
Formation of insoluble intracellular aggregates due

to protein misfolding is a common pathogenetic basis for

many degenerative and human neurodegenerative dis�

eases including Alzheimer’s, Parkinson’s, Huntington’s,

and other diseases [1, 2]. Heat shock proteins (HSPs)

playing the role of molecular chaperones [3] and found in

all organisms [4], can prevent protein aggregation.

Human and animal lens protein, crystallin, is also an

HSP. Like other HSPs, it does not exhibit specificity with

respect to protein substrates, and αB�crystallin has been

found in almost all tissues, including skeletal muscle [5].

In vitro α�crystallin suppressed aggregation of a number

of proteins [6�8]. It is suggested that α�crystallin suppres�

sion of aggregation of denatured proteins involves its

binding to hydrophobic sites of a nonnative protein;

increase in temperature increased this ability [9, 10]. The

three�dimensional structure of α�crystallin still remains

unknown due to its polydispersity and also due to varia�

tions of oligomeric state and molecular mass, which may

vary depending on temperature and isolation conditions

of this protein [11].

In this study, we have investigated the effect of α�

crystallin on thermal aggregation of glycogen phosphory�

lase b (Phb). Glycogen phosphorylase (1,4�α�D�glu�

can:orthophosphate�α�D�glycosyl transferase; EC

2.4.1.1) is the key enzyme of glycogen metabolism in

skeletal muscles. Phb catalyzes the first stage of glycogen

degradation. In a resting muscle, the enzyme exists in the
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Abstract—Thermal aggregation of rabbit skeletal muscle glycogen phosphorylase b (Phb) has been investigated using dynam�

ic light scattering under conditions of a constant rate of temperature increase (1 K/min). The linear behavior of the depend�

ence of the hydrodynamic radius on temperature for Phb aggregation is consistent with the idea that thermal aggregation of

proteins proceeds in the kinetic regime wherein the rate of aggregation is limited by diffusion of the interacting particles (the

regime of “diffusion�limited cluster–cluster aggregation”). In the presence of α�crystallin, a protein exhibiting chaperone�

like activity, the dependence of the hydrodynamic radius on temperature follows the exponential law; this suggests that the

aggregation process proceeds in the kinetic regime where the sticking probability for colliding particles becomes lower than

unity (the regime of “reaction�limited cluster–cluster aggregation”). Based on analysis of the ratio between the light scat�

tering intensity and the hydrodynamic radius of Phb aggregates, it has been concluded that the addition of α�crystallin

results in formation of smaller size starting aggregates. The data on differential scanning calorimetry indicate that α�crys�

tallin interacts with the intermediates of the unfolding process of the Phb molecule. The proposed scheme of thermal denat�

uration and aggregation of Phb includes the stage of reversible dissociation of dimers of Phb into monomers, the stage of the

formation of the starting aggregates from the denatured monomers of Phb, and the stage of the sticking of the starting aggre�

gates and higher order aggregates. Dissociation of Phb dimer into monomers at elevated temperatures has been confirmed

by analytical ultracentrifugation.

DOI: 10.1134/S0006297907050082

Key words: glycogen phosphorylase b, denaturation, aggregation, α�crystallin, dynamic light scattering, analytical ultracen�

trifugation



EFFECT OF α�CRYSTALLIN ON GLYCOGEN PHOSPHORYLASE b AGGREGATION 519

BIOCHEMISTRY  (Moscow)   Vol.  72   No.  5   2007

nonphosphorylated form (b form), which is inactive in

the absence of AMP. Phb is an oligomeric enzyme; it is a

dimer, which consists of two identical subunits with

molecular mass of 97.4 kD [12]. Earlier we studied ther�

mal denaturation [13�15] and chemical denaturation of

Phb induced by guanidine hydrochloride [16, 17]. It was

found that the denaturation process includes a stage of

conformation changes of the dimeric form of Phb and a

stage of reversible dissociation of the enzyme dimer to

monomers followed by monomer unfolding.

In the previous studies [8, 18, 19], we proposed a

new mechanism of thermal protein aggregation leading to

amorphous aggregate formation. The proposed mecha�

nism includes the stage of formation of starting aggregates

(primary clusters) followed by the subsequent stages of

sticking of the starting aggregates and higher order aggre�

gates. Within the framework of this mechanism the effect

of α�crystallin was explained by formation of smaller�

sized starting aggregates and decreased sticking probabil�

ity of the interacting particles during their collision.

