
Actin is found in virtually every eukaryotic cell. Actin

filaments have a crucial role in biological motility as the

main partners of the myosin�based “motor” systems and

as the major constituent of the cytoskeleton. The cyclic

interaction of myosin heads with actin filaments, which is

accompanied by ATP hydrolysis in the heads, is the basis

of the molecular mechanism of a number of events in bio�

logical motility, from intracellular transport to muscle

contraction. Filamentous actin (F�actin) is a spiral poly�

mer of actin monomers. Monomeric actin (G�actin) is a

globular protein with molecular mass of 42 kD. It consists

of a single polypeptide chain with a bound ATP and a diva�

lent cation. An important feature of actin is its ability to

polymerization upon addition of neutral salts with forma�

tion of long polar filaments of F�actin. The polymerization

of G�actin into F�actin is accompanied by the hydrolysis

of bound ATP followed by slower release of Pi; as a result,

each subunit of F�actin contains tightly bound ADP [1].

Differential scanning calorimetry (DSC) is the most

effective and commonly employed method to study the

thermal unfolding of proteins [2�4]. Previously, this

method was successfully used to investigate domain struc�

ture of monomeric G�actin. The existence of at least two

interacting domains in the G�actin molecule has been

proposed from analysis of the G�actin heat sorption curve

[5, 6]. This suggestion has been fully confirmed by the

three�dimensional atomic structure of the G�actin pub�

lished in 1990 [7]. It has been established that the G�actin

molecule consists of two well distinguishable domains

separated by a deep cleft, each domain being subdivided

into two subdomains. The DSC method was also success�

fully used to investigate interaction of F�actin with the

cyclic heptapeptide phalloidin (one of the principal tox�

ins of the toxic mushroom Amanita phalloides) [8, 9],

nucleotides [10], phosphate analogs [9, 11], membrane

lipids [12], and various proteins, such as myosin heads

and their fragments [13�17], tropomyosin [18�21], tro�

ponin [19], and cofilin [22].

In this respect, the interaction of F�actin with cofil�

in is of a special interest. It has been shown using DSC

that this actin�binding protein has two opposite effects on

the thermal unfolding of F�actin, depending on molar
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ratio cofilin/actin [22]. At saturating concentration,

cofilin stabilizes F�actin, i.e., it increases the thermal sta�

bility of F�actin, but at sub�saturating concentrations it

causes a strong decrease in the F�actin thermal stability. It

has been suggested from these intriguing DSC results that

cofilin, when it binds to F�actin at sub�saturating con�

centrations, stabilizes only those actin subunits to which

it directly binds, but it destabilizes with a very high coop�

erativity neighboring regions of the actin filament that are

free of cofilin [22].

The highly cooperative destabilization of F�actin by

sub�saturating concentrations of cofilin could not be

explained by any existing models that describe the ther�

mal unfolding of proteins interacting with each other. It

became clear that to explain this effect, the mechanism

of the F�actin thermal denaturation should be elucidat�

ed. Earlier we proposed a new model describing in a pre�

liminary form the mechanism of the F�actin thermal

denaturation and explaining the highly cooperative effect

of destabilization of F�actin by cofilin [22, 23]. An

important feature of this model was that the irreversible

thermal unfolding of F�actin is preceded by a reversibly

stage of dissociation of actin monomers (or short

oligomers) from the pointed (or “–”) end of the actin fil�

ament. It was clear, however, that the thermal denatura�

tion of F�actin is a very complicated process, and many

additional experiments are needed to elucidate its mech�

anism.

In the present study, we have investigated in detail

the thermal denaturation of F�actin using DSC. A new

“dissociative” mechanism of the thermal unfolding of F�

actin has been proposed from the results obtained. The

main feature of the proposed model is that the irreversible

thermal unfolding of F�actin is preceded by at least two

reversible stages: one of them is dissociation of ADP from

actin subunits, and another is dissociation of subunits

from the ends of actin filaments.

MATERIALS AND METHODS

Actin preparation. Actin was prepared from rabbit

skeletal muscle and purified by polymerization–depoly�

merization [24]. G�Actin in G buffer (2 mM Tris�HCl,

pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM β�mercap�

toethanol, and 1 mM NaN3) was used within one week.

