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Abstract Thermal aggregation of aspartate aminotrans-

ferase from pig heart mitochondria (mAAT) has been

studied at various temperatures and various protein con-

centrations by dynamic light scattering. The character of

the dependence of protein aggregate size on time indicates

that aggregation of mAAT proceeds in the regime of dif-

fusion-limited cluster–cluster aggregation. Suppression of

mAAT aggregation by a-crystallin is due to transition of

the aggregation process into the regime of reaction-limited

cluster–cluster aggregation. Realization of this regime of

aggregation means that the sticking probability for the

colliding particles is less than unity.

Keywords Mitochondrial aspartate aminotransferase �
Aggregation � a-Crystallin � Dynamic light scattering

Introduction

Protein aggregation accompanied by formation of insoluble

intracellular complexes and inclusion bodies is a problem,

which is associated with biotechnological tasks and

underlies pathogenesis of many human degenerative and

neurodegenerative diseases (Jaenicke 1995; Fink 1998;

Dobson 1999; Markossian and Kurganov 2004). Because of

the low conformational stability of the protein native state,

relatively small changes in external conditions (tempera-

ture, pH, salt addition) may destabilize the structure of the

protein and induce its unfolding and aggregation. Aggre-

gates are produced when unfolded proteins interact mainly

through contact of their hydrophobic surfaces (Jaenicke

1998; Fink 1998; Dobson 1999; Kopito 2000; Markossian

and Kurganov 2004).

Proteins exhibit some of the physical chemical proper-

ties of colloids, and physical laws derived for the formation

and aggregation of colloids can be applied to protein

aggregation (Xu et al. 2005). Two distinct limiting regimes

of irreversible colloid aggregation have been identified:

diffusion-limited cluster–cluster aggregation (DLCA)

and reaction-limited cluster–cluster aggregation (RLCA)

(Weitz et al. 1984, 1985; Ball et al. 1987; Lin et al. 1989).

DLCA occurs when there is no repulsive force between

colloidal particles and the aggregation rate is only depen-

dent on the time for particles (or clusters) to collide by

diffusion. In the DLCA regime a rigid bond is formed at

each collision of particles. The clusters continue to diffuse,

collide and form larger clusters. Analysis of kinetics of

protein aggregation obtained by means of dynamic light

scattering showed that in the DLCA regime, the depen-

dence of the hydrodynamic radius Rh on time follows the

power law. In the RLCA regime, additional repulsive for-

ces caused by electrostatic forces prevent the particles from

coagulating and the bond formation probability decreases

to zero. In this case, the dependence of the hydrodynamic

radius on time follows the exponential law (Weitz et al.

1985; Lin et al. 1989). It has been shown that each of these

limiting regimes is associated with characteristic cluster

growth kinetics and a cluster morphology that is
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independent of the chemical properties of a particular

colloid system (Lin et al. 1989).

Irreversible aggregation leads to the formation of self-

similar aggregates with a fractal dimension of 1.8 for the

DLCA regime and 2.1 for the RLCA regime. A scaling

analysis of light scattering data used to compare aggrega-

tion behavior provided convincing experimental evidence

that the two aggregation regimes are universal (Ball et al.

1987; Berka and Rice 2005).

The approaches developed to study aggregation of col-

loid particles have been used for the analysis of kinetics

of thermal aggregation of proteins (Nicolai et al. 1994;

Andreasi Bassi et al. 1995; Le Bon et al. 1999; Pouzot et al.

2004). Thermal aggregation of proteins usually proceeds in

the DLCA regime (Khanova et al. 2005; Markossian et al.

2006a; Panyukov et al. 2007; Meremyanin et al. 2008).

When protein aggregation occurred in the presence of

a-crystallin, the RLCA regime was observed (Khanova et al.

2005; Markossian et al. 2006b; Meremyanin et al. 2008).

a-Crystallin, a member of the small heat-shock protein

(sHSP) superfamily, possesses chaperone-like activity and

suppresses heat-induced aggregation and precipitation of

many partially denatured proteins (Horwitz 1992; Wang

and Spector 1994, Abgar et al. 2001; Putilina et al. 2003).