In this present study, we have demonstrated applica�

bility of this mechanism of chaperone�like activity of α�

crystallin for thermal aggregation of Phb. Thermal aggre�

gation of Phb in the absence and the presence of α�crys�

tallin was investigated under the conditions of a constant

rate of temperature increase. A similar approach has

recently been employed for studies of the protecting

effect of α�crystallin during aggregation of rabbit skeletal

muscle glyceraldehyde�3�phosphate dehydrogenase [20].

Denaturation of Phb was monitored by differential

scanning calorimetry; using this method, it was possible

to compare denaturation and aggregation under identical

conditions. Special interest in Phb is determined by the

fact that thermal enzyme denaturation follows a dissocia�

tive mechanism and includes a stage of reversible dissoci�

ation of dimers into monomers [13�15].

MATERIALS AND METHODS

Hepes, EDTA, and NaCl used in this study were

purchased from Reakhim (Russia). Bovine lens α�crys�

tallin was isolated and purified using methods described

earlier [18, 21].

Rabbit skeletal muscle Phb was isolated by the

method of Fisher and Krebs [22], using dithiothreitol

instead of cysteine and triple recrystallization of the

enzyme. Concentrations of Phb and α�crystallin were

determined spectrophotometrically at 280 nm using

absorbance coefficient of 13.2 and 8.5 for 1% solution of

Phb [23] and α�crystallin [24], respectively.

Thermal denaturation of Phb and α�crystallin and a

mixture of these proteins was investigated by differentia�

tion scanning calorimetry (DSC) using the adiabatic

scanning microcalorimeter DASM�4M (Institute of

Biological Instruments, Russian Academy of Sciences,

Pushchino, Russia) with 0.47�ml capillary platinum cells

[25]. All measurements were carried out in 0.08 M Hepes

buffer, pH 6.8, containing 0.2 mM EDTA and 0.1 M

NaCl at the rate of heating of 1 K/min using the temper�

ature range from 20 to 85°C and constant pressure of

2.2 atm. The dependence of excess heat capacity versus

temperature was calculated using the program Origin

(MicroCal, Inc, USA).

The kinetics of Phb aggregation in 0.08 M Hepes

buffer, pH 6.8, containing 0.2 mM EDTA and 0.1 M

NaCl, in the absence and in the presence of α�crystallin

was investigated by dynamic light scattering; this method

allows the real�time detection of sizes of forming aggre�

gates to be evaluated [26]. The method is based on meas�

urements of statistical characteristics of light scattered

due to fluctuations of particle concentrations in a given

volume. Characteristic relaxation time τc can be found

using the correlation function of fluctuations of scattered

light intensity; it is linked to the diffusion coefficient of

nanoparticles D (protein aggregation in this case) by the

following expression:

,                                   ,             (1)

where k is the wave vector of scattered light, n is solvent

refractive index, λ is wavelength of incident light, and θ is

the scattering angle. The hydrodynamic radius of parti�

cles, R, can then be calculated using the Stokes–Einstein

formula:

,                                (2)

where kB is the Boltzmann constant, T is temperature,

and η is solvent viscosity.

It is important to emphasize that this interpretation

of results from dynamic light scattering is applicable for

the case of non�colliding particles. However, in the aggre�

gation process particle collision definitely occurs. In this

case, dynamic light scattering may be correctly employed

for determination of average current size of particles, pro�

vided that characteristic aggregation time was much high�

er than the time required for measurement of each size

particle. During measurements of aggregation kinetics,

such time ratios are very important. In our case, this pre�

condition was very reliable.

Kinetic studies of protein aggregation were carried

out using a Photocor Complex instrument (Photoсor

Instruments, USA) with a He�Ne laser as a source of light

(wavelength of 632.8 nm, maximum power of 15 mW).