G�Actin concentration was determined spectrophoto�

metrically using the absorption coefficient at 290 nm

A1% = 6.3 cm–1. G�Actin was polymerized by the addition

of MgCl2 to the final concentration of 4 mM. Prior to

experiments, F�actin was diluted to a final concentration

(from 0.5 to 2.0 mg/ml) with 30 mM Hepes�KOH,

pH 7.3, containing 1 mM MgCl2 and, as a rule, 100 mM

KCl. In some cases, F�actin was stabilized by the addition

of 1.5�fold molar excess of phalloidin (Sigma, USA), or

by forming a complex with aluminum fluoride (AlF4
–). To

obtain the latter, 0.5 mM AlCl3 was added to F�actin in

the presence of 2 mM ADP and 5 mM NaF [11].

Differential scanning calorimetry. Calorimetric

experiments were performed on a DASM�4M differential

adiabatic scanning microcalorimeter (Institute for

Biological Instrumentation, Pushchino, Russia) with

0.47 ml capillary platinum cells, as described earlier [11,

13�22]. The measurements were carried out at scanning

rates of 0.5, 1.0, or 1.8 K/min. The reversibility of the

thermal transitions was tested by checking the repro�

ducibility of the calorimetric trace in a second heating of

the sample immediately after cooling from the first scan.

The thermal denaturation of actin was fully irreversible.

Calorimetric traces were corrected for instrumental back�

ground and for possible aggregation artifacts by subtract�

ing the scans obtained from the second heating of the

samples. The temperature dependence of the excess heat

capacity was further analyzed and plotted using Origin

1.16 and Origin 7.0 software (MicroCal Inc., USA).

Temperature dependences of light scattering.
Thermally induced aggregation of F�actin was detected

by an increase in light scattering at 90° on a Cary Eclipse

fluorescence spectrophotometer (Varian, Australia)

equipped with temperature controller and thermoprobes.

F�Actin was heated with constant rate (1°C/min) from 25

to 80°C, and the light scattering was measured at 350 nm.

The temperature dependences of light scattering were

measured under the same conditions, at the same protein

concentration, and at the same heating rate as correspon�

ding DSC experiments.

RESULTS

Effects of nucleotides on the thermal denaturation of
F�actin. Our study in this direction was initiated when we

observed remarkably lower thermal stability with F�actin

polymerized in G buffer and then diluted by 6�7 times to

the final concentration of 1 mg/ml by Hepes�KOH,

pH 7.3, compared with F�actin diluted to the same con�

centration by G�buffer (Fig. 1). The difference in maxi�

mum temperature between the two heat sorption curves

was 3.7°C. In the beginning, we proposed that this effect

might be caused by some specific influence of organic

buffer (Hepes) on the thermal denaturation of F�actin.

To check this assumption, we studied by DSC the thermal

unfolding of F�actin diluted in different buffers (phos�

phate buffer, imidazole�HCl, Hepes, Mops, Tris) of the

same molarity (24 mM) and at the same pH (7.3); all

these buffer solutions also contained 100 mM KCl and

1 mM MgCl2. It was shown that in all these buffer solu�

tions the thermal unfolding of F�actin was virtually the

same as that observed in Hepes�KOH (Fig. 1, curve 1).

Furthermore, it was shown that the thermal stability of F�

actin increases with increasing content of G�buffer in the

protein solution. It became clear that some component of
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G�buffer was responsible for the increase in the thermal

stability of F�actin. It was shown by further experiments

that this component is a nucleotide (ATP or ADP). This

led to special and more detailed studies of the effects of

nucleotides on the thermal unfolding of F�actin.

It has been shown that the thermal stability of F�

actin strongly depends on concentration of added

nucleotide (ADP or ATP). Figure 2a shows that an

increase of ADP concentration in solution leads to a pro�

nounced shift of the heat sorption curve of F�actin

towards higher temperature. A similar effect was also

observed in the case of ATP (data not shown). The tran�

sition temperature (Tm) increases by 5�6°C with increas�

ing ADP concentration up to 1 mM and reaches a plateau

at higher concentrations of ADP (Fig. 2b). This effect was

observed at all heating rates used, from 0.5 to 1.8 K/min

(Fig. 2b).