In native state a-crystallin is a heterogeneous oligomer

composed of two kinds of subunits, aA- and aB-crystallin,

each of molecular weight of about 20 kDa (Groenen et al.

1994; Horwitz 2003). A dynamic quaternary structure of

a-crystallin depends on external conditions such as pH,

temperature, ionic strength and concentration, and the

number of subunits in each assemblage can vary from 15 to

50 (Vanhoudt et al. 1997; Burgio et al. 2000). The ability

of a-crystallin to suppress heat-induced aggregation of

proteins is a result of its complexation with denatured

proteins as demonstrated by different physical and physico-

chemical methods (Horwitz 1993; Wang and Spector 1994;

Putilina et al. 2003; Krivandin et al. 2004). It is of special

interest to clear up whether the protective mechanism of a-

crystallin proposed by us (Khanova et al. 2005; Markossian

et al. 2006b; Meremyanin et al. 2008) and based on the

transition of the aggregation process from the DLCA

regime to RLCA regime is universal.

In some cases the RLCA regime for protein aggregation

can be realized in the absence of an added chaperone. Such

a situation is observed when the protein contains an

intramolecular chaperone. When analyzing the kinetics of

thermal aggregation of yeast alcohol dehydrogenase I, we

showed that the initial parts of the dependences of the

hydrodynamic radius on time follow the exponential law

(Markossian et al. 2008). According to (Bhattacharyya

et al. (2003), the peptide -SGVCHTDLHAWHGDWPL

PVK [40–60]- of the alcohol dehydrogenase I molecule

functions as an intramolecular chaperone. Thus, analysis of

the dependence of the hydrodynamic radius of protein

aggregates on time permits to reveal the proteins that

contain intramolecular chaperones. When choosing protein

substrates for testing chaperone-like activity, preference

should be given to proteins with well-studied mechanism

of denaturation and aggregation.

Aspartate aminotransferase (EC 2.6.1.1, mAAT) from

pig heart mitochondria is a homodimeric, pyridoxal 50-
phosphate (PLP)-dependent enzyme, which contains one

molecule of PLP bound to each of the two identical active

sites (Boyd 1961). The molecular mass of dimeric mito-

chondrial enzyme is about 92.9 kDa (Barra et al. 1976).

The functionally independent active sites are at the inter-

face between the small and large domains on the opposite

sides of the dimeric molecule (Ford et al. 1980). Inacti-

vation and denaturation of mAAT have been in the focus of

some studies (Twomey and Doonan 1997; Azzariti et al.

1998; Lawton and Doonan 1998; Golub et al. 2008). In our

previous study we have shown that inactivation and

denaturation of mAAT proceed as irreversible reactions of

the first order (Golub et al. 2008).

In the present work we demonstrate that thermal

aggregation of mAAT proceeds in the DLCA regime. The

obtained results suggest that the protective action of

a-crystallin is due to diminution in the size of the start

aggregates and the transition of the aggregation process

into the RLCA regime.

Materials and methods

Materials

All solutions for the experiments were prepared using

deionized water obtained with Easy-Pure II RF system

(Barnstead, USA).

Isolation and purification of mAAT

The enzyme was purified according to (Barra et al. (1976)

with several modifications (Golub et al. 2008). Protein

concentration was determined from the absorbance at

280 nm using the extinction coefficient A280
1% = 14.0 (Barra

et al. 1976).

Isolation and purification of a-crystallin

Purification of a-crystallin from freshly excised lenses of

2-year-old steers was performed according to the procedure

described earlier (Chiou et al. 1979; Khanova et al. 2005).

The a-crystallin concentration was determined from the

absorbance at 280 nm using the extinction coefficient

A280
1% = of 8.5 (Putilina et al. 2003).
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Dynamic light scattering (DLS) studies

For light scattering measurements a commercial instrument

Photocor Complex was used (Photocor Instruments Inc.,

USA; www.photocor.com) with an He–Ne laser (Coherent,

USA, Model 31–2082, 632.8 nm, 10 mW) as a light

source. The temperature of sample cell was controlled

by the proportional integral derivative (PID) temperature

controller to within ±0.1�C. A quasi-cross correlation

photon counting system with two photomultiplier tubes

(PMT) was used to increase the accuracy of particle sizing

in the range from 1.0 nm to 5.0 lm. DLS data were

accumulated and analyzed with multifunctional real-time

correlator Photocor-FC. DynaLS software (Alango, Israel)

was used for polydisperse analysis of DLS data.

