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ABSTRACT. Thermal denaturation and aggregationfpfcrystallin from bovine lens have been studied
using differential scanning calorimetry (DSC) and dynamic light scattering (DLS). According to the DLS
data, the distribution of thg -crystallin aggregates by their hydrodynamic radiRg (emains monomodal

to the point of precipitating aggregates (sodium phosphate, pH 6.8; 100 mM NagC)6The size of

the start aggregateR{) and duration of the latent stagg)(eading to the formation of the start aggregates
have been determined from the light scattering intensity versus the hydrodynamic radius plots and the
dependences @&, on time. TheR, o value remains constant at variation of fhiecrystallin concentration,
whereas th& value increases with diminishirfy -crystallin concentration. The suppressiorfpfcrystallin
aggregation by-crystallin is connected with the decrease in By value and increase in thg value.

In the presence ai-crystallin the aggregate population is split into two components. The first component

is represented by stable aggregates whose size remains constant in time. The aggregates of the other kind
grow until they reach the size characteristic of aggregates prone to precipitation. The DSC data show that
o-crystallin has no appreciable influence on thermal denaturatigh -ofystallin.

In mammal eye lenses, there are three classes of crystallinsl 1-17). The mechanism of chaperoning of substrate proteins
denoteda, 5, andy. o-Crystallin, the major lens protein a by a-crystallin is not well understood. It has been reported
member of a small heat shock protein family, acts as athat the ability of o-crystallin to suppress heat-induced
molecular chaperond {-3), whereag- andy-crystallins are aggregation of proteins is a result of hydrophobic interactions
structural proteins4, 9). Crystallins with monomeric mo-  with these denatured proteins, and that this ability increases
lecular weights of approximately 280 kDa form high- whena-crystallin is heatedi(1, 18. a-Crystallin undergoes
molecular-weight aggregates. The stability and transparencya thermal transition at 6TC. That results in partial unfolding
of the lens depend on the proper assembly of these aggregatess the protein, which then doubles in molecular weight and
(4, 9. In the lenso-crystallin protectg3- andy-crystallins  increases in sizel{—22), but does not aggregate further
against nonspecific aggregation through its chaperone-like (23). 5, -Crystallin also starts to unfold around 8 (21).
activity (6, 7). Protection off- and y-crystallins against |t has been demonstrated thatrystallin is able to associate
aggregation, which owes to the chaperone-like activity of with g, -crystallin at the beginning of its thermal denaturation,
o-crystallin, is of great importance, since no protein turnover ths preventing aggregation and precipitation, and no reaction
occurs in the center of the len8)( Loss of the chaperone-  ccurs betweena-crystallin and the completely heat-
like activity of a-crystallin results from its posttranslational  jenatured protein1( 11, 24. The increase ob.-crystallin
modifications, and may be accompanied by aggregation of i, gjze is accompanied by the changes in environments
f- andy-crystallins and development of catarast ¢, 10). around tryptophan and cysteine residu2s).(The hydro-

a-Crystallin has been shown to inhibit aggregation of a phobic tryptophan residues move to the surface of the protein
wide range of proteins under in vitro stress conditions and thereby increase external hydrophobic interactia8s (
(elevated temperature, chemical reduction, or oxidati®n) (A high-temperature stress, inducing a partial unfolding of
pr-crystallin and structural transition m-crystallin, results
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It is of interest thato-crystallin has the ability to Calorimetric StudiesThermal denaturation ¢f -crystallin
specifically inhibit nucleation-dependent aggregation of was studied by differential scanning calorimetry (DSC). DSC
proteins 26). This ability has been demonstrated by selective experiments were performed on a DASM-4M differential
suppression of aggregation of the serine proteinase inhibitorsscanning microcalorimeter (Institute for Biological Instru-
by a-crystallin at 50°C. The nucleation-dependent aggrega- mentation, Pushchino, Russia). All measurements were

tion of a-antichymotrypsin is suppressed bycrystallin, performed in 40 mM sodium phosphate, pH 6.8, containing
whereas the nucleation-independent aggregationaef 100 mM NaCl, 1 mM EDTA, and mM Nahl Protein
antitrypsin is insensitive ta.-crystallin. solution (1.6-1.5 mg/mL) was heated with a constant rate