The stabilizing effect of ADP was highly specific, as

it was observed only with ADP, but not with other nucle�

oside diphosphates (IDP, UDP, GDP, CDP); moreover,

some of them (UDP, GDP, and CDP) even somewhat

decreased the thermal stability of F�actin (Fig. 3). In

contrast, the strong stabilizing effect of ATP on F�actin

was much less specific, as it was observed, although to a

lesser extent, for other nucleoside triphosphates (ITP,

UTP, and GTP) (Fig. 3). This suggests that stabilizing

effect of ATP significantly differs in its mechanism from

the effect caused by ADP. For example, it is not excluded

that ATP and other nucleoside triphosphates may interact

with some additional nucleotide�binding site on F�actin.

The presence of such “second”, low�specificity and low�

affinity nucleotide interacting site on actin has been pos�

tulated in some works [25�28]. Binding of nucleotides in

this site occurred at their millimolar concentrations, ITP

and CTP being even more effective than ATP [27].

It seems very likely that the stabilizing effect of ATP

and other nucleoside triphosphates is caused just by their

interaction with the “second” nucleotide�binding site on

F�actin. Favoring this assumption is the fact that a rise in

ATP concentration from 1 to 5 mM leads to further sig�

nificant increase in the F�actin thermal stability, whereas

a similar rise in ADP concentration has no influence on

the thermal stability (Fig. 4). The most pronounced

changes in the thermal stability of F�actin occur just at

low concentrations of added nucleotide (0.1�0.2 mM),

and under these conditions the effects of ADP and ATP

Fig. 1. Temperature dependences of excess heat capacity (∆Cp) of

F�actin in 30 mM Hepes�KOH, pH 7.3, (1) and in G�buffer

(2 mM Tris�HCl, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM

β�mercaptoethanol, and 1 mM NaN3) (2). Both buffers con�

tained 100 mM KCl and 1 mM MgCl2. Protein concentration was

1 mg/ml. Heating rate was 1 K/min.
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are very similar (Figs. 2b and 4). It is difficult to explain

these effects by some interaction of ADP or ATP with

additional nucleotide�binding site on F�actin, which

needs much higher concentrations of nucleotide. It seems

most likely that these effects, that are observed at low con�

centrations of ADP or ATP, are caused by their binding

with highly specific, high�affinity sites in actin subunits,

whereas additional stabilization of actin filaments, that is

observed at high concentrations of ATP, is caused by ATP

binding to low�affinity sites, which are able to bind ATP

and other nucleoside triphosphates, but not ADP.

It seems to us that the most likely explanation of the

stabilizing effect of nucleotides on the thermal unfolding

of F�actin is as follows. We propose that irreversible ther�

mal unfolding of F�actin is preceded by a reversible stage

of dissociation of nucleotide (ADP) from specific

nucleotide�binding sites in actin subunits. It is well

known that actin lacking bound nucleotide is very unsta�

ble and it easily denatures [29] unless protected by high

concentrations of sucrose, which permit actin to retain

stability and ability to form filaments of F�actin [30, 31].

Under normal conditions, at room temperature, ADP is

tightly bound in F�actin subunits, and it is unable to

exchange with free nucleotides. Reversible dissociation of

ADP from actin subunits probably occurs only upon

heating, just before irreversible denaturation of the pro�

tein. The presence of free nucleotide (ADP or ATP) in

solution prevents actin�bound ADP from dissociation,

and this can explain the nucleotide�induced increase in

the thermal stability of F�actin.

Dependence of F�actin thermal denaturation on pro�
tein concentration. It is known that, upon thermal denat�

uration of many oligomeric proteins and enzymes, the

maximum temperature of the thermal transition remark�

ably increases with the rise of protein concentration.