When necessary, laser power could be decreased to

exclude parasite effects attributed to overheating of the

investigated sample during absorbance of a part of the
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incident energy. Measurements were carried out at the

fixed scattered angle of 90°. The scattered light was

accepted by a cross�correlation system for photon count�

ing, which could detect particles of size ranging from

0.5 nm to 5 µm. Signals from the photon counting system

were then analyzed by the Photocor�FC correlator using

both linear and logarithmic time scale. The value of the

integral intensity of light scattering was analyzed simulta�

neously with measurement of the correlation function of

light scattered. Correlation functions were analyzed by

means of the DYNALS program of polydisperse analysis

(Alango, Israel).

It was also important to compare the results obtained

by dynamic light scattering with the results obtained by

DSC at high rates of temperature scanning. Since the

standard Photocor Complex thermostat cannot provide

the required scanning rates, we have developed a minia�

turized low�inertia thermostat with temperature scanning

rates up to 10°C/min. Temperature control error did not

exceed 0.1°C. Increased accuracy of temperature meas�

urements at high scanning rates was achieved by use of a

special platinum thermometer, which was placed directly

into the sample.

All solutions used were prepared using deionized

water obtained from an Easy–Pure II RF system

(Barnstead, USA). The aggregation reaction was initiated

by adding Phb solution (10�50 µl) to the buffer with or

without α�crystallin thermostatted for 5 min. Total vol�

ume of the reaction mixture was 0.5 ml.

Velocity sedimentation experiments were carried out

at 20 and 48°C using a Spinco analytical ultracentrifuge,

model E (Beckman, USA) equipped with the absorption

optical scanning system, a monochromator, and a com�

puter. A four�channel titanium rotor An�F and 12�mm

two�sector cells were used in experiments. During sedi�

mentation studies at 48°C, the rotor was thermostatted

overnight at this temperature. Sedimentation was regis�

tered by enzyme absorption at 280 nm. The interval

between scannings was 3 min. All the cells were scanned

simultaneously. For digitized data collection, we have used

La�n20�12 PCI and La�1.5 PCI cards and the program

developed by A. G. Zharov for these purposes (www.

ADClab.ru). The sedimentation coefficients were deter�

mined from differential distributions of sedimentation

coefficients [c(s); s] or [c(s, f/f0); s] using the program

SEDFIT [27, 28]. Mean values of the sedimentation coef�

ficients of separate forms were obtained by integration of

differential distribution peaks. Sedimentation coefficients

were normalized to standard conditions (solvent with den�

sity and viscosity of water at 20°C) as described in [15].

Analysis of kinetic data on protein aggregation.
Results of studies on kinetics of thermal protein aggrega�

tion using dynamic light scattering [8, 18, 19, 29] indicate

that the aggregation process begins with the initial stage,

known as the formation of starting aggregates. Their

hydrodynamic radius (Rh) is about tens nanometers.

Sticking of starting aggregates and then aggregates of

higher order finally results in formation of large aggre�

gates (Rh of 2000�4000 nm), which tend to precipitate.

Thus, protein aggregates are highly disperse systems,

which are studied by colloidal chemistry. Problems of sta�

bility of the colloidal systems and aggregation of particles

with sizes 1�1000 nm have been well studied. Collisions

result in formation of particle assemblies stabilized by

surface forces [30, 31].

Two extreme kinetic regimes of colloidal particles

aggregation have been identified. In the absence of dis�

traction forces between particles, each collision results in

sticking of the colliding particles. In this case, the rate of

aggregation is limited by diffusion of colliding particles.

This kinetic regime has been defined in the literature as a

“diffusion�limited cluster–cluster aggregation” (DLCA).

When probability of particle sticking is lower than unity

another kinetic regime known as a “reaction�limited

cluster–cluster aggregation” (RLCA) occurs. Transition

of DLCA regime into RLCA regime is characterized by

significant changes of the behavior of the time�depend�

ence of hydrodynamic radius of particles (Rh). In the case

of DLCA regime the initial part of the dependence of Rh

versus time (t) is linear and can be described by the fol�

lowing linear dependence:

,                         (3)

where Rh,0 is hydrodynamic radius of initial particles

involved in aggregation and t2R is time interval required

for the hydrodynamic radius to reach the value of 2Rh,0.

The parameter t2R characterizes the rate of the aggrega�

tion process. The greater the t2R value is the less the aggre�

gation rate.

