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Abstract

The kinetics of heat-induced and cetyltrimethylammonium bromide induced amorphous aggregation of tobacco mosaic virus coat protein in
Na'/Na® phosphate buffer, pH 8.0, have been studied using dynamic light scattering. In the case of thermal aggregation (52 °C) the character of
the dependence of the hydrodynamic radius (R},) on time indicates that at certain instant the population of aggregates is split into two components.
The size of the aggregates of one kind remains practically constant in time, whereas the size of aggregates of other kind increases monotonously in
time reaching the values characteristic of aggregates prone to precipitation (R,=900—1500 nm). The construction of the light scattering intensity
versus Ry, plots shows that the large aggregates (the start aggregates) exist in the system at the instant the initial increase in the light scattering
intensity is observed. For thermal aggregation the R), value for the start aggregates is independent of the protein concentration and equal to
21.6 nm. In the case of the surfactant-induced aggregation (at 25 °C) no splitting of the aggregates into two components is observed and the size of
the start aggregates turns out to be much larger (107 nm) than on the thermal aggregation. The dependence of R}, on time for both heat-induced
aggregation and surfactant-induced aggregation after a lapse of time follows the power law indicating that the aggregation process proceeds in the
kinetic regime of diffusion-limited cluster—cluster aggregation. Fractal dimension is close to 1.8. The molecular chaperone a-crystallin does not

affect the kinetics of tobacco mosaic virus coat protein thermal aggregation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Amorphous (unordered) aggregates of different proteins
have been recently implicated in pathogenesis of many
important human diseases [1-5]. However, structural studies
of such aggregates are greatly hampered by their large size,
transient character, and heterogeneity. Probably, because of this,
up to now, as far as we know, only one detailed model of
mechanism of amorphous protein aggregation has been
proposed. This is the Goldberg—Wetzel model [6,7] according
to which unordered aggregates are formed by intermolecular
interactions of those domains of partly disordered protein
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molecules, which in the native state were involved in
intramolecular interactions between the same domains.

Tobacco mosaic virus (TMV) coat protein (CP) is well
known for its ability to produce ordered assemblies [8]. It is well
known that at room temperature, pH values in the range from
7.5 t0 9.0, and ionic strength in the range from 10 to 100 mM,
the TMV CP exists in the form of so called 4S-protein (a
dynamic mixture of pentamers and trimers, with a minor
amount of monomers). At pH of about 7.0 and ionic strength of
about 100 mM TMV CP with high efficiency specifically
assembles in vitro with TMV RNA with formation of
completely native virions. At pH<6.0 in the absence of
RNA, the protein produces long virus-like helical aggregates
called repolymerized protein [8].

However, TMV CP also turned out to be a good model for
studies of thermal amorphous aggregation. In contrast to most
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of other unspecific protein aggregation system [7,9], the process
of amorphous TMV CP aggregation is highly reproducible and
its rate can be easily manipulated by changing solution ionic
strength, protein concentration, and temperature [10—13].
Recently we have observed that the TMV CP amorphous
aggregation can be also induced in neutral phosphate buffer
(PB) at room temperature (25 °C) by low micromolar concen-
trations of cationic surfactant cetyltrimethylammonium bromide
(CTAB) [14].

And finally, possible existence of amyloidogenic potential in
TMYV CP have been suggested by R. Diaz-Avalos and D. Caspar
from the results of their studies of the TMV CP “off-pathway”
aggregate (stacked disks) structure [15].

Dynamic light scattering (DLS) gives valuable information
on the size of protein aggregates and is widely used for the study
of the kinetics of protein aggregation. DLS, as applied to
analysis of protein aggregates, has some evident merits. Modern
variants of DLS technique allow registering the initial stages of
protein aggregation, where the fraction of the aggregated
protein constitutes some tenth of a percent of the total amount of
the protein in the system. Besides, this method allows
quantitative determination of the individual components in
heterogeneous populations of aggregates [16—26].