The basic models of protein aggregation have been of 1 K/min from 5 to 90°C at the constant pressure of 2.2
recently discussed by Speed et al)( These models include ~ atm. The reversibility of the thermal transitions gf-
(1) sequential particlecluster aggregation, in which mon- ~ crystallin was tested by checking the reproducibility of the
omeric units add individually to a growing aggregate; (2) calorimetric trace in a second heating of the sample, which
multimeric clustet-cluster aggregation, in which multimers ~ followed immediately after cooling. The thermal denaturation
of any size associate, and no sequential addition of mono-of SL-crystallin was found to be fully irreversible. Calori-
meric units to a growing aggregate occurs; or (3) nucleation- metric traces off_-crystallin were corrected for instrumental
dependent aggregation, characterized by the relatively slowbackground and for possible aggregation artifacts by sub-
formation of nucleus and followed by rapid growth of the tracting the scans obtained from the second heating of the
aggregate. samples. The temperature dependence of the excess heat

Dynamic light scattering (DLS is widely used to study capacity was further analyzed and plotted using Origin
the kinetics of protein aggregatioh4, 28-34). This method ~ Software (MicroCal Inc.). _ .
allows determining the size of particles formed in the process PLS StudiesDLS is commonly used to determine the size
of protein aggregation. Besides, if the system contains of nanoparticles in a suspension by measuring the dynamics

particles varying markedly in size, it is possible to obtain Of the light-scattering intensity fluctuation86). The diffu-
the characteristics of the particles of each type. sion coefficientD of the particles is directly related to the

decay rater. of the time-dependent correlation function for

The purpose of the present work was to study the kinetics : L ; .
purp b y the light-scattering intensity fluctuations:

of thermal aggregation gf_-crystallin at various protein

concentrations by DLS. The effect of-crystallin on the 1
kinetics of thermal aggregation gf-crystallin was studied. D= % (1)
The sizes of the aggregates formed during the thermal 27

aggregation of -crystallin in the absence or in the presence ) .

of a-crystallin were determined. On the basis of obtained Wherek s the wavenumber of the scattered light= (22n/
results new ideas on the mechanism of protein aggregationt) Sin(0/2), nis the refractive index of the solvent,is the
and mechanisms of the chaperone-like activity have beenWavelength of the incident light in a vacuum, afids the

developed. scattering angle. The mean hydrodynamic radius of the
particles,R, can then be calculated according to the Stekes
EXPERIMENTAL PROCEDURES Einstein equation:
Isolation and Purification of Crystallind=reshly excised KT
lenses from 2-year-old steers were obtained from a local D= 6n—77R 2)

slaughterhouse and stored frozern-&0 °C. Purification of

a- and p.-crystallins was performed according to the wherekg is Boltzmann's constant, is the temperature, and
procedure described earli@F). The decapsulated lens cortex y is the shear viscosity of the solvent.

was homogenized at @ in 40 mM sodium phosphate, pH It is important to note that DLS is correctly applicable for
6.8, containing 100 mM NaCl, 1 mM EDTA, and 3 mM the sizing of non-interacting particles. If the particles are
NaNs. The homogenate was centrifuged at 27908 1 h involved in an aggregation process, they certainly interact.

at4°C, and the supernatant containing the soluble crystallins However, this method can be successfully used to monitor
was fractionated by gel filtration using TSK-gel HW-55 the change in the apparent (“effective”) particle size if the
(Sigma) column. The fraction containing-crystallin was  characteristic time of aggregation kinetics is much higher
eluted in the void volume. The peak correspondingfite than the time of the measurements. The commercial DLS
crystallin was collected by measuring absorbance at 280 nm.setup Photocor Complex is used (Photocor Instruments Inc.,
Further purification ofo- and 8 -crystallins was achieved — USA; www.photocor.com). Features of the Photocor Com-
by rechromatography of the crystallin-containing fractions plex setup are typical in multipurpose installations for
using TSK-gel HW-55 and Sephacryl S200 (Sigma) columns, studying both static (intensity) and dynamic (time-dependent
respectively. Finally, peaks corresponding de or /- correlation function) light scatterin¢37). A He—Ne laser
crystallins were collected and concentrated by ultrafiltration (Coherent, model 31-2082, 632.8 nm, 10 mW) is used as a
(Millipore PTTK disk membrane (Sigma), NMWL 30,000). light source. The temperature of the sample cell is controlled
Crystallin concentrations were calculated using molar extinc- by the PID temperature controller to withi#0.1 °C. To

tion coefficient of 0.85 crhmg™ for o-crystallin and 2.3 improve accuracy of measurement of small particles, a quasi-
cn? mg ! for B -crystallin 21). cross correlation photon counting system with two PMTs is
used. This system allows measuring the particle size in a