When the time interval exceeds certain limit (t > t*)

the time dependence of Rh is described by a function of

degree [32�35]:

,                (4)

where Rh* is Rh value at t = t*, K1 is a constant, and df is a

fractal dimension of aggregates. The fractal dimension is

a structural characteristic of aggregates formed as a result

of unordered collisions (random aggregation). Molecular

mass (M) and effective radius (R) of aggregates formed in

such a manner are related as follows: M ~ Rdf. In the case

of the DLCA regime there is a universal value of the frac�

tal dimension of 1.8.

Thermal aggregation of proteins is characterized by

the existence of an initial stage of starting aggregate for�

mation [8, 18, 19]; their subsequent aggregation follows

the DLCA regime. Taking into consideration the latent

phase of starting aggregate formation, the initial time

dependence of Rh is described by the following equation:
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,                   (5)

where t0 is duration of the latent phase and t2R is time

interval required for the increase in hydrodynamic radius

from the value Rh,0 to the value 2Rh,0. Earlier it has been

shown [8, 18, 19, 29] that the initial parts of the plots

demonstrating ratios between the intensity of light scat�

tering (I) and hydrodynamic radius are linear in the case

of protein aggregation, and so it is not difficult to evaluate

a value of hydrodynamic radius of starting aggregates

(Rh,0). The value of Rh,0 is determined as a segment cut on

the abscissa axis by the linear dependence of I versus Rh.

Knowing Rh,0, it is possible to calculate two other param�

eters (t0 and t2R) from the initial part of time dependence

of Rh using Eq. (5).

In the case of the RLCA regime the dependence of

Rh on time (t) exhibits exponential behavior [32�34].

During thermal aggregation of proteins such a regime is

realized in the presence of chaperones, e.g. in the pres�

ence of α�crystallin [8, 18]. Taking into consideration the

latent phase of starting aggregate formation, the time

dependence of Rh in this case may be described by the fol�

lowing equation:

.           (6)

After calculation of the Rh,0 parameter using the ratio

between the intensity of light scattering and hydrodynam�

ic radius, the other parameters (t0 and t2R) can be found

using Eq. (6).

Using aggregation of glyceraldehyde�3�phosphate

dehydrogenase it was demonstrated [20] that Eqs. (4)�(6)

are applicable for studies of protein aggregation in the

regime of a constant rate of temperature increase. In this

case, time (t) may be substituted for temperature (T) in

these equations. It should be noted that for glyceralde�

hyde�3�phosphate dehydrogenase the size of starting

aggregates is basically temperature independent in the

range of temperatures from 37 to 55°С [19, 36]. Thus it is

possible to use the ratio between the intensity of light scat�

tering and hydrodynamic radius for evaluation of the Rh,0

parameter also in the case of protein aggregation under

regime of the constant rate of temperature increase.

For the DLCA regime (i.e. protein aggregation in the

absence of a chaperone) Eq. (5) is replaced by the equa�

tion:

,                (7)

where T0 is temperature at which appearance of starting

aggregates have been registered and ∆T2R is the tempera�

ture characterized by the increase in hydrodynamic radius

of aggregates from the value Rh,0 to the value 2Rh,0.

Equation (4) is replaced by the following equation:

,                (8)

where Rh* is the Rh value at T = T* and K1 is a constant.

In the RLCA regime (i.e. protein aggregation in the

presence of a chaperone) Eq. (6) is replaced by the fol�

lowing equation:

.         (9)

Since temperature increases at a constant rate, the

parameters T0, T*, and ∆T2R can be recalculated into the

parameters t0 (duration of the latent phase resulting in

starting aggregate formation), t* (time interval at which

linear time dependence of Rh is transformed into the

dependence which follows the power law), and t2R (the

time interval characterized by the increase in hydrody�

namic radius from the value Rh,0 to the value 2Rh,0):

t0 = (T0 – Tinit)/v,                         (10)

t* = (T* – Tinit)/v,        (11)

t2R = ∆T2R/v,                             (12)

where Tinit is initial temperature at which heating begins

and v is heating rate.

We have already demonstrated applicability of Eqs.

(10)�(12) for thermal aggregation of glyceraldehyde�3�

phosphate dehydrogenase in the regime of heating at a

constant rate [20].