Recently we have studied with the help of DLS the process
of aggregation of By -crystallin in the presence of a-crystallin.
We have found that three different types of amorphous ag-
gregates (named “start aggregates”, “basic aggregates” and
“superaggregates”) are formed [27]. The construction of the
light scattering intensity versus hydrodynamic radius plot
allows estimating the size of the start aggregates [27]. The
formation of the start aggregates (the primary clusters) has been
also observed on thermal aggregation of several other proteins
[27-29].

The goal of the present work was to carry out the comparative
study of the kinetics of irreversible heat-induced and reversible
CTAB-induced amorphous aggregation of the TMV CP by DLS.
It has been shown that in both cases aggregation proceeds by
way of the formation of the start aggregates.

2. Experimental
2.1. TMV purification and proteins preparation

Wild-type (strain Ul) TMV was obtained as described
elsewhere [30] and its coat protein was isolated by the acetic acid
method [31]. The CP preparations were stored at concentrations
of 4.5 to 6 mg/ml (259345 uM) in 5 mM Na“/Na* PB, pH 8.0,
at+4 or —20 °C. The TMV CP concentrations were measured by
UV spectroscopy using the extinction coefficient 4%5;° of 1.30
[32].

a-Crystallin from bovine eye lenses was purchased from
Sigma (USA).

2.2. DLS measurements

DLS is widely used in biochemistry to measure the size of
particles suspended in liquids [16—29,33]. Measured value of

the decay rate 7. of the light scattering intensity fluctuations
allows finding the diffusion coefficient D of the particles
using expression [34]:

1
D=— 1
27k2’ (1)
. . 2nn . 0
where £ is the wave number of the scattered light, £ = ——sin >
A

n is the refractive index of the solvent, A is the wavelength of the
incident light in vacuum, and 0 is the scattering angle. The mean
hydrodynamic radius of the particles, Ry, can then be calculated
according to the Stokes—Einstein equation:

ksT
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where kg is Boltzmann’s constant, 7 is the temperature, and # is
the shear viscosity of the solvent.

The commercial DLS setup Photocor Complex (Photocor
Instruments Inc., USA; www.photocor.com) was used through-
out this work. A He—Ne laser (Coherent, USA, Model 31-2082,
632.8 nm, 10 mW) is used as a light source. The temperature of
sample cell was controlled by the temperature controller to
within £0.1 °C. To improve accuracy of measurements of small
particles (~ 1 nm), a quasi-cross correlation photon counting
system with two photomultipliers with high quantum efficiency
(12% at 633 nm) was used (Hamamatsu Photonics, Japan,
model R6358P). The correlation function of light scattering
fluctuations was analyzed by a universal correlator Photocor-
FC, which has both multiple-tau and linear time-scale mode.
Operation of the correlator in multiple-tau mode needs no
tuning of time-scale and is suitable for measurements of multi-
peak particle distributions as well for the sizing of growing
particles in the course of aggregation. A number of preliminary
experiments have been done to find optimal accumulation
times. Depending on the observed aggregation kinetics, the
typical accumulation times were chosen to be 1-2 min. Taking
into account relatively small particle sizes and low scattering
intensities corresponding to such short times we obtained only
mean sizes of particles with unimodal or bimodal distribution.
Polydispersity analysis was performed using DynalLS software
(Alango, Israel). DynalLS program uses original algorithms
based on the well-known regularization approach.

All DLS equipment and data processing were the same as the
ones used in our previous work [27].

2.3. The kinetics of thermal amorphous aggregation of TMV
CP

50 mM PB was placed in a cylindrical cell with the diameter
of 14.5 mm and preincubated for 10 min at 52 °C. The
aggregation process was started by the addition of a small
aliquot of preheated at 35 °C TMV CP to the final volume of
1 ml. When testing the effect of a-crystallin on the thermal
aggregation of TMV CP, 10 min preincubation of the 50 mM
PB was carried on in the presence of a-crystallin (final
concentration 1 mg/ml).
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2.4. The kinetics of CTAB-induced amorphous aggregation of
™V CP

Aliquots of TMV CP in 10 mM PB were placed in a
cylindrical cell and preincubated at 25 °C. The aggregation
process was started by the addition of small aliquots of 2 mM
CTAB to the final volume of 1 ml.