The diffusion coefficient D of the particles is directly

related to the decay rate sc of the time-dependent correla-

tion function for the light-scattering intensity fluctuations:

D = 1/2sck
2. In this equation k is the wave number of the

scattered light, k = (4pn/k)sin(h/2), where n is the refrac-

tive index of the solvent, k is the wavelength of the incident

light in vacuum and h is the scattering angle. The mean

hydrodynamic radius of the particles, Rh, can then be

calculated according to the Stokes–Einstein equation:

D = kBT/6pgRh, where kB is Boltzmann’s constant, T is the

absolute temperature and g is the shear viscosity of the

solvent.

Thermal aggregation of mAAT was studied in 10 mM

Na-phosphate buffer, pH 7.5. The buffer was placed in a

cylindrical cell with a diameter of 6.3 mm and pre-incu-

bated for 10 min at appropriate temperature. Cells with

stoppers were used for incubation at high temperature to

avoid evaporation. The aggregation process was initiated

by the addition of an aliquot of mAAT to a final volume of

0.5 ml. To study the effect of a-crystallin on aggregation of

mAAT, aliquots of both proteins were added into the cell

simultaneously. The scattering light was collected at 90�
scattering angle and the accumulation time of the auto-

correlation function was 30 s.

Analysis of the dependence of the hydrodynamic radius

of the protein aggregates on time allows discriminating

between the DLCA and RLCA regimes of aggregation. In

our previous works (Khanova et al. 2005; Markossian et al.

2006a, 2006b; Panyukov et al. 2007), the conclusion about

the validity of the DLCA regime was made on the fact that

from a certain value of time (t [ t*) the dependence of the

hydrodynamic radius (Rh) of the protein aggregates on time

follows the power law (Khanova et al. 2005; Markossian

et al. 2006a, 2006b; Panyukov et al. 2007):

Rh ¼ R�h 1þ K2 t � t�ð Þ½ �
1=df
; ð1Þ

where Rh
* is the Rh value at t = t*, K2 is a constant and df is

the fractal dimension of the fractal aggregates. For the

DLCA regime parameter df has a universal value: df = 1.8

(Lin et al. 1989; Weitz et al. 1984, 1985).

The initial parts of the dependences of hydrodynamic

radius on time for protein aggregation proceeding in

the DLCA regime are described by the linear function

(Khanova et al. 2005; Markossian et al. 2006a, 2006b):

Rh ¼ Rh;0 1þ t=t2Rð Þ; ð2Þ

where Rh,0 is the hydrodynamic radius of the start aggre-

gates and t2R is the time interval over which the Rh,0 value

increases from Rh,0 to 2Rh,0.

The linear character of the initial parts of the depen-

dences of Rh on time observed by us for protein

aggregation is not an extraordinary feature of colloid

aggregation. When studying the kinetics of colloid aggre-

gation proceeding in the DLCA regime, the dependences of

Rh on time at rather low values of time are linear, as was

clearly demonstrated, for example, for aggregation of

kaolinite (Berka and Rice 2005).

The light scattering intensity (I) versus the hydrody-

namic radius plots may be used for estimation of the size of

the start aggregates. The Rh,0 value corresponds to the

length cut off on the abscissa axis by the linear dependence

of I on Rh (Khanova et al. 2005; Markossian et al. 2006a,

2006b). The dimensionless polydispersity index PI, which

is a measure of the breadth of the distribution of particles by

size, was calculated according to International standard ISO

13321 (International standard ISO 13321:1996(E) 1996).