RESULTS

Study of Phb aggregation using dynamic light scatter�
ing. Aggregation of Phb (1 mg/ml) and the effect of α�

crystallin on this process have been investigated by

dynamic light scattering under conditions of temperature

increase at the constant rate (1 K/min) from 25 to 70°C.

Figure 1 (a and b) shows autocorrelation functions and

particle size distribution for Phb at several temperatures

in the absence of α�crystallin. The size of protein aggre�

gates increases with the increase in temperature. Figure 1

(c�f) shows autocorrelation functions and particle size

distribution for Phb in the presence of α�crystallin. In the

presence of α�crystallin protein aggregates of a smaller

size are formed.

Figure 2a shows more detailed information on the

increase in the Rh value for Phb aggregates under condi�

tions of temperature increase in the absence and in the
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Fig. 1. Thermal aggregation of Phb (1 mg/ml) under conditions of temperature increase at the constant rate (1 K/min). Autocorrelation

functions (a) and size distribution of particles (b) were obtained in the absence of α�crystallin at 50, 52, and 53°C (1�3, respectively).

Autocorrelation functions (c) and size distribution of particles (d) were obtained in the presence of α�crystallin (1 mg/ml) at 53, 55, and

57°C (1�3, respectively). Autocorrelation functions (e) and size distribution of particles (f) were obtained in the presence of α�crystallin

(3 mg/ml) at 57, 60, and 62°C (1�3, respectively). The experiments were carried out in medium containing 0.08 М Hepes, pH 6.8, 0.2 mM

EDTA, and 0.1 М NaCl.
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presence of α�crystallin. Figure 2b shows changes of the

intensity of light scattering during heating of Phb. Curve 1

in Fig. 2b corresponds to Phb aggregation in the absence of

α�crystallin. At the temperature exceeding 60°C, there was

decrease in the intensity of light scattering due to precipi�

tation of large�size protein aggregates. The presence of α�

crystallin slowed the increase in light intensity with tem�

perature and suppressed protein aggregate precipitation.

For analysis of temperature dependence of the

hydrodynamic radius we have evaluated the size of the

hydrodynamic radius of starting aggregates (Rh,0). We

have plotted the dependences of the intensity of light

scattering on the hydrodynamic radius (Fig. 3). Initial

parts of these dependences are linear and a segment cut

on the abscissa axis yields the value of Rh,0. In the absence

of α�crystallin the Rh,0 value is 83 ± 3 nm. In the presence

of α�crystallin the Rh,0 value decreases. At α�crystallin

concentration of 1 and 3 mg/ml, the Rh,0 value is 26 ± 1

and 19.4 ± 0.9 nm, respectively (table).

Studying thermal aggregation of glyceraldehyde�3�

phosphate dehydrogenase [11], we previously demon�

strated that temperature dependence of the hydrodynam�

ic radius includes a linear part, which is transformed into

a power function. Figure 2a shows that during thermal

aggregation of Phb only the initial linear part of the tem�

perature dependence of Rh (line 1) is reliably determined.

Using the determined Rh,0 value (83 ± 3 nm) and Eq. (7)

it is possible to obtain the values of the parameters T0 (the

temperature corresponding to appearance of starting

aggregates) and ∆Т2R (the time interval characterized by

the increase in the hydrodynamic radius Rh from the value

Rh,0 to the value 2Rh,0). The parameters T0 and ∆T2R of

Phb aggregation in the presence of α�crystallin were

determined by means of Eq. (9) and using the values of

Rh,0 obtained earlier. The presence of α�crystallin caused

an increase in Т0 value (table). This means that starting

aggregates appear at higher temperatures. The presence of

α�crystallin also causes an increase in ∆Т2R; this suggests

deceleration of the aggregation process. It should be

noted that in the case of Phb aggregation in the presence

of α�crystallin, free α�crystallin (possessing hydrody�

namic radius of 10.5 nm) was not detected in the system.

This means that α�crystallin present in the solution was

totally included into protein aggregates.