L Abbreviations: DLS, dynamic light scattering; DSC, differential  VETy wide range of 1 nm to &m. The correlation function
scanning calorimetry. of light scattering fluctuations is analyzed by a single-board
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Ficure 1: DSC profiles for isolategb -crystallin (1.5 mg/mL)
(curve 1), isolatedxr-crystallin (1.2 mg/mL) (curve 2), and their
mixture (curve 3). The conditions of the experiments: 40 mM Na-
phosphate buffer, pH 6.8, 100 mM NaCl, 1 mM EDTA, and 3 mM
NaNs;. The heating rate was 1 K/min.

correlator Photocor-FC, which has two time-scale modes of
operation, namely, a linear mode with equidistant points of
the measured correlation function and the so-called multiple-
tau mode with the logarithmic order of the correlation points
in time. Operation of the correlator in multiple-tau mode

needs no tuning of time-scale and is suitable for measure-

ments of multipeak particle distributions as well as for the
sizing of growing particles in the course of aggregation. The

linear scale of the correlator enables one to achieve the

maximum accuracy for measurements of a monomodal
narrow distribution. A personal computer was used to
perform data analysis and instrument control. Polydispersity
analysis was performed using DynalLS software (Alango,
Israel). The kinetics of thermal aggregationffcrystallin
were studied by DLS in 40 mM sodium phosphate, pH 6.8,
containing 100 mM NacCl, 1 mM EDTA, and 3 mM NaN

at 60°C. All solutions for DLS experiments were prepared
using deionized water obtained with Easy-Pure Il RF system
(Barnstead). The buffer was placed in a cylindrical cell with
a diameter of 6.3 mm and preincubated for 10 min at®0
Cells with stoppers were used for incubation at high

Khanova et al.
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Ficure 2: Thermal aggregation gf _-crystallin (0.4 mg/mL) at
60 °C (40 mM Na-phosphate buffer, pH 6.8, containing 100 mM
NaCl, 1 mM EDTA, and 3 mM NaB). Autocorrelation functions
(A) and distributions of the particles with their size (B) registered
at various times of incubation: 1, 15; 2, 20; 3, 30; and 4, 50 min.

o-crystallin has no appreciable influence on thermal dena-
turation of 5. -crystallin.

The Kinetics of Thermal Aggregation@f-Crystallin. We
have used DLS to characterize the size of particles formed
in the course of thermal aggregationffcrystallin. Figure
2A shows the typical autocorrelation functions measured at
various times of incubation ¢, -crystallin (0.4 mg/mL) in
40 mM sodium phosphate buffer, pH 6.8, containing 100
mM NaCl, 1 mM EDTA, and 3 mM Nag| at 60°C. The
distribution of protein aggregates by their size calculated by
DynalLS software is represented in Figure 2B. It is worth

temperature to avoid evaporation. The aggregation ProCeSHoting that the distribution function remains monomodal in

was initiated by the addition of an aliquot gf-crystallin
to a final volume of 0.5 mL. To study the effect of
o-crystallin on aggregation ¢, -crystallin, aliquots of both
crystallins were added into the cell simultaneously. When
studying the kinetics of aggregation ¢f-crystallin, the
scattering light was collected at 98cattering angle.
Calculations Origin 7.0 software (OriginLab Corporation)
was used for calculations and construction of 3D plots.

RESULTS

Thermal Denaturation of -Crystallin in the Absence or
in the Presence af-Crystallin. The heat sorption curve for
isolateds -crystallin was represented by the main thermal
transition at 62.8C with a small shoulder at68°C (curve
1 in Figure 1). Isolatedx-crystallin demonstrated a small
thermal transition with a maximum at 5€ (curve 2 in
Figure 1). When the mixture ¢ -crystallin anda-crystallin
was subjected to DSC analysis, the thermal transitigf) of
crystallin remained at the same position (623 (curve 3
in Figure 1). The DSC results show that addition of

the course of aggregation. Since DLS allows measuring the
changes in the light scattering intensity&nd hydrodynamic
radius R,) value of the formed aggregates, the kinetics of
pL-crystallin aggregation may be characterized by a three-
dimensional plot constructed in the coordinates: time;
hydrodynamic radius; intensity of light scattering. Figure 3
shows the typical plot of such a kind obtained for aggregation
of BL-crystallin at a concentration of 0.4 mg/mL. When the
time value is higher than 63 min, the diminishing of the light
scattering intensity occurs (data not shown) because of
precipitation of the large-sized aggregates. The projections
of the kinetic curve on theXY, Xz, and YZ planes give,
respectively, th&, versust, | versugt, andl versusR, two-
dimensional plots.

