

ed monomers and unphosphorylated oligomers are inef�

fective in preventing actin polymerization. In some

respect these data correlate with the fact that elongation

of a short peptide of Hsp25 which is able to interact with

actin and incorporation in this peptide residues mimick�

ing the site of phosphorylation results in significant

decrease of the interaction of this elongated peptide with

actin [43]. The above mentioned results of Miron et al.

[42] and Benndorf et al. [44] have become classic and are

widely cited in the literature dealing with the interaction

of Hsp25 with actin in vitro. However, there are still many

unanswered questions. First, in both above�mentioned

papers the process of actin polymerization was followed

by fluorescent spectroscopy, viscosity, or electron

microscopy. The method of cosedimentation was not

used in either of these publications. Therefore, we have a

feeling that the direct interaction of sHsp with F�actin

was not unequivocally proved. Second, at present it is dif�

ficult to imagine how Benndorf et al. [44] were able to

separate small and large oligomers of sHsp. It is well

known that oligomeric forms of sHsp are in equilibrium

[38] and therefore separation of oligomers would seem to

be impossible. In addition, recently published data indi�

cate that the large oligomers of sHsp dissociate to dimers

and tetramers, but not to monomers [16, 38]. Third, in

the investigation of Benndorf et al. [44] isolation of dif�

ferent isoforms of Hsp25 was achieved in the presence of

rather high concentrations of Triton X�100 that can

induce large (and probably irreversible) changes in the

structure of Hsp25. It is interesting that Benndorf et al.

[44] mentioned that in contrast to the tissue Hsp25, the

recombinant protein did not affect polymerization of

actin. The situation becomes even more controversial

after a recent publication of Butt et al. [34]. It has been

found that wild type recombinant Hsp25 does not affect

actin polymerization, whereas after phosphorylation by

MAPKAP�2 kinase Hsp25 starts to activate polymeriza�

tion of actin. Thus, at present there is no consensus on the

effect of Hsp25 on actin polymerization in vitro. It is tra�
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ditionally accepted that Hsp25 is an inhibitor of actin

polymerization and that phosphorylation of small heat

shock proteins somehow affects their interaction with

actin. Let us analyze experimental results obtained on liv�

ing cells, i.e., under conditions close to in vivo conditions.

A rather large number of publications are devoted to

analysis of intracellular localization of sHsp under differ�

ent conditions. It is known that crystallins and MKBP are

located both in the cytoplasm and on the thin filaments at

the level of Z�lines [7] or on the intermediate filaments

[45]. Under normal conditions Hsp25 is as a rule diffuse�

ly distributed in the cytoplasm [30, 46�49], although

according to other publications it is colocalized with actin

filaments [30, 50] and intermediate filaments [45]. Heat

shock [47, 48] and certain hormones such as cholecys�

tokinin [30], endothelin [49], angiotensin II [51], growth

factors [52], and ceramides [49] induce redistribution of

Hsp25 and a certain portion of Hsp25 migrates to mem�

branes where it is colocalized with Rho A [49], Raf�1

[50], as well as with actin filaments and stress fibers [30,

47, 48, 50, 52, 53]. It is important to mention that if the

heat shock is performed under depletion of ATP, the

Hsp25 did not migrate from cytosol to actin filaments,

but formed large aggregates (granules) located either in

the nucleus [47, 48] or in the cytosol [46]. It is worthwhile

to mention that heat shock induces aggregation of inter�

mediate filaments and Hsp25/27 as well as αB�crystallin

interacts with these aggregates of intermediate filaments

[45]. Heat shock is also accompanied by migration of

Hsp20 from the cytosol to the insoluble fraction [54].