Results and discussion

Kinetics of thermal aggregation of mAAT

Figure 1 shows the increase in the light scattering intensity

at 632.8 nm accompanying thermal aggregation of mAAT

at 55�C (a), 57.5�C (b) and 60�C (c) (10 mM Na-phosphate

buffer, pH 7.5). The enhancement of the enzyme concen-

tration in the interval from 0.05 to 0.4 mg/ml results in the

increase in the increment rate of the light scattering inten-

sity (curves 1–4 in Fig. 1a–c). At sufficiently high values of

incubation time a decrease in the light scattering intensity

occurs because of precipitation of the protein aggregates.

It is of interest that the ascending branches of the

dependences of the light scattering intensity (I) on time

(below the time value where precipitation is observed) for

mAAT aggregation follow the exponential law (see

Kurganov 2002a):

I ¼ Ilim 1� exp �kItð Þ½ �; ð3Þ

where Ilim is the limiting value of I at t ? ? and kI is the

rate constant of the first order The results of fitting are

shown in Fig. 1.
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At first glance, the course of the theoretical curve

described by Eq. (3) corresponds to the aggregation process

developing under the conditions of lacking precipitation. In

this case the Ilim value would correspond to the complete

transition of the protein to the aggregated form. However,

the calculation of a portion of the denatured protein shows

that in the time intervals under investigation the aggrega-

tion process is far from completion. Since the process

of mAAT thermal aggregation proceeds as a monomolec-

ular irreversible reaction (Golub et al. 2008), the portion

of denatured protein may be calculated as follows:

cden = 1 - exp (-kdent), where kden is the denaturation

rate constant. To calculate the kden values at various tem-

peratures, we used the Arrhenius equation in the following

form:

kden ¼ exp
Eden

a

R
1

Tden
1

�
� 1

T

�� �
min�1; ð4Þ

where Ea
den is the energy of activation, T1

den is the tem-

perature at which the rate constant kden equals 1 min-1

and R is the gas constant. The values of parameters Ea
den

and T1
den were found to be 516.6 ± 0.7 kJ mol-1 and

346.44 ± 0.01 K, respectively (10 mM Na-phosphate

buffer, 7.5) (Golub et al. 2008). The values of kden at 55�C

(a), 57.5�C (a) and 60�C (c) calculated from Eq. (4) were

equal to 2.7 9 10-5, 1.2 9 10-4 and 5.1 9 10-4 min-1,

respectively. The upper scales in Fig. 1a–c show the

increase in the portion of the denatured protein (cden) in

the course of mAAT denaturation at the corresponding

temperatures. Previously we showed that the portion of

the aggregated protein (cagg) determined in the sedimen-

tation experiments coincided with the portion of the

denatured protein (Golub et al. 2008). To characterize the

time of the leveling off of the light scattering intensity,

parameter t0.99 may be used by convention: t0.99 is the

time value at which the light scattering intensity reaches

the level of I/I? = 0.99. The values of t0.99 for the theo-

retical dependences of the light scattering intensity on

time calculated from Eq. (3) at 55�C (a), 57.5�C (b) and

60�C (c) at mAAT concentration of 0.05 mg/ml were

equal to 3,270, 820 and 490 min, respectively. These t0.99

values correspond to the following values of cden = cagg:

0.08, 0.09 and 0.22. The analogous calculations were

made for other concentrations of mAAT. The leveling off

of the light scattering intensity takes place at time values

when the portion of the denatured protein does not exceed

22% (under the studied conditions).

Measurements of the hydrodynamic radius of the protein

aggregates formed at thermal aggregation of mAAT have

allowed us to explain why precipitation of mAAT aggre-

gates proceeds at low values of protein denaturation.

Treatment of the DLS data shows that the distribution of

protein aggregates by size in the course of thermal aggre-

gation of mAAT remains unimodal, with the position of the

distribution peak shifted to higher values of the hydrody-

namic radius when the incubation time rises. Figure 2

Fig. 1 Thermal aggregation of mAAT (10 mM Na-phosphate buffer,

pH 7.5). Dependences of the light scattering intensity on time

obtained at 55�C (a), 57.5�C (b) and 60�C (c). The protein

concentrations were as follows: 0.05 (1), 0.1 (2), 0.2 (3) and 0.4 (4)

mg/ml. The dotted curves are calculated from Eq. (3). The horizontal
dotted lines correspond to the Ilim values. The upper scales in (a–c)

show the portion of the denatured protein (cden) calculated from

Eq. (4) with the values of kden equal to 2.7 9 10-5, 1.2 9 10-4 and

5.1 9 10-4 min-1 at 55, 57.5 and 60�C, respectively
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shows the dependences of the protein aggregates hydro-

dynamic radius on time for mAAT aggregation at 60�C.