The parameter T0 can be recalculated into the

parameter t0 (the time interval required for formation of

Fig. 2. Effect of α�crystallin on thermal aggregation of Phb (1 mg/

ml): temperature dependence of the hydrodynamic radius Rh (a)

and of the intensity of light scattering I (b). The following concen�

trations of α�crystallin were used: 0 (1), 1 (2), and 3 mg/ml (3).
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starting aggregates) using Eq. (10). In our experiments

the value of Tinit (initial temperature at which heating

began) was 25°C and v = 1 K/min. In the absence of α�

crystallin, the parameter t0 was 24.7 ± 0.2 min. The

increase in α�crystallin concentration from 1 to 3 mg/ml

was accompanied by the increase in the parameter t0 from

28.1 ± 0.3 to 31.0 ± 0.4 min, respectively.

The parameter ∆Т2R can be recalculated into the

parameter t2R (the time interval required for the increase

in the hydrodynamic radius from the value Rh,0 to the

value 2Rh,0) using Eq. (12). In the absence of α�crystallin,

the parameter t2R was 0.59 ± 0.05 min. The increase in α�

crystallin concentration from 1 to 3 mg/ml was accompa�

nied by the increase in the parameter t2R from 2.1 ± 0.2 to

3.7 ± 0.2 min, respectively.

Comparison of denaturation and aggregation of Phb.
For comparison of thermal denaturation and aggregation

of Phb, we have investigated enzyme denaturation by

DSC. Figure 4 shows the temperature dependence of heat

sorption by Phb, α�crystallin, and their mixture. In the

absence of α�crystallin the denaturation profile of Phb

(1 mg/ml; curve 1) is characterized by maximum at 56°C;

the melting profile of α�crystallin (1 mg/ml; curve 2) has

maximum at 64°C. The denaturation profile of the mix�

ture of these proteins is characterized by lack of a peak

corresponding to free α�crystallin. The denaturation pro�

file of the mixture of Phb and α�crystallin has just one

peak with maximum at 55.4°C.

For comparison of thermal denaturation and aggre�

gation of Phb we have constructed the temperature

dependence Q/Qtot (Q is heat sorption after reaching a

certain temperature and Qtot is total heat of Phb denatura�

tion) (Fig. 5a). The value of Q/Qtot characterizes the pro�

portion of denatured protein. Figure 5b shows the

dependence of the intensity of light scattering on the

Q/Qtot value. This dependence characterizes the ratio

between denaturation and aggregation of Phb during

heating of the enzyme (1 mg/ml) at the constant rate of

1 K/min. In the range of Q/Qtot values from 0.2 to 0.8

there is a linear dependence of the intensity of light scat�

tering on Q/Qtot; thus using extrapolation it is possible to

get the value of the intensity of light scattering at Q/Qtot =

1, i.e. under conditions of total denaturation of Phb. We

have designated this value of the intensity of light scatter�

ing as Ilim. This parameter (Ilim) characterizes the calcu�

lated value of the intensity of light scattering under con�

ditions of total enzyme denaturation and lack of precipi�

tation of the formed aggregates. In Fig. 2b the level of the

intensity of light scattering, which corresponds to Ilim, has

been shown as a horizontal dashed line.

Study of oligomeric state of Phb at elevated tempera�
tures by analytical ultracentrifugation. We have earlier

demonstrated that dissociation of dimeric Phb into

monomers occurs in the region close to maximum on the

denaturation profile of this enzyme (at 53°C) [13�15]. In

this study, we have controlled oligomeric state of Phb at

Fig. 4. Effect of α�crystallin on thermal denaturation of Phb

(1 mg/ml). Temperature dependences of heat absorption of Phb

(1), α�crystallin (1 mg/ml) (2), and the mixture of Phb and α�

crystallin (3) used in the same concentrations.
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48°C; this corresponds to initial region of denaturation

and aggregation of this enzyme. Figure 6 shows results of

velocity sedimentation. During the decrease in the

enzyme concentration from 1 to 0.2 mg/ml the value of

the sedimentation coefficient s20,w of the main peak

decreased from 7.0 to 5.1 S; this suggests involvement of

the dissociative mechanism of thermal denaturation of

Phb [13�15]. We have previously demonstrated that the

sedimentation coefficient of 5.1 ± 0.2 S corresponds to

the monomeric form of apoPhb [37]. Consequently, the

peak with the coefficient of 5.1 S (Fig. 6a) corresponds to

the monomeric form of this enzyme. Results of our study

suggest that at the enzyme concentration of 0.2 mg/ml

monomeric form appears after 2.5 h and exists up to the

incubation for 4 h.