According to recent views, such dependence of Tm on

protein concentration denotes the presence of reversible

stage of dissociation of subunits from the oligomer before

their irreversible denaturation [32, 33]. We have applied

this approach to F�actin and shown that the Tm value

strongly depends on protein concentration: the Tm value

increases by more than 3°C when the concentration of F�

actin is increased from 0.5 to 2.5 mg/ml (Fig. 5).

It should be noted that in our experiments the area

under DSC curve increased in proportion to the increase

in protein concentration (Fig. 5), with no appreciable

changes in the calorimetric enthalpy (∆Hcal), which was

equal to 700 ± 50 kJ/mol at all protein concentrations

used. This is in contradiction with recently published

DSC results of Gicquaud et al. [34] showing that the

calorimetric enthalpy of F�actin drastically decreases

with increasing concentration of the protein. It seems

most likely that at high protein concentrations, the

authors observed overlapping of two calorimetric peaks,

i.e., an endothermic peak corresponding to the thermal

unfolding of F�actin, and an exothermic peak reflecting

precipitation of denatured and aggregated protein in the

calorimetric cell. In the present work, special capillary

construction of the measuring cells of the DASM�4M

calorimeter almost fully prevented the artifacts caused by

precipitation of denatured protein [35].

Thus, dependence of maximum position of the peak

of F�actin thermal denaturation on protein concentration

(Fig. 5) suggests that reversible fragmentation of actin fil�

aments and/or dissociation of subunits from the ends of

Fig. 3. Comparison of the effects of different nucleoside diphos�

phates (ADP, IDP, UDP, GDP, and CDP) and nucleoside

triphosphates (ATP, ITP, UTP, and GTP), as well as inorganic

pyrophosphate (PPi), on the maximum temperature of the F�

actin thermal transition (Tm). F�A, F�actin in the absence of

added nucleotides. Concentration of actin was 1 mg/ml, concen�

tration of all nucleotides 2 mM, and PPi 5 mM. Heating rate was

1.8 K/min.
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the filaments precedes the irreversible thermal denatura�

tion of the protein. To check this assumption, we studied

the Tm dependences on protein concentration for actin in

its different states: monomeric G�actin, filamentous F�

actin, and F�actin stabilized by phalloidin or aluminum

fluoride (AlF4
–). The DSC curves for these actin states are

presented in Fig. 6a. It is seen that actin polymerization,

i.e., transformation of monomeric G�actin into F�actin

filaments, leads to significant changes in the thermal

unfolding of the protein. These changes are expressed in

a significant increase in the denaturation temperature, in

a considerable increase in calorimetric enthalpy (the area

under the peak), and in a sharp change in the peak shape

(the peak becomes much narrower thus indicating a sig�

nificant increase in the cooperativity of thermal denatu�

ration) (Fig. 6a). Specific binding of phalloidin to F�actin

significantly increases the temperature of F�actin thermal

denaturation shifting the thermal transition by 14�16°C to

a higher temperature (Fig. 6a) [8, 9, 18]. A similar and

even more pronounced effect of F�actin stabilization is

observed in the presence of AlF4
– (Fig. 6a). In this case,

the stabilization of F�actin is caused by formation of a

stable ternary complex of actin with ADP and Pi

analogs – aluminum fluoride or beryllium fluoride, which

mimics the actin�ADP�Pi intermediate state that is

formed in the nucleotide�binding sites of actin subunits

during actin polymerization [9, 11].

The dependences of the Tm value on protein concen�

tration for all above described states of actin are present�

ed in Fig. 6b. It is seen that in the case of F�actin the Tm

value increases by almost 3°C when the protein concen�

tration is increased from 0.5 to 2.0 mg/ml. A similar

dependence of the Tm value on protein concentration was

demonstrated for F�actin stabilized by phalloidin, where�

as it was much less pronounced in the presence of AlF4
–.

As to monomeric G�actin, in this case, as expected, the

Tm value was independent of concentration of the protein

(Fig. 6b). These results confirm our assumption on the

presence of a reversible stage of fragmentation of actin fil�

aments or their dissociation into separate monomers (or

short oligomers) just before irreversible thermal denatura�

tion of the protein.