Analogous dependences were obtained at other tempera-

tures (55 and 57.5�C). As it can be seen, the aggregation

process is accompanied by monotonous increase in the Rh

values up to the values in the region of *2000 nm, where

precipitation of the protein aggregates occurs.

To characterize the breadth of the protein aggregates

distribution by size, the polydispersity index PI was cal-

culated. Figure 3 shows a typical pattern of the change in

the polydispersity index in time for aggregation of mAAT

(0.2 mg/ml) at 60�C. The initial increase in the PI value in

the course of aggregation changes into the exponential

decay at t [ 25 min. The limiting value of PI at t ? ?
was found to be 0.14 ± 0.01.

Before proceeding to an analysis of the shape of the

dependences of Rh on time shown in Fig. 2, we constructed

the light scattering intensity versus hydrodynamic radius

plots. Figure 4 shows such plots obtained for the aggre-

gation of mAAT at 60�C. The initial parts of the

dependences of the light scattering intensity on Rh are

linear:

I ¼ I2 Rh � Rh;0

� �
; ð5Þ

where Rh,0 is the hydrodynamic radius of the start aggre-

gates and I2 is a constant. Rh,0 corresponds to the length cut

off on the abscissa axis by the linear dependence of I on Rh.

The values of parameters of I2 and Rh,0 calculated at var-

ious temperatures and various mAAT concentrations are

given in Table 1. As evident from the table, the variation of

temperature or protein concentration does not result in

appreciable changes in the Rh,0 value. The average value of

the hydrodynamic radius of the start aggregates was found

to be 78.5 ± 1.0 nm. It should be noted that under the used

conditions only the protein aggregates are registered by

DLS. To estimate the size of the original mAAT molecule,

we carried out the DLS measurements using mAAT solu-

tion at a concentration of 4.6 mg/ml. The hydrodynamic

radius of native mAAT at 20�C was found to be

4.13 ± 0.18 nm.

The fact that the size of the start aggregates remains

unchanged with variation of the protein concentration is not

surprising. Such a situation was observed by us earlier in the

case of thermal aggregation of bL-crystallin (Khanova et al.

2005), glyceraldehyde-3-phosphate dehydrogenase and

glycogen phosphorylase b from rabbit skeletal muscle

Fig. 2 Dependences of the hydrodynamic radius (Rh) of the protein

aggregates on time for mAAT aggregation at 60�C registered at

various protein concentrations: 0.05 (1), 0.1 (2), 0.2 (3) and 0.4 (4)

mg/ml. Solid curves were calculated from Eq. (2). The upper scale
shows the portion of the denatured protein (cden) calculated from

Eq. (4) with kden = 5.1 9 10-4 min-1

Fig. 3 The change in the polydispersity index PI in time for

aggregation of mAAT (0.2 mg/ml) at 60�C

Fig. 4 The relationship between the light scattering intensity and

hydrodynamic radius of the protein aggregates for aggregation of

mAAT (0.2 mg/ml) at 60�C. The protein concentrations were as

follows: 0.05 (1), 0.1 (2), 0.2 (3) and 0.4 (4) mg/ml
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(Markossian et al. 2006a, 2006b; Golub et al. 2007) and

tobacco mosaic virus coat protein (Panyukov et al. 2007).

Previously, we documented well that formation of the start

aggregates proceeds on the all or none principle (Golub

et al. 2007). It is evident that formation of the start aggre-

gates resembles formation of micelles of surfactants.

With the knowledge of the Rh,0 values, we analyzed the

initial parts of the dependences of Rh on time using Eq. (2).

The values of the parameter 1/t2R characterizing the rate of

aggregation are given in Table 1. The 1/t2R value increases

with increasing temperature or protein concentration.