It is of special interest to analyze the character of the
dependence of the light scattering intensity on the hydro-
dynamic radius. Such dependences are obtained at concentra-
tions of g.-crystallin varied in the interval from 0.025 to
0.4 mg/mL (Figure 4A). As can be seen from this figure,
the dependences bbn R, are linear (strictly speaking, they
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Table 1: The Effect ofx-Crystallin on the Parameters of the Latent
Stage for Thermal Aggregation ¢f -Crystallin (0.4 mg/mL) at 60

800000 oC
= concn ofo-crystallin,  tei,  Ruert Rho to,
600000 cg: mg/mL min nm nm min
< 0 81+3  10.1+0.1
[2] 0.025 31+ 3 17.0+£0.3
5 0.05 25 250 3H2 16.3+ 0.3
Q 0.1 65 250 25+ 1 15.7+ 0.5
© 0.15 80 35 21 23+ 3

of the -crystallin concentration. The average valueRgh

is equal to 84+ 4 nm. To determine the duration of the
Ficure 3: The 3D plot demonstrating the time course of the light latent stage leading to the formation of the start aggregates,
scattering intensity and hydrodynamic radiug,)(for thermal we used thdr, versus time plots (Figure 4B). First, we draw
aggregation ofj_-crystallin (0.4 mg/mL) at 60C. X axis is time, a horizontal line corresponding to the levR] = Ry (84

Y axis is R,, and Z axis is the light scattering intensity. The . .
projections show the dependence of Ryen time (XY projection), nm). In the interval of the selected values of time the

the dependence of the light scattering intensity on ti& (  dependences dR, on time are linear. The length on the
projection), and the dependence of the light scattering intensity on above-mentioned horizontal line cut off by the straight line
Ry (YZprojection). Solid curve oiXY projection is calculated from jn these coordinates corresponds to the duration of the latent
eq 4. stage {p). As can be seen from Figure 4B, the value

A 350000 increases from 10 to 16 min, when the concentratiofi_ef
crystallin decreases from 0.4 to 0.025 mg/mL.

To check the reversibility of thermal aggregation/f
crystallin the following experiments were performed. The
pL-crystallin solution (0.4 mg/mL, 40 mM sodium phosphate,
pH 6.8, containing 100 MM NaCl, 1 mM EDTA, and 3 mM
NaN;) was heated at 68C for 20 min. TheR, value for the
formed aggregates was 810 nm. The subsequent cooling of
pBL-crystallin samples to 2€C or 10-fold dilution by the same
buffer did not result in the decrease in the aggregate size.
0 = s . Thus, thermal aggregation gf-crystallin proceeds irrevers-

0 100 200 300 400 500 600 ibly.

R, (nm) The Effect obi-Crystallin on the Kinetics gf -Crystallin

B 800 AggregationFigurg 5 s_hows the kinetics ﬁt—crysta.llin 0.4
mg/mL) aggregation in the presence afcrystallin. The

concentration oéi-crystallin was varied in the interval from

0.025 to 0.8 mg/mL. The higher was concentration of

o-crystallin, the more marked was the suppression of the

increment of the light scattering intensity in the course of

aggregation (Figure 5AE).