2.5. The dependence of initial rates of turbidity increase (v;,)
on the solution ionic strength

The turbidity changes in the case of CTAB-induced TMV CP
amorphous aggregation were monitored at 320 nm (43;0) in 1 cm
cell using UV-Vis spectrophotometer SLM Aminco DW-2000
(SLM Instruments Inc., USA). Aliquots of TMV CP in PB of
various molarities were placed in cell and preincubated at 25 °C.
The aggregation process was started by the addition of small
aliquots of 2 mM CTAB to the final volume of 2 ml. The initial
rates of the 43, increase (v;,) were calculated in absorbance units
per minute from the linear portion of the kinetic curves.

The dependence of v;, on the solution ionic strength for the
heat-induced TMV CP aggregation is taken from our previous
paper [10].

3. Results
3.1. The kinetics of thermal aggregation of TMV CP

Dynamic light scattering allows the changes in the size of
aggregates in the course of protein aggregation to be registered.
Fig. 1 shows the typical autocorrelation functions measured at
various times of incubation of 5.75 pM (0.1 mg/ml) TMV CP in
50 mM PB at 52 °C. Using the DynaLS software we calculated
the size distribution of particles formed in the course of
aggregation. At sufficiently short times of incubation the
distribution function was unimodal (Fig. 2A, B). The mean
value of the hydrodynamic radius (R},) increased with the time
of incubation. At times of incubation longer than 22 min, in
addition to the main TMV CP aggregates, the aggregates of a
larger size appeared and the aggregate R, distribution became

Fig. 1. Autocorrelation functions measured at various times of incubation of
5.75 .M TMV CP (50 mM PB) at 52 °C: (1) 5, (2) 10, (3) 22, (4) 45, (5) 75 min.
All curves were measured at scattering angle of 90°.
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Fig. 2. Aggregation of 5.75 uM TMV CP (50 mM PB) at 52 °C. The distribution
of the particles with their size registered at various times of incubation: (A) 5,
(B) 10, (C) 22, (D) 45, (E) 75 min. Ry, is the hydrodynamic radius.

bimodal (Fig. 2C—E). The R}, of the large-sized aggregates
increased monotonously with the time of incubation, while the
R, of the main aggregates remained constant. Small variations
in the peak positions for small particles are a result of some
ambiguity in the polydispersity analysis.

The process of thermal amorphous aggregation of TMV CP
at 52 °C is accompanied by an increase in the light scattering
intensity. Fig. 3A and C show the time-course of the light
scattering intensity obtained at two concentrations of TMV
CP (2.88 and 5.75 pM); the kinetic curves are shown in the
time intervals of 0—180 and 0-60 min, respectively. At
sufficiently long incubation times the light scattering intensity
approached the limiting value. In the time interval, where the
increment of the light scattering intensity is observed, the
distribution of the aggregates with their size remained
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Fig. 3. The kinetics of thermal aggregation of TMV CP at 52 °C. The protein concentration: (A) and (B) 2.88 pM, (C) and (D) 5.75 uM. (A) and (C) the dependence of
the intensity of light scattering on time. (B) and (D) the dependence of the hydrodynamic radius (Ry,) of the basic aggregates (1) and superaggregates (2) on time. The
solid curves are drawn in accordance with Eq. (4). Inset in panel (B) shows the initial part of the dependence of R}, on time.

unimodal and the Ry, value increased with increasing time of
incubation (Fig. 3B and D). We shall call the aggregates
existing when the increment of the light scattering intensity is
observed “basic aggregates”. At both protein concentrations
the splitting of the aggregate population into two components
occurred at the time points (~ 50 and ~ 20 min, respectively),
where the light scattering intensity stopped to increase. The
size of the aggregates of one kind (basic aggregates) remained
constant in time (R,=135 nm). The size of the aggregates of
other kind (“superaggregates”) increased monotonously till
the values (R,=900—1500 nm) characteristic of the large-
sized aggregates prone to precipitation.

The appearance of high R;, superaggregates of course results
in increase in the light scattering intensity. However, although
the size of superaggregates increases, their number (concentra-
tion) decreases due to sticking, and the total scattering intensity
should be saturated for particles with the size 0of 900 to 1500 nm.
Also, in aggregation phenomena one more effect may appear.
Particles with R,>1000 nm may sediment in the course of
experiment and the real particle size distribution in scattering
volume may change. Concentration of smaller particles
increases compared with concentration of larger particles.
This effect too can cause saturation of the light scattering
intensity dependence.