Fig. 5. DSC curves of F�actin obtained at different protein con�

centrations: 0.5 (1), 1.5 (2), and 2.5 (3) mg/ml. Other conditions:

30 mM Hepes�KOH, pH 7.3, 2 mM MgCl2, 2 mM ADP. Heating

rate was 1.8 K/min.

1 

120

80 2 

40

0

55 60 65 70

Temperature, °C

H
e

at
 p

o
w

e
r,

µ
W

3 

75

Fig. 6. DSC curves (a) and Tm dependences on protein concen�

tration (b) for G�actin (1), F�actin (2), and F�actin stabilized by

phalloidin (3) or by aluminum fluoride (AlF4
–) (4). Conditions:

G�buffer (1) or 30 mM Hepes�KOH, pH 7.3, containing 2 mM

MgCl2, 2 mM ADP (2), as well as either 45 µM phalloidin (3) or

0.5 mM AlF4
– (5 mM NaF and 0.5 mM AlCl3) (4). Concentration

of actin was 1.5 (a) and 0.5�2.0 mg/ml (b). Heating rate was 1.8

(a) or 1.0 K/min (b).

1 

150

100

2 

50

0

40 50 60 70

Temperature, °C

∆
C

p
, 

kJ
·K

–
1
·m

o
l–

1

3 

a

1 

86

82

2 

84

68

0.5 1.0 1.5

T
m

, 
°C

3 

b

2.0

[Actin], mg/ml

80 90

4 200

66

64

4 



1266 MIKHAILOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  11   2006

Thermally induced aggregation of F�actin. Thermal

denaturation of actin is accompanied by aggregation of

the protein. Denaturation of monomeric G�actin is

known to lead to formation of so�called “inactivated

actin”, which is represented by stable homogeneous asso�

ciates consisting of a limited number of unfolded protein

molecules [36�39]. In the case of F�actin, the thermally

induced aggregation is accompanied by significant

increase in light scattering (Fig. 7b). We studied the tem�

perature dependences of the thermal unfolding of F�actin

(using DSC) and its aggregation (by measuring the

increase in light scattering) under exactly the same condi�

tions and at the same heating rate (Fig. 7). A very good

correlation was found between thermal denaturation (Fig.

7a, curve 1) and aggregation (Fig. 7b, curve 1) of F�actin.

In the presence of ADP both curves, the denaturation

curve and the aggregation curve, similarly shifted to a

higher temperature (Figs. 7a and 7b, curves 2). It is inter�

esting to note that the protein solution was clear up to

achieving the maximum of light scattering; the following

decrease in light scattering at higher temperatures can be

explained by increased turbidity of solution due to forma�

tion of large aggregates of denatured protein, which are

inclined to precipitation.

Thus, these results mean that during heating the

denatured actin molecules immediately undergo aggrega�

tion.

DISCUSSION

Our results suggest that at least two reversible stages

precede the irreversible thermal denaturation of F�actin.

One of them is dissociation of nucleotide (ADP) from

nucleotide�binding sites of actin subunits, and the other is

fragmentation of actin filaments or dissociation of

monomers (or short oligomers) from the filament. The

denaturation process is completed by aggregation of

unfolded protein molecules. Thus, the proposed mecha�

nism for the thermal denaturation of F�actin filaments

can be presented by the Scheme shown below. During

heating, destabilization of actin filaments occurs, leading

to increased mobility of the filament and to weakening

the bonds between subunits. As a result, actin monomers

(or short oligomers) dissociate from one of the ends of

polar actin filament (most likely, from the pointed (or

“–”) end where the dissociation rate is much higher than

on growing barbed (or “+”) end of the filament). These

monomers either lose bound ADP and then immediately

denature and aggregate, or the ADP�containing

monomers may bind again to the actin filament, but most

likely to another filament and to the other end (“+”�

end). This model (Scheme) explains why thermal unfold�

ing of F�actin depends on both ADP and protein concen�

tration. The presence of excess free ADP in solution

impedes the thermally induced reversible dissociation of

tightly bound ADP from actin subunits, while the

increase in the protein concentration increases the num�

ber of actin filaments and, correspondingly, the number

of their “+”�ends to which actin monomers can bind.