In the presence ofi-crystallin protein aggregates dem-
onstrate complicated dynamics of tiRg value change in
time. At rather low concentration ef-crystallin (0.025 mg/
mL; Figure 5F) the distribution of the protein aggregates by

0 10 20 30 40 50 their size remains monomodal with time, and ®Revalue
t (min) increases slower than that for the control curve. At higher
FiIGURE 4: The characteristics of the latent stage for thermal concentration ofx-crystallin (0.05 mg/mL; Figure 5G) the
aggregation of_-crystallin. The dependences of the light scattering distribution of the protein aggregates is monomodal ranging
intensity on the hydrodynamic radius (A) and the dependences ofup to 25 min. Whert > 25 min, two types of aggregates
:gigycﬂré’ﬂ%?%;;ﬁﬁd'f’socfgzt'g?%’(%).é’sb;t%"ng(_jl?a‘,’a&'gfz r(}:gné:,eg.t‘rla- are registered. In addition to the basic aggregates (curve 1),
mg/mL. The dotted line in panel B corresponds to the valug,of ~ the large-sized aggregates appear (curve 2). The pointin time
for the start aggregate®{o, = 84 nm). at which the size distribution function of the protein
aggregates becomes bimodal is designategi@a3he R, of
are linear for the selected range of fRevalues). The length  the basic aggregates at= t.; is denoted byR, oii. When
on theR, axis cut off by the straight line corresponds to the the concentration ofi-crystallin is equal to 0.05 mg/mL,
size of the start aggregates detected at the instant of an initialR, ¢;it & 250 nm. Bimodal distribution of protein aggregates
increase in the light scattering intensity. The hydrodynamic by their size is also observed at concentrations-ofystallin
radius of the start aggregates is denoted Rag. All equal to 0.1 mg/mL (Figure 5H) and 0.15 mg/mL (Figure
dependences dfon R, obtained at various concentrations 5I). The increase in the-crystallin concentration results in
of p_-crystallin cut off the same length on the abscissa axis increasing thet.;; value (i ~ 65 and 80 min at the
(Figure 4A). This means that tH®, o value is independent  a-crystallin concentration equal to 0.1 and 0.15 mg/mL,
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Ficure 5: The effect ofa-crystallin on the kinetics of thermal aggregationgetcrystallin (0.4 mg/mL) at 60C. The dependences of the
intensity of light scatteringl} on time (panels AE) and the dependences of the hydrodynamic rad®isan time (panels +J) obtained

at various concentrations of-crystallin: A and F, 0.025 mg/mL; B and G, 0.05 mg/mL; C and H, 0.1 mg/mL; D and I, 0.15 mg/mL; E

and J, 0.8 mg/mL. The dotted lines in panels B correspond to the control (aggregationfpfcrystallin in the absence ef-crystallin).

Insets in panels D and E show the dependences of the light scattering intensity on time in a larger time interval. The dotted lines in panels
F—J correspond to control (the dependencd&pbn time for aggregation g, -crystallin in the absence af-crystallin). Insets in panels

I and J show the dependencesRafon t with the expanded ordinate axis. Curves 1 and 2 in panels G and H refer to the basic aggregates
and superaggregates, respectively. The solid curves in panélare drawn in accordance with eq 6.

respectively). Ther, . values are found to be 250 and 35 in Figure 6 shows the initial part of the kinetic curvef
nm, respectively (see Table 1). Superaggregates appear atcrystallin (0.4 mg/mL) aggregation obtained at the concen-
> teir. At higher concentration afi-crystallin (0.8 mg/mL) tration of a-crystallin equal to 0.1 mg/mL. The fact that the
the aggregate population stops splitting into two components, initial value of the light scattering intensity exceeds zero is
and the hydrodynamic radius of the basic aggregates ap-connected with the presence afcrystallin in the system.
proaches the limiting value of 18.Z# 0.1 nm during The DLS experiments were performed to determine the size
prolonged incubation (Figure 5J). of a-crystallin and its change in the course of heating at 60
To characterize the influence afcrystallin on the initial °C. At the initial instant theR, value for a-crystallin was
stage ofp.-crystallin aggregation, we have analyzed the found to be 9.6t 0.2 nm (40 mM sodium phosphate buffer,
initial parts of the kinetic curve of aggregation. The 3D plot pH 6.8, containing 100 mM NaCl, 1 mM EDTA, and 3 mM
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relatively small to be registered by DLS. The increment in
the light scattering intensity registered in the aggregation
experiments is predominantly due to sticking together of the
start aggregates. For the diffusion-limited regime of aggrega-
tion, the dependence of tli on time obeys the power law
(398):

Ry = Ry + Kyt 3)

whereR, o is the hydrodynamic radius of a seed particle,
is the fractal dimension, anld; is a constant. The fractal
dimension is a structural characteristic of aggregates which
are formed as a result of unordered interactions (random
aggregation). The mass of an aggregate formed in such a

) ) ) way (M) is connected with its effective radiu®)( by the
Ficure 6: The 3D plot demonstrating the time course of the light

o L ’ : . following relationship: M ~ R%. Since the process of
scattering intensity and hydrodynamic radiug,)(for thermal . lin incl h leati
aggregation off,-crystallin (0.4 mg/mL) at 60C in the presence  2dgregation off -crystallin includes the nucleation stage,

of a-crystallin (0.1 mg/mL). The dotted line on theY projection we used the modified form of eq 3 to demonstrate the validity
corresponds to the value &, of the start aggregatefR{, = 25 of the power law for the dependence Rf on time:

nm).