The simultanecous measurement of the light scattering
intensity (/) and hydrodynamic radius (Rp,) in the course of
aggregation of TMV CP allows constructing the I versus Ry,

plots. Fig. 4 shows the light scattering intensity versus
hydrodynamic radius plots obtained at various concentrations
of TMV CP in the range from 1.44 to 8.63 uM (52 °C). All these
dependence are linear. As can be seen from Fig. 4, the
sufficiently large, so called, start aggregates already exist in this
system at the moment when the initial increase in the light
scattering intensity is observed. The hydrodynamic radius of the
start aggregates (R o) can be estimated as a length cut off on the
abscissa axis by the linear dependence of the light scattering
intensity on Ry. The R, values for the TMV CP thermal
aggregation determined in this way turned out to be independent
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Fig. 4. The dependence of the light scattering intensity on the hydrodynamic
radius (Ry,) obtained at various concentrations of TMV CP: (1) 1.44, (2) 2.88, (3)
5.75, (4) 8.63 uM (50 mM PB, 52 °C).
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Table 1

The parameters of the heat-induced TMV CP amorphous aggregation

Concentration Ry, " Rio®  tr 1 RY K, dp

of TMV CP  (nm) (nm) (min)  (min) (nm) (minfl)

(1M)

1.44 22.6+1.0 23.5+ 041+ 10.1 41.9 0.039+ 1.80+0.06
0.5 0.02 0.004

2.88 21.9+£0.6 22.8+ 0.38+ 12.8 58.5 0.072+ 1.79+0.08
1.1 0.01 0.014

5.75 22.4+0.5 20.6+ 0.156+ 3.3 425 033+ 1.80+0.07
1.2 0.002 0.07

8.63 19.4+0.3 - - - 1.6+ 1.80+0.3

0.6
Mean values 21.6+1.1 21.6+ - - - - 1.80+0.078

1.1

* Rpo values determined by extrapolation of the 7 versus Ry, plots.
b Ry values calculated by extrapolation of the dependence of R;, on time
using Eq. (3).

of the protein concentration and the mean value of R, was
21.6+£1.1 nm (Table 1).

Analysis of the dependence of Ry, on time shows that this
dependence consists of two parts. The initial part is described by
the linear function:

: )
- t ,
bR

where Ry, corresponds to the size of the start aggregates and
tor 1s the time the hydrodynamic radius taken to reach the value

Ry = th(l - (3)

13

of 2Ry . Parameter t,r characterizes the rate of aggregation.
The lower the value of %R, the higher the rate of aggregation.
Inset in Fig. 3B demonstrates the applicability of this linear
function for description of the initial part of the dependence of
Ry, on time (2.88 pM TMV CP). The values of R}, o determined
by the extrapolation of the dependence of Ry, on time to =0
coincide with the corresponding values estimated from the light
scattering intensity versus Ry, plots (Table 1). The increase in the
concentration of TMV CP in the interval from 1.44 to 5.75 uM
is accompanied by the 2.6-fold decrease in the £, value.

At longer times (> ¥) the dependence of Ry, on time changes
to the power law:
Ry = Ry [1 4 Ky (o)), (4)
where R} is the value of Ry, at r=r*, K, is a constant, d; is the
fractal dimension. Going from the linear dependence of Ry, on
time to the power law is typical of the regime of diffusion-
limited cluster—cluster aggregation (the regime wherein the
rate of aggregation is limited by diffusion of the colliding
particles) [35-38]. For this regime of aggregation at rather
high values of time the dependence of Ry, on time follows the
following law:
Ry = Rh_o(l + Kll)l/df, (5)
where Ry is the hydrodynamic radius of a seed particle. The
fractal dimension is a structural characteristic of aggregates.
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Fig. 5. The stability of the TMV CP basic aggregates at 25 °C. TMV CP (5.75 uM) was incubated for 2.5 min (A and B) and 6 min (C and D) at 52 °C in 50 mM PB and
then quickly cooled to 25 °C. The time dependence of the light scattering intensity (A and C) and the hydrodynamic radius (B and D) for the cooled samples were
measured at 25 °C. The dotted lines in (A) and (C) correspond to the initial values of the light scattering intensity of the protein samples after 2.5 and 6 min incubation
at 52 °C. Curves (1) and (2) in (B) and (D) correspond to the basic aggregates and superaggregates, respectively.
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The mass of an aggregate (M) formed as a result of unordered
interactions (random aggregation) is connected with its
effective radius (R) by the following relationship: M~ R,
For aggregation proceeding in the regime of diffusion-limited
cluster—cluster aggregation a universal fractal dimension of 1.8
is observed [35—38].