Above a certain value of time (t [ t*), the dependences

of Rh on time follow the power law (Eq. 1) with parameter

df close to 1.8 (the values of t*, Rh
* and df are given in

Table 1). Such a character of the dependences of Rh on

time shows that thermal aggregation of mAAT proceeds in

the diffusion-limited cluster–cluster regime as is the case

with thermal aggregation of other proteins (Khanova et al.

2005; Markossian et al. 2006a, 2006b; Meremyanin et al.

2008).

The comparison of curve 3 in Fig. 2, on the one hand,

and Fig. 3, on the other hand, shows that the ascending

branch of the dependence of the polydispersity index PI on

time corresponds to the linear part of the dependence of Rh

on time (t \ t* = 15 min). As for the descending branch of

the above-mentioned dependence, it corresponds to the part

of the dependence of Rh on time that follows the power law

(t [ t* = 15 min). She complex character of the depen-

dence of PI on time indicates that different physical

processes take place at t \ t* and t [ t*. The region t \ t*

is the time interval where the start aggregates come into

being, their emergence proceeding on the all or none

principle (Golub et al. 2007). Simultaneously with emer-

gence of the start aggregates, they start to stick. It should be

noted that the denaturation process continues and new

denatured protein molecules and consequently new start

aggregates are formed. The appearance of new primary

clusters in addition to the previously formed clusters results

in the broadening of the distribution of aggregates by size

and consequently in the increase in the PI value. The region

t [ t* is the time interval where the main process is the

sticking of particles existing in the system. Since the

sticking of the particles proceeds in the DLCA regime,

the distribution of particles by size becomes rather narrow

[see for discussion (Weitz et al. 1985)]. The PI value falls

to 0.14 ± 0.01.

Effect of a-crystallin on thermal aggregation of mAAT

The suppression of mAAT aggregation by a-crystallin was

studied by DLS. Figure 5 demonstrates the decrease in the

Table 1 Parameters of

Eqs. (1), (2) and (5) used for

description of the kinetics of

thermal aggregation of mAAT

(10 mM Na-phosphate buffer,

pH 7.5)

Temperature

(�C)

Concentration

of mAAT

(mg/ml)

I2 9 10-3

[(counts/s)/nm]

Rh,0 (nm) (1/t2R) 9 102

(min-1)

t*
(min)

Rh*

(nm)

df

55 0.05 0.94 ± 0.02 79.2 ± 0.9 5.2 ± 0.1 100 410 1.88 ± 0.02

55 0.1 2.0 (0.1) 76.2 ± 1.2 4.8 ± 0.1 100 430 1.86 ± 0.02

55 0.2 4.9 ± 0.2 71.3 ± 1.4 8.1 ± 0.2 60 395 1.85 ± 0.02

55 0.4 7.9 ± 0.2 72.6 ± 1.3 11.2 ± 0.3 30 340 1.84 ± 0.02

57.5 0.05 4.9 ± 0.2 85.9 ± 1.4 9.8 ± 0.2 55 480 1.76 ± 0.02

57.5 0.1 6.7 ± 0.1 81.9 ± 1.0 8.9 ± 0.2 50 470 1.81 ± 0.02

57.5 0.2 11.1 ± 0.1 84.4 ± 0.6 13.3 ± 0.3 40 500 1.87 ± 0.02

57.5 0.4 17.9 ± 0.5 72.6 ± 1.1 12.7 ± 0.2 40 430 1.80 ± 0.02

60 0.05 3.1 ± 0.1 76.9 ± 0.8 20 ± 1 15 310 1.84 ± 0.02

60 0.1 3.7 ± 0.2 81.0 ± 1.4 24 ± 1 15 360 1.84 ± 0.02

60 0.2 5.4 ± 0.2 75.9 ± 0.7 32 ± 2 15 475 1.80 ±0.02

60 0.4 9.7 ± 0.2 83.8 ± 0.9 50 ± 3 15 650 1.81 ± 0.02

Fig. 5 Suppression of mAAT aggregation by a-crystallin. The

dependences of the light scattering intensity on time for aggregation

of mAAT (0.2 mg/ml or 4.4 lM calculated on monomer) at 60�C.