=R o{1+ Ky(t -t} (4)
NaNs). TheR; value varied slightly for 24 h incubation and = Ruo e
run to 10.5+ 0.2 nm. Thus, heating af-crystallin under wherety is the duration of lag period anid is a constant.
the defined conditions does not result in formation of large- As can be seen from Figure 3, the dependend®, oh time

sized aggregates. for aggregation off_-crystallin (0.4 mg/mL) is described
The analysis of the dependence of light scattering intensity satisfactorily by eq 4 at > 15 min. The following values

on theR, value (theXZ projection in the 3D plot) foB, - of the parameters of eq 4 were obtainefl= 1.78+ 0.06,

crystallin aggregation shows that the increase inl thalue Ky = 0.2+ 1.6 min'%, andt, = 13.3+ 0.4 min.

becomes marked &, = 25 nm. Thus, the hydrodynamic For aggregation proceeding in the diffusion-limited regime

radius of the start aggregates is equal to 25 nm. As can bea universal fractal dimensiownkj of 1.8 is observed39, 40.
seen from theXY projection, theR, value increases mono- Thus, one can assume that aggregationgofcrystallin
tonically with time. TheR, value reaches the levl®}, = 25 registered by DLS is a process involving the interaction of
nm att = 15.7 min. This value of time characterizes the the start aggregates. This process proceeds as a diffusion-
duration of the latent stag& & 15.7 min). The break point  limited aggregation. This means that each collision of the
in the dependence of the light scattering intensity on time particles results in their sticking. To put it differently, sticking
(XZ projection) is also observed at= 15.7 min. probability is equal to unity. It should be noted that if the
The size of the start aggregates (tRgo value) and growth of the aggregate proceeds by an attachment of the
duration of the latent stage (thg value) for thermal denatured protein molecule to the initial nucleus, Re
aggregation oy -crystallin studied at various concentrations would approach a limiting value at rather high values of time
of a-crystallin are given in Table 1. The enhancement of as the denatured protein is deplet@d)(
the a-crystallin concentration results in the decrease in the Figure 5 demonstrates the preventing effeat-afrystallin

Rn 0 value and simultaneous increase in thealue. on thermal aggregation ¢f, -crystallin (0.4 mg/mL). The
main result of the DLS study is that-crystallin is incor-
DISCUSSION porated in the growing aggregates at all concentrations used

(0.025-0.8 mg/mL). Freeo-crystallin is not found in the

Construction of the light scattering intensity versus the Svstem. The decrease in the size of the start agaregates
hydrodynamic radius plots has allowed us to conclude that y X ggreg

e pracess of-crsalin sgreoston nchdes a et [XI74ES NAUESAIn | P b a00eOcE
stage. Over this stage the formation of aggregates is not. y ge. 9areg

detected by DLS because of their low concentration. The in this way stick together with a lesser rate. Deceleration of
point in time at which the light scattering intensity./ is pr-crystallin aggregation in the presencectrystallin is

beginning to increase marks the completion of the latent Stageconnected with the transition of the aggregation process from

and the onset of aggregation. We have designated the initialthe regirr;e of (?jiffusion-limited ar?grega;ion 0 ths rbelgim(la) of
. ' . o reaction-limited aggregation (the sticking probability be-

aggregates, whose size may be characterlzgd qua_mUtaUvertomes less than gugnity%. If th(e reaction-ﬁm?ted regi?;e is

as ‘the start aggreggtes : The herodynamm radius of the operative, the time course of the hydrodynamic radius obeys

start aggregatesy o) is estimated simply as a length on the the exponential law40):

R, axis cut off by the linear dependence of the light scattering P '

intensity onR,. R, = R, oexpKyt) (5)