Ry and r* are the coordinates of the points where the linear
parts of the curves end. The systems which we have studied
(protein aggregation) differ rather strongly from the systems for
which diffusion-limited cluster—cluster aggregation regime
(dg=1.8) were initially developed. In those systems aggrega-
tion-prone particles exist from the start of the process (#=0).
However, in our case, protein molecules first are denatured,
then they form start aggregates and only then the start aggre-
gates begin to stick together with the increase in scattering
intensity. Thus, the period of start aggregate formation should
exist and only at times longer than 7* the intensity increase
should obey diffusion-limited cluster—cluster aggregation
model (dy=1.8).

The experimental dependence of R, on time obtained at
various concentrations of TMV CP (Fig. 3) were analyzed using
Eq. (4) for time interval #>¢*. Parameters obtained (K, and dy)
are given in Table 1. The values of d¢ are close to the universal
value of fractal dimension (d¢~ 1.8) typical of diffusion-limited
cluster—cluster aggregation. In the interval of TMV CP
concentrations from 1.44 to 8.63 pM 40-fold increase in K;
value is observed (Table 1).

3.2. The stability of the TMV CP basic aggregates

To check the stability of the basic aggregates of TMV CP the
following experiments were carried out. The incubation times
were chosen so, as to be in the interval where only the basic
aggregates are formed, namely, 2.5 min (Fig. 5A, B) and 6 min
(Fig. 5C, D). After heating of 5.75 pM TMV CP (50 mM PB) at
52 °C for these periods of time the protein samples were quickly
cooled to 25 °C and the DLS measurements were performed for
15 min at 25 °C. Cooling the protein samples from 52 to 25 °C
resulted in the marked increase in the intensity of light scattering
(Fig. 5A and C). As can be seen in Fig. 5B and D, this increase in
the light scattering intensity is due to the formation of the large-
sized aggregates. (The aggregates of a lesser size in Fig. 5B and
D (curves 1) are the basic aggregates.) The Ry, value for the basic
aggregates increased only slightly with time during incubation at
25 °C, while the size of the superaggregates rose rather strongly
(curve 2 in Fig. 5D). It is reasonable to assume that the large-
sized aggregates are formed by sticking together of the basic
aggregates. As can be seen from Fig. 5B and D, smaller basic
aggregates formed on 2.5 min-heating at 52 °C (R,=55 nm)
displayed a lower tendency for superaggregation than the larger
aggregates formed on 6.5 min-heating at 52 °C (R,=90 nm). In
DLS experiments we never observed breakdown of the basic
TMV CP aggregates on cooling from 52 to 25 °C. We did not
find any further changes in Ry, after longer times of incubation.
These findings are indicative of the irreversible character of
amorphous aggregation of TMV CP and agree with data
obtained previously [10].
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Fig. 6. Effect of a-crystallin on the kinetics of thermal aggregation of 5.75 uM
(0.1 mg/ml) TMV CP (50 mM PB) at 52 °C. (A) The dependence of the intensity
of light scattering on time in the absence of a-crystallin (1) and in the presence
of 1 mg/ml a-crystallin (2). (B) The dependence of the hydrodynamic radius
(Ry,) of the basic aggregates (1 and 3) and superaggregates (2 and 4) on time. The
concentration of a-crystallin: (1) and (2) 0 mg/ml and (3) and (4) | mg/ml.