The question arises how external signals can induce

translocation of sHsp inside the cell. It was shown that

expression of mutant Hsp25 with replacement of Ser

phosphorylated by MAPKAP�kinases by Ala or Gly pre�

vents translocation of small heat shock protein towards

actin filaments [29]. If before stimulation the cells were

treated by specific inhibitor of p38 MAP�kinase (SB

203580) and by this means blocked phosphorylation of

Hsp25/27 [27], then stimulation of the cells was not

accompanied by migration of small heat shock protein

towards actin filaments [30]. Similar results were

obtained if the cells were expressing mutant form of Rho

[49]. In this case sHsp did nit migrate from the cytosol to

the perimembrane region [49]. The data presented mean

that different stresses or stimulation of the cells by differ�

ent agonists lead to activation of cascade of MAP�kinases

(or probably other protein kinases), phosphorylation of

Hsp25/27, and its migration from the cytosol to

cytoskeleton or to the perimembrane space. Unfor�

tunately this attractive hypothesis was not confirmed in a

number of other publications. It has been shown that

phorbol esters activating protein kinase C and cascade of

other protein kinases (including MAP�kinases) result in

translocation to the perimembrane region of both wild

type Hsp25 and its mutant that cannot be phosphorylated

[55]. Heat shock of CHO cells increases the quantity of

Hsp25 cosedimented with cell membranes. However,

both phosphorylated and non�phosphorylated forms of

sHsp migrate to the membrane [53]. Summing up, we

conclude that phosphorylation somehow affects the

interaction of sHsp with biological membranes, although

many important questions remain unanswered. It is obvi�

ous that Hsp25 can interact both with phospholipids and

proteins of biological membranes and that the interaction

with membrane proteins can also depend on the extent of

sHsp phosphorylation. Therefore, the quantity of sHsp

bound to the membrane and its phosphorylation will

depend on the total concentration of Hsp25 in the cell,

the quantity and properties of protein targets inside of the

membrane, and on the activity of membrane�bound pro�

tein kinases that are able to phosphorylate sHsp. Let us

analyze the interaction of Hsp25 with different cytoskele�

ton proteins.

Heat shock or oxidative stress is accompanied by

fragmentation of actin filaments and their dissociation

from focal contacts fixed at the cell membrane [48, 52,

53, 56]. Similar effects were observed in response to the

action of certain hormones [30]. Increased expression of

intact Hsp25/27 protects actin filaments from fragmenta�

tion and preserves their contacts with the cell membrane

[30, 47, 48, 52, 56, 57]. Wild type Hsp25 partially pro�

tected actin from depolymerization induced by cytocha�

lasin D [58]. Mutant Hsp25/27 with replacement of Ser

(which can be phosphorylated by MAPKAP�kinases) by

Ala or Gly, was unable to protect actin from different

stresses [30, 52, 56]. It is interesting that phosphorylation

of Hsp25 is accompanied by polymerization of actin in

the perimembrane region [52, 55], increased pinocytosis

[52], increased secretion of certain hormones [59], and

increased blebbing [56]. Inhibition of p38 MAP�kinase by

specific inhibitors also prevented formation of actin fila�

ments in the perimembrane region and membrane bleb�

bing [30, 56].

The following hypothesis can be put forward in order

to explain the effect of Hsp25 on actin cytoskeleton. We

may suppose that under normal conditions the extent of

Hsp25 phosphorylation is low and therefore it does not

interact with membranes and remains in cytosol.

Unphosphorylated Hsp25 interacts with the barbed end

of actin filaments and prevents actin polymerization.

Under different stress conditions or/and activation of

protein kinase cascades induced by hormones Hsp25

becomes phosphorylated. This leads to redistribution of

Hsp25 from cytosol to the membrane. In parallel phos�

phorylation of Hsp25 reduced its interaction with actin

and therefore decreases its inhibitory effect on actin poly�

merization. This leads to increased rate of actin polymer�

ization. This explanation does not contradict the largest

portion of experimental results. However, many questions

remain unanswered. First, as mentioned earlier, translo�

cation of sHsp inside the cell does not always correlate

with phosphorylation [53, 55]. Second, the question
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about the effect of Hsp25 on actin polymerization still

remains controversial. Even more controversial is the

question on the effect of phosphorylation of Hsp25 on its

interaction with actin [34, 44]. Third, if phosphorylation

decreases the interaction of Hsp25 with actin, why does

Hsp25 (becoming predominantly phosphorylated) move

to actin filaments after different type of stresses [30].

Fourth, if phosphorylation results in dissociation of

Hsp25 from actin filaments, why are filament bundles

formed in the perimembrane region close to the sites of

Hsp25 binding [30].