We assume that formation of the start aggregate from ’

isolated denatured molecules@fcrystallin is a process of  whereKj; is a constant. If the aggregation process involves

cooperative association proceeding in accordance with thethe nucleation stage, eq 5 is modified as follows:

“all-or-none” principle. In other words, the concentration of

intermediates (low-sized aggregates) is believed to be Ry = Ry 0 eXplKy(t — to)] (6)
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The initial parts of the dependencesRfon time in the
range of the time values frotr= to to t = t; are described
by eq 6 (solid curves in Figure 5H). When the concentra-
tion of a-crystallin is equal to 0.025 mg/mL, eq 6 is fulfilled
in the time range fronh = t, to 28 min. Parametef, in eq
6 characterizes the rate of aggregation. TRe value
decreases with increasing concentratiormeagrystallin and
is 0.283 + 0.004 min! and 0.020+ 0.001 min? at
a-crystallin concentrations of 0.025 mg/mL and 0.15 mg/
mL, respectively.

The appearance of two types of protein aggregates
differing in size was registered by DLS in the case of thermal
aggregation of bovine serum albumin at 58 (34) and
aggregation of dithiothreitol-denaturedlactalbumin 80).
Krivandin et al. (5, 16§ observed the appearance of two
types of aggregates at rather high times of incubation of the
mixture of S -crystallin ando-crystallin at 60°C.

To explain the splitting of the aggregate population into
two components at > tg, let us consider the nucleation

Khanova et al.

at high values of time. The aggregates continue to stick
together till the size values, at which precipitation occurs.
Since aggregation ¢, -crystallin is an irreversible process,
one can assume that interconversion between basic ag-
gregates and superaggregates is lacking.

Our data show that at high concentrationsxe€rystallin
(i.e., under the conditions characteristic of mammal eye lens)
only small-sized basic aggregates are formed. However, one
can expect that decrease of the chaperone-like activity of
a-crystallin as a result of posttranslational modificatioBs (
9, 10) (this is similar to a decrease in concentration of the
activea-crystallin) should bring about formation of the large-
sized aggregates (superaggregates). The appearance of the
large-sized aggregates may provoke the development of
certain pathologies (particularly cataract).

The results of the study of the aggregation mechanism of

pL-crystallin and the mechanism of the chaperone-like

activity of o-crystallin may be used in the screening of
chemical agents, which block aggregationfpfcrystallin

stage. The start aggregates formed at the initial stage of theand modulate the chaperone-like activitytrystallin.

aggregation process have “sticky” regions participating in
the interaction of the aggregating particles. We may call such
sticky sites the “aggregation sites”. Let us designate the start
aggregates as;AThe basic stage of the aggregation process
is the interaction of particles ;Aa particle, containing
“monomers” A) and A (a particle, containing“monomers”
Al):
AitA— A (7)

This model of protein aggregation is identical to the model
of the multimeric aggregation discussed by Speed e2d), (
provided that the “monomer” is the start aggregate #us,
the model we propose for thermal aggregatiofi,e€rystallin
involves the stage of formation of the start aggregatie A
followed by aggregation of the multimers. It should be noted
that aggregation of_ -crystallin proceeds under the condi-

tions where the denatured protein appears in the system. One

can expect that the molecules of the denatured protein will

add to the aggregates, thereby increasing the size of the latter.

Sticking together of the Aand A particles results in the

steric screening of part of the aggregation sites. In the absence

of a chaperone the start aggregates with relatively high
surface density of the sticking sites are formed, and screening
of the part of the sticking sites in the interacting particles
cannot prevent the formation of the large-sized aggregates
prone to precipitation. However, incorporation of the chap-

erone into the start aggregates results in the reduction of the 1

surface density of the aggregation sites. In this case,

disappearance of the sticking sites in the aggregates formed 12.
as a result of their screening affects appreciably the character

of the aggregation process. Interaction of the particles may
bring about formation of aggregates in which all the sticking

sites are saturated. The aggregates of such a type (“conserva-

tive aggregates”) do not contain vacant sticking sites and
are incapable of further growth. Formation of aggregates with
completely saturated sticking sites may account for constancy
of the R, value for the small-sized aggregates under condi-
tions of the splitting of the aggregate population into two
components (Figure 5H and I). Apart from the conservative

aggregates, the system always contains the population of
aggregates, in which the aggregation sites are retained even
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