3.3. Thermal aggregation of TMV CP in the presence of
a-crystallin

a-Crystallin, the major protein of the mammalian lens,
exhibits the chaperone-like properties, suppressing aggregation
of denatured proteins [39]. This function is important for the
maintenance of lens transparency and prevention of cataract
[40—42]. We decided to test the effect of a-crystallin on TMV
CP thermal amorphous aggregation. The kinetics of aggregation
of 5.75 uM (0.1 mg/ml) TMV CP at 52 °C (50 mM PB) in the
absence and in the presence of a-crystallin (1 mg/ml) are shown
in Fig. 6. As can be seen from the figure, the time-courses of the
light scattering intensity and hydrodynamic radii do not change
in the presence of a-crystallin. Thus, in these conditions
a-crystallin does not affect the thermal amorphous aggrega-
tion of TMV CP.

3.4. DLS study of kinetics of CTAB-induced TMV CP
amorphous aggregation

Recently we have found that low concentrations of cationic
surfactant cetyltrimethylammonium bromide induce amor-
phous aggregation of TMV CP at room temperature (25 °C)
in 10 mM PB, pH 8.0. In contrast to the thermal TMV CP
aggregation, the CTAB-induced aggregation occurred without
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any visible changes in the protein structure [14]. Therefore, we
decided to study CTAB-induced amorphous aggregation of
TMV CP using DLS.

We measured the light scattering intensity and hydrodynamic
radius of aggregates in the course of incubation of 11.5 pM
(0.2 mg/ml) CP with various CTAB concentrations ([CTAB]:
[CP] ratios from 3:1 to 5:1) at 25 °C in 10 mM PB, pH 8.0
(Fig. 7A). It was observed that the rate of the light scattering
intensity increase in the course of CTAB-induced amorphous
aggregation rises with the increase in the [CTAB]:[CP] ratio
(Fig. 7A) and closely follows the turbidity (43,0) changes [14].
At the same time the kinetics of the R}, change (Fig. 7B) turned
out to be the same for different [CTAB]:[CP] molar ratios. The
rate of the R, increase was independent of [CTAB]:[CP] molar
ratio, Ry, rose monotonously with the time, and the aggregate
precipitation occurred at the final stages of the process. The
divergence of [ versus t curves for different CTAB concentra-
tions in Fig. 7 may be explained by differences in the aggregate
concentrations. This concentration rises with the increase in
CTAB concentration. No splitting of the aggregate population
into two components, like in the case of the TMV CP thermal
aggregation (Fig. 3), was observed.

Analysis of the dependence of R}, on time shows that, as in
the case of thermal aggregation of TMV CP, in the absence of
surfactant, this dependence consists of linear part described by
Eq. (3) and the part described by power law Eq. (4). From the
common straight line combining three concentrations of CTAB
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Fig. 7. The kinetics of CTAB-induced aggregation of TMV CP at various CTAB
concentrations. The protein concentration is 11.5 pM. The dependence of the
light scattering intensity (A) and hydrodynamic radius (R},) (B) on time obtained
at concentrations of CTAB: (1) 34.3, (2) 46, (3) 57.5 uM (10 mM PB, 25 °C).
The solid curve is drawn in accordance with Eq. (3) for the interval 0—13 min
and with Eq. (4) at #>13 min.
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Fig. 8. The dependence of the initial rates of the 43, increase (vi,) on the
solution ionic strength in the logarithmic coordinates for (1) TMV CP
amorphous aggregation induced by 34.3 uM CTAB at 25 °C and (2) heat-
induced TMV CP amorphous aggregation (52 °C). The protein concentration
was 11.5 pM.

the following values of parameters of Eq. (3) were obtained:
R 0=107+3 nm and #,r=1.96+0.07 min.

At t>13 min Eq. (4) is fulfilled. The following values of
parameters were obtained for the common curve: K;=0.123+
0.002 min~ ' and dp=1.74+0.13 (R} =785 nm).