The concentrations of a-crystallin were as follows: 0 (1), 0.1 (2), 0.15

(3), 0.2 (4) and 0.4 (5) mg/ml or 0 (1), 5 (2), 7.5 (3), 10 (4) and 20

(5) lM (calculated on monomer)
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increment of the light scattering intensity accompanying

the process of aggregation of mAAT (0.2 mg/ml) in the

presence of a-crystallin. Almost complete suppression of

mAAT aggregation was observed when the concentration

of a-crystallin was 0.4 mg/ml (curve 5 in Fig. 5).

The dependences of the hydrodynamic radius of the

protein aggregates on time are of considerable importance

in the understanding of the mechanism of the protective

action of a-crystallin. Figure 6 shows such dependences for

aggregation of mAAT (0.2 mg/ml) at 60�C in the presence

of various concentrations of a-crystallin. As it can be seen,

at rather high times the splitting of the aggregate popula-

tion into two components takes place. The point in time at

which the unimodal distribution of the aggregates by size

changes into the bimodal distribution was designated as tcrit

(Table 2). It should be noted that such a splitting of the

aggregate population into two components is typical of

heat-induced protein aggregation in the presence of a-

crystallin (Khanova et al. 2005; Markossian et al. 2006b).

The distinctive property of the dependences of Rh on

time obtained for mAAT aggregation in the presence of a-

crystallin is that the initial parts of these dependences are

concave and follow the exponential law. The following

equation for the exponential law was proposed in our

previous papers (Khanova et al. 2007; Meremyanin et al.

2007, 2008.

Rh ¼ Rh;0exp ln2ð Þ t � t0ð Þ=t2R½ �; ð6Þ

where Rh,0 is the hydrodynamic radius of the initial parti-

cles participating in the aggregation process, t0 is the lag

period for the aggregation process and t2R is the time

interval over which the Rh value of aggregates is doubled.

To determine parameter Rh,0, the light scattering intensity

versus the hydrodynamic radius plots were used. As can be

seen from Fig. 7, the initial parts of the dependences of I on

Rh are linear and the length cut off on the abscissa axis by

the linear dependence of I on Rh gives the Rh,0 value. The

dependence of I on Rh obtained for mAAT aggregation in

the absence of a-crystallin is also shown in Fig. 7 (curve 1).

The hydrodynamic radius of the initial particles (Rh,0)

participating in the aggregation process greatly decreases in

the presence of a-crystallin. For the used concentrations of

a-crystallin (0.1–0.4 mg/ml) the Rh,0 values are practically

identical and the average value the Rh,0 was found to

be 17.7 ± 1.3 nm (Table 2). It should be noted that this

Rh,0 value exceeds the Rh value for a-crystallin under

non-aggregating conditions (Rh = 11.0 ± 0.1 nm; Khanova

et al. 2007).

With the knowledge of Rh,0 value, we analyzed the

dependences of the hydrodynamic radius of the protein

aggregates on time for mAAT aggregation in the presence of

a-crystallin. As it can be seen from the insets in Fig. 6a–c, the

A

B

C

D

Fig. 6 Dependences of hydrodynamic radius (Rh) of the protein

aggregates on time for aggregation of mAAT (0.2 mg/ml) at 60�C in

the presence of a-crystallin. The concentrations of a-crystallin were as

follows: 0.1 (a), 0.15 (b), 0.2 (c) and 0.4 (d) mg/ml. Insets in (a–c)

show the initial parts of the dependences of Rh on time. Solid curves
are calculated from Eq. (6). The dotted horizontal lines correspond to

the Rh,0 values
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initial parts of the dependences of Rh on time obtained in the

presence of a-crystallin at concentrations 0.1, 0.15 and

0.2 mg/ml are satisfactorily described by Eq. (6). Parame-

ters t0 and 1/t2R obtained by this procedure are given in

Table 2. The t0 value characterizing the duration of the lag

period of the aggregation process increased with increasing

the concentration of a-crystallin. The values of 1/t2R

parameter measured at various concentrations of a-crystallin

testify that the rate of aggregation decreases in the presence

of a-crystallin.