We are aware that the proposed model for the F�actin

thermal denaturation (Scheme) is mainly based on indi�

rect data (i.e., on the Tm dependences on actin and ADP

concentrations). It is not excluded that these results can

be explained by some other way. Let us consider briefly

some other interpretations of the dependence of Tm on

actin concentration (as to different interpretations of the

ADP effect, these were discussed above). For example, it

cannot be excluded that the thermal stability of actin fil�

aments may depend on the length of the filaments, which,

in turn, may increase with increasing the protein concen�

tration. However, this explanation seems to be very

unlikely for the following reason. In all the cases, actin

was polymerized at rather high concentration (6�

7 mg/ml) and then, before experiments, F�actin was

Fig. 7. Effect of ADP on thermal denaturation (a) and aggrega�

tion (b) of F�actin. F�Actin (1 mg/ml) in the absence of added

nucleotides (curves 1) or in the presence of 2 mM ADP (curves 2)

was heated with the constant rate of 1°C/min and thermal denat�

uration or aggregation were measured by DSC (a) or light scatter�

ing (b). Dotted lines show the values of the maximum tempera�

ture (Tm) of the thermal transition of F�actin in the absence and

in the presence of ADP.
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diluted to final concentrations (from 0.5 to 2.0 mg/ml)

using the same yellow tips. Even if mechanical fragmen�

tation of long actin filaments into shorter filaments

occurred in this case, it would be the same for all prepa�

rations studied. Thus, it seems very unlikely that the

length of filaments may depend on final concentration of

F�actin.

Another possible interpretation for the dependence

of the Tm value on F�actin concentration may be nonspe�

cific lateral sticking of actin filaments (so�called

“bundling” effect), which takes place at rather low ionic

strength. At high concentration of F�actin such type

bundling of actin filaments is more probable that at low

actin concentration. It is not excluded that bundling of

actin filaments may have some influence on the thermal

stability of F�actin. However, this interpretation cannot

explain the remarkable effect of AlF4
– on the dependence

of the Tm value on concentration of F�actin (Fig. 6b),

since the AlF4
– anion binds with actin subunits in their

specific nucleotide�binding sites, and therefore it seems

very unlikely that this anion can have any influence on the

bundling of actin filaments. For these reasons, it seems to

us that the proposed “dissociative” mechanism of the

thermal denaturation of F�actin (Scheme) is the most

likely interpretation of the observed dependence of the Tm

value on F�actin concentration (Fig. 6b).

It is important to note that two F�actin stabilizers,

phalloidin and AlF4
–, differ from one another in their

influence on the Tm dependence on protein concentra�

tion (Fig. 6b). Both these stabilizers increase the thermal

stability of F�actin substantially (Fig. 6a) although inde�

pendently from each other [9]. Phalloidin increases the

F�actin thermal stability by strengthening the bonds

between adjacent subunits in the actin filament, whereas

AlF4
– demonstrates a similar effect by trapping of ADP in

the nucleotide�binding site of actin. Thus, the complex

ADP–AlF4
––actin, which mimics the ADP–Pi–actin

intermediate state of actin polymerization, should pre�

vent dissociation of ADP from actin subunits and, on the

other hand, it should stimulate the binding of actin

monomers to the barbed (“+”) end of the filament. This

means, according to the model proposed above, that AlF4
–

may influence both reversible stages preceding the irre�

versible thermal denaturation of F�actin, thus making the

Tm dependence on F�actin concentration less pro�

nounced and more similar to those characteristic for

monomeric proteins.

Let us consider in detail the main statements of the

proposed mechanism (Scheme). One of them is that the

actin filament denatures not as a whole, but as separate

monomers or short oligomers dissociated from the fila�

ment during heating. In favor of this assumption are the

results of recent studies on the thermal denaturation of

actin using the hydrophobic fluorescent probe 1�anili�

nonaphthalene�8�sulfonic acid (ANS). It has been

shown that both G�actin and F�actin demonstrate a very

similar increase in ANS fluorescence during thermal

denaturation of the protein, and they both show very sim�

ilar fluorescence spectra of the dye bound to denatured

actin (A. V. Pivovarova and D. I. Levitsky, unpublished

results). Strong increase in ANS fluorescence is known to

be caused by interaction of the dye with hydrophobic

clusters that appear on the protein surface upon denatu�

ration [37�39]. Hence we may conclude that similar

increase in ANS fluorescence for G�actin and F�actin

reflects similarity between these proteins in hydrophobic

properties of the surface of denatured protein, and this is

in favor of our assumption that denaturation of F�actin

monomers occurs after their dissociation from actin fila�

ments.