As mentioned above, the time dependence of increase in
turbidity (A43,¢) and DLS intensity for TMV CP amorphous
aggregation are similar [10,14]. Here in Fig. 8 we show the
dependence of initial rates of the A;,o increase (vi,) on the
solution ionic strength (determined by PB molarity) in the
logarithmic coordinates for heat-induced (52 °C) and CTAB-
induced (25 °C) TMV CP aggregation. Previously we have
reported [10] that the heat-induced aggregation is characterized
by highly unusual ionic strength dependence. As can be seen
from Fig. 8, v, increases 1300 times in the range from 20 to
150 mM PB. We have ascribed this effect to the existence of a
delicate balance between repulsive electrostatic interactions and
attractive hydrophobic interactions on the surface of TMV CP
molecules [10,12].

Nothing of the kind was observed in the case of CTAB-
induced TMV CP aggregation (Fig. 8). In this system the initial
rates of aggregation changed only slightly on four orders of
magnitude increase in ionic strength, testifying to significant
differences in mechanisms of the heat-induced and the CTAB-
induced TMV CP aggregation.

4. Discussion

With the help of DLS it was found that two types of aggregates
(basic aggregates and superaggregates) are formed in the course
ofthe TMV CP thermal aggregation (Figs. 2 and 3). The splitting
of aggregate population into two components is not a general
phenomenon, but it was registered by DLS for thermal
aggregation of bovine serum albumin at 58 °C [26], aggregation
of dithiothreitol-denatured «-lactalbumin [43], and thermal
aggregation of 31 -crystallin in the presence of a-crystallin [27].
The results of experiments on the determination of the size of the
TMV CP aggregates formed by short-term heating at 52 °C,
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followed by cooling to 25 °C, directly demonstrate that the large-
sized superaggregates are produced by sticking together of the
basic aggregates.

The DLS experiments on the kinetics of TMV CP thermal
amorphous aggregation also allowed us to conclude that rather
large aggregates (the start aggregates) are present even at
shortest times of incubation. The size of the start aggregates was
estimated from the light scattering intensity versus the
hydrodynamic radius plots (Fig. 4; Table 1) and from Eq. (3)
(Fig. 3; Table 1) [27]. The linear character of the dependence of
the light scattering intensity on the hydrodynamic radius may be
considered as an empiric law. We observed such a regularity for
the thermal aggregation of a number of proteins [27-29].
Highly complex character of light scattering intensity depen-
dence on particle number and structure in the course of protein
aggregation makes its theoretical description especially diffi-
cult. Possible reasons of unexpected linear dependence of the
light scattering intensity on the hydrodynamic radius will be a
subject of further studies.

Recently we have reported that large-scale amorphous
aggregation of TMV CP can be induced in usual PB at room
temperature by low micromolar concentrations of cationic
surfactant cetyltrimethylammonium bromide [14]. The CTAB-
induced aggregation could be easily reversed by addition of
anionic surfactant sodium dodecyl sulfate (SDS) due to transfer
of CTAB molecules from the protein subunits to the protein free
CTAB-SDS mixed micelles. This fact and the results of circular
dichroism and fluorescence studies [14] suggest that completely
(or almost completely) native TMV CP subunits participate in
the aggregate formation. In contrast to this, the thermal TMV
CP aggregation involves partially denatured protein molecules
and occurs through aberrant intersubunit interactions between
so called hydrophobic girdles [12]. It also should be kept in
mind that the thermal TMV CP aggregation occurs in a single-
component system, while the CTAB-induced aggregation in a
two-component one. Besides, the first process occurs at 52 °C
and the second at room temperature.

Thus, it is not surprising that DLS study also reveals important
differences between the two processes. The size of the start
aggregates equals 21.6 nm for the heat-induced aggregation and
107 nm for the CTAB-induced one. In the case of thermal
aggregation splitting of the aggregate population into two
components occurs when the basic aggregate size (R},) reaches
~ 130 nm, and no such splitting is observed for the surfactant-
induced aggregation. For the CTAB-induced aggregation the rates
of Ry, growth (Fig. 7B) do not correlate with the rates of light
scattering intensity (/) increase (Fig. 7A). On rise in the CTAB
concentration from 34.5 to 57.5 uM the initial rate of / increase
rises rather strongly, while the rate of R}, increase remains the same.