DISCUSSION

Based on results of kinetic studies [38�43] of thermal

aggregation of protein (used in a wide range of concen�

trations) by the turbidimetric method we have proposed a

mechanism of aggregation that includes a stage of nucle�

ation and a stage of nucleation�dependent aggregation.

This mechanism has been proposed for explanation of the

linear dependence of aggregation rate constant calculated

from the dependence of the intensity of light scattering

(or apparent absorbance) on protein concentration.

Evidently, this mechanism shares similarity with the

mechanism of reversible protein association, which also

includes a nucleation�dependent polymerization [44].

For the aggregation mechanism involving the nucle�

ation stage, the size of aggregates should evidently reach

the limiting value during exhaustion of denatured protein.

However, our subsequent studies of kinetics of thermal

protein aggregation (using dynamic light scattering,

which can evaluate sizes of protein aggregates) suggest

that thermal aggregation of proteins is not accompanied

by formation of aggregates limited in sizes. The size of

aggregates constantly increased with time and reached

values at which precipitation of protein aggregates began

[8, 18�20, 29, 36].

Data of the present study suggest that thermal aggre�

gation leading to formation of amorphous aggregates

does not involve a stage of nucleation. It should be noted

that using the turbidimetric method for registration of the

aggregation kinetics the intensity of light scattering (or

apparent absorbance) tend to a maximum value at rather

long times. It would be reasonable to suggest that the

aggregation process stops at t → ∞. However, data of

dynamic light scattering indicate that at the long times

sticking of protein aggregates continues. This apparent

discrepancy can be attributed to the fact that although

large aggregates possess higher ability to scatter light,

subsequent augmentation of the intensity of light scatter�

ing does not occur due to the decrease in particle num�

ber.

The results of this study on kinetics of thermal aggre�

gation of rabbit skeletal muscle Phb support a mechanism

of aggregation that includes a stage of starting aggregate

Fig. 6. Dissociation of Phb during thermal denaturation.

Differential distributions of the sedimentation coefficients for

Phb have been obtained at 48°C and normalized to the standard

conditions. Total time of enzyme heating was 2 h 40 min.

Concentrations of Phb: 0.2 (a), 0.4 (b), and 1.0 mg/ml (c). The

rotor speed was 48,000 rpm. Experiments were carried out in

medium containing 0.08 М Hepes, pH 6.8, 0.2 mM EDTA, and

0.1 М NaCl.
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formation followed by a stage of sticking of starting aggre�

gates and higher order aggregates. First of all, increase in

temperature causes unfolding of the protein molecule.

Thermal denaturation of Phb occurs via the dissociative

mechanism. Dissociation of native dimers of Phb results

in appearance of more labile monomers and therefore

starting aggregates are formed from denatured

monomers. Figure 7 shows a tentative scheme of denatu�

ration and aggregation of muscle Phb; it includes dissoci�

ation of enzyme dimers into monomers, formation of

starting aggregates from denatured molecules, and subse�

quent sticking of starting aggregates.

Since initial stages of thermal aggregation of proteins

include unfolding of protein molecule, the study of the

effect of α�crystallin on thermal aggregation of Phb has to

clarify whether α�crystallin influences denaturation of

this enzyme. Disappearance of the peak corresponding to

free α�crystallin on the DSC curve obtained for the mix�

ture of α�crystallin with Phb and a shift of total peak to

the region of lower temperatures (compared with position

of peak for free Phb) suggests that α�crystallin interacts

with unfolding intermediates of Phb molecule. A similar

pattern has been observed for the effect of α�crystallin on

denaturation of glyceraldehyde�3�phosphate dehydroge�

nase using DSC [20].

By analogy with glyceraldehyde�3�phosphate dehy�

drogenase, we may suggest that α�crystallin preferentially

interacts with monomeric form of Phb and causes shift of

the monomer–dimer equilibrium towards monomer for�

mation. Although complex formation between the

monomer and α�crystallin would result in stabilization of

the monomeric form, the stability of the bound monomer

is lower than stability of free dimeric form of this enzyme.