The data mentioned indicate an important role of

small heat shock proteins in formation and keeping of the

cytoskeleton. The recently published data indicate that

Hsp25 may participate in regulation of cell motility and

smooth muscle contraction. Endothelin�1 stimulates

contractile activity of vascular smooth muscle. It is sup�

posed that endothelin stimulates phosphoinositide�3

kinase, this leading to translocation of Rho A from

cytosol to membrane. These processes are accompanied

by migration of Hsp25 from cytosol to the membrane and

enhancement of contractile activity [49]. Antibodies to

Hsp25 and a specific inhibitor of p38 MAP�kinase signif�

icantly diminished contraction induced by endothelin�1

in permeabilized cells [31]. Different growth factors and

cytokines induce enhanced motility of smooth muscle

cells that start to migrate and leave tissues where they are

usually located. As a consequence of these events, differ�

ent pathological processes (such as atherosclerosis,

angiogenesis, hypertrophy and hyperplasia of smooth

muscle) can start. Expression of unphosphorylatable

forms of Hsp25 or specific inhibitors of p38 MAP�kinase

completely prevents the effects of platelet growth factor

or interleukin�1β on the motility of smooth muscle cells

[28].

The mechanism of the activating effect of Hsp25 on

the contractile activity of smooth muscle cells remains

enigmatic. One can suppose that small heat shock pro�

teins affect contractile activity of smooth muscle not only

because of their interaction with actin but also by affect�

ing the interaction of actin�binding proteins with actin.

There are indications that small heat shock protein inter�

acts with tropomyosin, caldesmon, and smooth muscle

myosin [50]. Under certain conditions Hsp25 interacts

with α�actinin and vinculin [16], troponin T [60], and

tubulin [61]. The content of small heat shock protein in

certain tissues (especially in different types of muscle) is

very high and is equal to 2 mg of Hsp25 per g of tissue pro�

tein [42]. At this high concentration Hsp25 may interact

with a number of different actin�binding proteins and by

this means strongly affect polymerization of actin and

regulation of contractile activity.

Finishing this chapter it is worthwhile to mention the

role of another small heat shock protein in regulation of

smooth muscle contraction. It has been found that cyclic

nucleotide dependent relaxation of smooth muscle corre�

lates with phosphorylation of sHsp with molecular weight

of 20 kD [22, 25, 62, 63]. Activation of cyclic�nucleotide

dependent pathway inhibits contraction of carotid arter�

ies induced by serotonin, and this is not accompanied by

significant change in the extent of phosphorylation of

myosin light chain [22]. It was also shown that contrac�

tion of renal arteries is accompanied by phosphorylation

of myosin light chains and Hsp27, whereas relaxation is

accompanied by decrease of the extent of phosphoryla�

tion of myosin light chains and Hsp27 and parallel

increase in phosphorylation of Hsp20 [23]. Thus, it seems

that phosphorylation of Hsp25/27 somehow activates

smooth muscle contraction and increases motility of

non�muscle cells, whereas phosphorylation of Hsp20

results in relaxation of different types of smooth muscles.

Molecular mechanisms of these processes remain enig�

matic; however, it is supposed that Hsp20 and Hsp25/27

may somehow interact with actin and actin�binding pro�

teins and with the proteins of intermediate filaments and

that this interaction somehow affects contractile activity

of smooth muscles [24, 62].

PERSPECTIVES OF FUTURE INVESTIGATIONS

The literature concerning structure and properties of

small heat shock proteins is very wide and cannot be

overviewed in details in a small review. In addition to the

above�mention review of MacRae [2] and review book

containing information about all heat shock proteins [1],

three interesting reviews were published very recently. A

review of Clark and Muchowski [64] deals with potential

role of sHsp in human diseases, a review of Gerthoffer

and Gunst [65] is devoted to the analyzing of the role of

sHsp in signal transduction and actin remodeling, and

review of Narberhaus [67] describes general properties of

small heat shock proteins. Summing up we conclude that

there are many experimental results indicating that the

small heat shock proteins play an important role in pro�

tection of cells from different stresses and in the trans�

duction of the hormonal signal from receptors to the con�

tractile apparatus and cytoskeleton. The largest progress

was achieved in the field of cell biology. Distribution of

sHsp, its phosphorylation, and participation of different

protein kinases involved in phosphorylation of sHsp are

thoroughly investigated. At the same time clear interpre�

tation of the results obtained on the cell level is still

impossible. Therefore detailed biochemical investigation

performed on isolated proteins seems to be very impor�

tant. The main efforts should be directed to the investiga�

tion of interaction of sHsp with monomeric and polymer�

ic actin. It will be necessary to analyze interaction of

Hsp25 with different actin�binding proteins and analysis

of the effect of sHsp on the interaction of actin�binding

proteins with actin. Analysis of the interaction of sHsp

with biological membranes and membrane proteins is
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also necessary. Joint utilization of biochemical and cell�

biological methods will provide new information impor�

tant for a detailed description of the mechanism of action

of sHsp in the cell.
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