It should be noted that at rather high concentrations of

a-crystallin (0.4 mg/ml) the size of the particles registered

in the system remained constant (Rh = 19.4 ± 0.1 nm)

over at least 1,200 min (Fig. 6d).

The exponential character of the dependence of the

hydrodynamic radius of the protein aggregates on time for

aggregation of mAAT in the presence of a-crystallin means

that the aggregation process develops in the RLCA regime.

Such a transition of the DLCA regime into the RLCA

regime in the presence of a-crystallin was also observed for

thermal aggregation of calf eye lens bL-crystallin (Khanova

et al. 2005), glyceraldehyde-3-phosphate dehydrogenase

(Markossian et al. 2006b) and glycogen phosphorylase b

(Meremyanin et al. 2008) from rabbit skeletal muscle.

Thus, results obtained in the present work support our idea

(Khanova et al. 2005; Markossian et al. 2006b; Meremy-

anin et al. 2008) that the protective action of a-crystallin is

due to the diminishing of the sticking probability for the

colliding particles formed in the process of aggregation.

The results of the investigation of the kinetics of thermal

aggregation of mAAT by DLS support the previously

proposed mechanism of the amorphous protein aggregate

formation at elevated temperatures (Golub et al. 2007;

Khanova et al. 2005; Markossian et al. 2006a; Panyukov

et al. 2007). The initial stage of aggregation is the stage of

formation of the start aggregates (the primary clusters), the

hydrodynamic radius of the latter being tens of nanometers.

The theories of nucleation-dependent aggregation suggest

that the growth of protein aggregates proceeds as a result of

an attachment of the denatured protein molecule to a

growing aggregate (Kodaka 2004a, 2004b; Kopito 2000;

Kurganov 2002a, 2002b; Kurganov et al. 2002). These

theories predict that the size of the protein aggregates

should reach the limiting value when all denatured protein

passes into an aggregated form. The fact that enhancement

of the hydrodynamic radius of the protein aggregates

continues up to values of 2,000–3,000 nm, at which

precipitation of aggregates occurs, conflicts with the

mechanism of nucleation-dependent aggregation. It is more

realistic to suppose that the main pathway of the growth of

the protein aggregates is the sticking of the start aggregates

and aggregates of higher order. The application of the

approaches elaborated to the study of colloid aggregation

(Lin et al. 1990; Weitz et al. 1984, 1985) has allowed us to

conclude that the sticking of the protein aggregates pro-

ceeds in the DLCA regime. The results obtained in the

present work together with the previous data (Khanova

et al. 2005; Markossian et al. 2006b; Meremyanin et al.

2007, 2008) have shown that the anti-aggregating effect of

a-crystallin, one of the representatives of the family of

small heat-shock proteins, is due to transition of the

aggregation process into the RLCA regime where the

sticking probability for the colliding particles becomes less

than unity, as well as to diminution of the size of the initial

particles participating in the aggregation process.
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Table 2 Parameters of Eqs. (5)

and (6) used for description of

the kinetics of thermal

aggregation of mAAT

(0.2 mg/ml) at 60�C in the

presence of a-crystallin

Concentration of

a-crystallin (mg/ml)

I2 9 10-3

[(counts/s)/nm]

Rh,0 (nm) t0 (min) (1/t2R) 9 102

(min-1)

tcrit (min)

0.1 42.6 ± 0.4 16.4 ± 0.1 57.5 ± 1.1 1.00 ± 0.02 290

0.15 15.5 ± 0.3 19.7 ± 0.2 66.1 ± 1.4 0.89 ± 0.02 320

0.2 6.5 ± 0.1 17.1 ± 0.2 93.0 ± 4.0 0.07 ± 0.03 490

0.4 – 19.4 ± 0.1 – – –

Fig. 7 The relationship between the light scattering intensity and

hydrodynamic radius of the protein aggregates for aggregation of

mAAT (0.2 mg/ml) at 60�C in the presence of the following

concentrations of a-crystallin: 0 (1; the results of two experiments

are shown), 0.1 (2), 0.15 (3) and 0.2 (4) mg/ml
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