It should be noted that data of analytical ultracentrifuga�

tion of the mixture Phb and α�crystallin at 20°C indicate

that the latter does not interact with the dimeric form of

Phb (data not shown).

It should be noted that Rajaraman et al. [45] attrib�

uted suppression of thermal inactivation of pig mitochon�

drial citrate synthase (heating at 43°C) by α�crystallin to

its interaction with unfolding intermediates of this

enzyme.

The character of the effect of α�crystallin on thermal

aggregation of Phb is similar to its effect on thermal

aggregation of other proteins [8, 18, 20, 36]. The pres�

ence of α�crystallin causes formation of smaller size

starting aggregates. These aggregates are characterized by

lower probability of sticking during their collision than

starting aggregates lacking α�crystallin. This explains the

decrease in the aggregation rate in the presence of

α�crystallin.

In in vitro experiments, formation of protein aggre�

gates is usually monitored by the increase in the intensi�

ty of light scattering (or apparent absorbance) in the vis�

ible region [6, 9, 38, 40, 41, 43]. It should be noted that

when protein aggregation occurs in response to effects of

various physical and chemical factors (heating, UV irra�

diation, moderate concentrations of chemical denatur�

ing agents, etc.) the stage of unfolding of a protein mol�

ecule precedes the stage of aggregation. Some authors

believe that turbidimetric assays can evaluate degree of

protein denaturation. For example, the stability of native

and glycated proteins (pig heart cytoplasmic aspartate

transaminase and human serum albumin) was compared

by the curves of the increase in apparent absorbance in

the course of heating of protein solution at a constant

rate [46�48]. For substantiation of such a conclusion,

the turbidimetric assays characterizing aggregation

process should be compared with the unfolding degree of

protein molecule. Studying aggregation of glyceralde�

hyde�3�phosphate dehydrogenase during heating of pro�

tein solution in the temperature range from 40 to 67°C at

a constant rate of 1 K/min, we found correlation

between the intensity of light scattering and proportion

Fig. 7. Scheme of thermal aggregation of Phb.
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of denatured protein calculated on the basis of DSC data

[18].

Levitsky at al. [49] demonstrated correlation

between augmentation of the intensity of light scattering

of a solution of rabbit skeletal muscle F�actin during pro�

tein heating in the range of temperatures from 30 to 70°C

at the heating rate of 1 K/min and the degree of protein

denaturation evaluated by DSC.

We also found correlation between apparent

absorbance at 350 nm and proportion of denatured rabbit

skeletal muscle creatine kinase heated at 50.6°C (this was

noted after a lag�period on the kinetic curve of aggrega�

tion) [50].

It was interesting to determine whether correlation

between denaturation and aggregation exists during the

effect of elevated temperatures on muscle Phb. The shape

of the dependence of the intensity of light scattering (I)

on the ratio Q/Qtot, characterizing a proportion of dena�

tured protein (Fig. 5) indicates that linear correlation

between I and Q/Qtot has been observed only for the inter�

val of Q/Qtot values ranging from 0.2 to 0.8. Lack of corre�

lation between I and Q/Qtot at Q/Qtot < 0.2 may be

explained by existence of additional stages including con�

formational transition of the dimeric enzyme molecule

and dissociation of dimer into monomer [15], which pre�

cede the denaturation stages.

Linear behavior of the dependence of I versus Q/Qtot

for the interval of Q/Qtot values ranging from 0.2 to 0.8

may be used for evaluation of maximum value of the

intensity of light scattering (Ilim), which would be reached

at high temperatures in the absence of precipitation of

protein aggregates. Knowing the Ilim value we can nor�

malize the value of the intensity of light scattering within

the interval from 0 to 1.

Search of agents suppressing protein aggregation is

important for solution of both biotechnological problems

and also for development of drug preparations for medical

treatment of diseases accompanied by accumulation of

protein aggregates in the cell. However, until now the

search for such agents is characterized by low effective�

ness because the mechanism of protein aggregation has

been unknown. Our findings in protein aggregation may

quantitatively characterize effectiveness of agents sup�

pressing protein aggregation and therefore help to select

those agents that are the most promising in solution of the

practical problems.
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