Another confirmation of the “dissociative” mecha�

nism of the F�actin thermal denaturation has been

recently obtained from studies on the interaction of F�

actin with small heat shock proteins [40]. It has been

found that these proteins do not interact with intact F�

actin and do not protect F�actin from thermal denatura�

tion, but they effectively prevent aggregation of heat�

denatured actin by forming small, stable, and highly sol�

uble complexes with denatured actin. The size and sedi�

mentation coefficients of these complexes were much less

than that of intact F�actin. The results were interpreted as

follows: small heat shock proteins bind to denatured actin

A scheme illustrating the dissociative mechanism for the thermal

denaturation of F�actin filaments. The temperature increase is

shown from top to bottom. ADP molecules, both free in solution

and bound to actin monomers, are marked as D. The shaded actin

monomers (or short oligomers) are those that dissociate upon

heating from the “–”�end of actin filament and can bind to the

“+”�end of the same or other filament. See text for details
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monomers or short oligomers obtained during heating of

F�actin and protect them from aggregation by forming

small and highly soluble complexes [40].

The other important statement of the proposed dis�

sociative mechanism of the F�actin thermal denaturation

is that the ADP�containing actin monomers or short

oligomers dissociated from the “–”�end of actin filament

may bind again to the “+”�ends of the filaments

(Scheme). Let as consider briefly the literature data in

favor of this assumption. An “annealing” phenomenon

has been found for F�actin, i.e., formation of long polar

actin filaments from very short filaments due to interac�

tion between “+”� and “–”�ends of the filaments [41�

43]. The annealing process proceeded spontaneously,

and, unlike actin polymerization, the presence of ATP�

containing G�actin monomers and ATP hydrolysis was

not required [41].

Furthermore, there are many reports in the literature

that monomeric ADP–G�actin, in which ATP is

replaced by ADP, is able to polymerize with formation of

F�actin filaments, although more slowly than ATP–G�

actin [44�46]. Filaments of F�actin obtained from

ADP–G�actin and ATP–G�actin did not differ from one

another in their length, viscosity, and mechanical proper�

ties [47], although some difference was found in their

dynamic properties (in mutual flexibility of subunits in

the filament) [48]. It has been also demonstrated that

ADP–G�actin is able to bind to the barbed (“+”) ends of

preformed actin filaments with a rather high rate (only

three times less than for ATP–G�actin) [49].

All these data mean that the binding of ADP�con�

taining actin monomers or short oligomers to the barbed

(“+”) ends of actin filaments, which is postulated in our

model (Scheme), seems to be quite possible. In favor of

this are also the DSC results on thermal denaturation of

F�actin in its complexes with the actin�binding protein

gelsolin. In these complexes the maximum temperature

of the F�actin thermal transition was very low (Tm ~

61.5°C), and its dependence on protein concentration

was much less pronounced than for F�actin: the Tm value

increased by only 0.7°C when concentration of F�actin

was increased from 0.4 to 2.1 mg/ml (D. A. Pavlov, per�

sonal communication). It is known that gelsolin binds to

the growing “+”�end of actin filament thus preventing

the binding of actin monomers to this end and further

growth of the filament. In the light of the proposed model

(Scheme), this should lead to a strong decrease in the F�

actin thermal stability making it similar to that of the

monomeric protein, and have a significant influence on

the dependence of Tm value on actin concentration. All

these predictions have been fully corroborated in DSC

experiments performed by Dr. D. A. Pavlov.

Thus, the results presented here, together with the

data of other authors, testify in favor of the proposed dis�

sociative mechanism of the thermal denaturation of F�

actin filaments.
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