The comparison of ionic strength effects on the rates of the
heat-induced (52 °C) and the CTAB-induced TMV CP
amorphous aggregation (Fig. 8) throws some light on possible
origin of these differences. Binding of positively charged CTAB
molecules neutralizes the TMV CP subunit negative charge and
results in loss of the subunit electrostatic repulsion and increase in
the protein molecule hydrophobicity [14]. The pure hydropho-
bicity driven nature of the CTAB-induced TMV CP aggregation

makes its dependence on the solution ionic strength much less
drastic. It should be also remembered that completely (or almost
completely) native TMV CP molecules are incorporated into the
CTAB-induced aggregates [14].

In our opinion, it is these differences in mechanisms of
aggregation, which determine the increase in the start aggregate
size and the absence of aggregate population splitting into two
components in the case of the CTAB-induced aggregation (Fig. 7).
The decrease in the start aggregate diffusion rate may also
contribute to these effects. The different rates of the DLS intensity
increase at different CTAB concentrations may be explained by the
fact that the aggregate number rises with the increase in the
surfactant concentration, while the aggregate size dynamics
remains the same.

At the same time the thermal aggregation and CTAB-
induced TMV CP aggregation have some common features.
They include the absence of a lag period in the aggregation
kinetic curves, the presence of the 13—15 min linear portion in
the Ry, versus t plots, and similar values of d¢ (1.80 and 1.74 for
the heat-induced and CTAB-induced aggregation, respectively;
Figs. 3 and 7). Both these values are close to the value
(de=1.75-1.80), which is typical of the protein aggregation
processes proceeding in the diffusion-limited regime [35-38].
In this regime interaction of the start aggregates occurs in such a
way that every collision of the particles results in their sticking.

The ability of a-crystallin to suppress protein aggregation is
supposed to occur through its interaction with “non-native”
hydrophobic patches exposed to the solvent upon protein
unfolding. The fact that a-crystallin does not affect the kinetics
of thermal amorphous aggregation of TMV CP may be indicative
ofthe important role of specific interactions in the formation of'the
TMV CP aggregates. These data support our suggestion [10,12]
that the TMV CP thermal amorphous aggregation is driven by
distorted intersubunit interactions of those regions of the
molecules, which in the native state participate in very strong
intersubunit interactions leading to the formation of the ordered
aggregates (helical “polymers” and virions).

Thus, it seems that mechanisms of both the heat-induced and
the CTAB-induced TMV CP aggregation agree not too well with
the predictions of the Goldberg—Wetzel model [6,7], that protein
amorphous aggregates are formed due to specific intermolecular
interactions of surfaces of the protein molecule subdomains,
which are normally involved in tertiary intramolecular interac-
tions between the same surfaces within one molecule. However,
the capacity to produce highly stable ordered aggregates is the
most prominent feature of the TMV CP, and the Goldberg—
Wetzel model still can be true for a majority of proteins, which in
their native state do not display such strong propensity for
intermolecular interactions. At the same time it now gets clear
that many proteins, which we had thought to work as mono-
molecular entities, in fact, perform their functions in the form of
highly complex homo- or heteropolymeric structures.

5. Conclusions

The results of the present and previous [27—-29] studies testify
that in many cases amorphous protein aggregation begins with
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the formation of rather large start aggregates (with the Ry, value
from 20 to 100 nm) and further occurs according to the diffusion-
limited cluster—cluster aggregation mechanism [35-38]. Nev-
ertheless, important differences in the process of aggregation
are observed for individual systems. In the course of thermal
aggregation of mixtures of B - and a-crystallins and of TMV
CP the splitting of the aggregate populations into two
components takes place, while no such splitting is registered
on thermal aggregation of pure 3y -crystallin and rabbit muscle
glyceraldehyde-3-phosphate dehydrogenase and on the CTAB-
induced TMV CP aggregation. These systems are also
characterized by different character of 7 versus R}, dependence.
All these differences may be determined (among other things)
by different mechanisms of aggregation (intrasubunit against
intersubunit interactions) and/or by different contribution of
electrostatic and hydrophobic components. Of course, theoret-
ical description of these systems would be of a great help, but
such description should be strongly aided by increasing the
number of experimental systems tested out for their aggrega-
tion behavior.
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