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Editorial
Searching the agents that are capable of effectively suppressing

protein aggregation and elaboration of the corresponding test systems
are among the most important problems of modern biochemistry and
analytical biochemistry [1-7]. To characterize the anti-aggregation
activity of different agents including chaperones of protein nature and
low-molecular-weight chemical chaperones, test systems where the
initial state of a target protein is the native protein that undergoes
unfolding and subsequent aggregation under the action of different
factors are mostly used. Unfolding of the target protein can be caused
by heating at elevated temperatures. For several proteins the unfolding
process can be initiated by the cleavage of S-S bonds in the protein
molecule. Dithiothreitol (DTT)-induced aggregation was
demonstrated, for example, for α-lactalbumin, insulin, lysozyme and
bovine serum albumin (BSA).

When interpreting the effect of chaperone on the rate of
aggregation of the target protein, we should realize in what kinetic
regime proceeds the aggregation process. By convention test systems
can be classified into two types. One of the types corresponds to the
kinetic regime where the rate-limiting stage of the general process of
aggregation is the stage of protein unfolding (type A in Table 1). The
other type corresponds to the kinetic regime where the rate-limiting
stage of the general process of aggregation is the stage of aggregation
of the unfolded protein (type B in Table 1).

Table 1: Classification of test systems designed to estimate the anti-
aggregation activity of molecular chaperones.

To characterize the kinetic regime of aggregation of the target
protein, we should determine the order of aggregation with respect to
protein (n). The n value is calculated from the dependence of the
initial rate of aggregation (vagg) on the initial concentration of the
protein (P):

v agg =  
d P agg

dt 0
=  const[P]n. (1)

In this expression [P]agg is the concentration of the aggregated
protein and [P] is the initial concentration of the protein.

To follow the kinetics of protein aggregation, the methods based
on the registration of the light scattering intensity are widely used
because of the possibility of the continuous monitoring the
aggregation process. To apply the kinetic data obtained by this means
for elucidation of the aggregation mechanism and quantitative
estimation of the effects of different agents on the aggregation rate, the
relationship between increment in the light scattering intensity and the
amount of the aggregated protein should be determined using the
methods that allow the concentration of the aggregated protein to be
directly registered. To characterize the initial rate of aggregation, the
initial parts of kinetic curves registered by measurement of increment
in the light scattering intensity were approximated by the quadratic
function [8-15]:

I = I0 + [KLS(t − t0)]2 (2)

In this empiric equation KLS is a constant that can be considered as
a measure of the initial rate of aggregation and t0 is the duration of the
lag phase. To substantiate the propriety of using parameter KLS for
characterization of the initial rate of aggregation, the comparison of
the kinetic data obtained by measuring the light scattering intensity
with direct determination of the amount of the aggregated protein
should be carried out. Such a comparison was made, for example, for
DTT-induced aggregation of BSA (45°C; 100 mM Na-phosphate
buffer, pH 7.0; 2 mM DTT) [16]. Asymmetric flow field flow
fractionation was used for estimating the concentration of the
aggregated protein. It has been shown that the initial rate of
aggregation (vagg) and parameter KLS are linear functions of the initial
concentration of the target protein (BSA). By this is meant that
parameter KLS can be used for characterization of the initial rate of
aggregation. Thus, test system based on DTT-induced aggregation of
BSA belongs to test systems where the rate-limiting stage of the
general process of aggregation is the stage of protein unfolding (n=1;
test system of type A).

On the basis of analysis of the dependence of parameter KLS on the
protein concentration the conclusion has been made that DTT-
induced aggregation of α-lactalbumin proceeds in the kinetic regime
where the rate-limiting stage is the stage of aggregation of unfolded
protein molecules. The value of n for the aggregation process was
found to be 2.5 ± 0.2 (80 mM Hepes buffer, рН 6.8, containing 0.1 M
NaCl; 37°C) [17]. The data obtained in our earlier works are consistent
with this conclusion [10,18,19]. In Table 1 this test system is classified
as a test system of type B.
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It should be noted that in the case thermal aggregation of target
proteins elevation of temperature can result in the change in the
kinetic regime of the aggregation process with realization of the kinetic
regime of type B at high temperatures [20,21].

Consider the action of the agents which are capable of forming the
reversibly dissociating complexes with the target protein. If we use test
systems of type B, the observed effects of the agents under study
directly characterize the action of the agent on the aggregation stage.
For example, Shah et al. studied the effect of arginine on heat-induced
aggregation of BSA at 90°C [21]. It was demonstrated that relatively
low concentrations of arginine enhanced thermal aggregation of BSA,
whereas the high concentrations of arginine suppressed the
aggregation process. The dual effect of arginine was reported also by
Smirnova et al. [22] who studied DTT-induced aggregation of α-
lactalbumin.

When employing test systems of type A, we should realize that the
agents exerting some action on the stability of the native form of the
target protein will eventually affect the initial rate of aggregation. The
agents stabilizing protein structure will retard protein aggregation. On
the contrary, the agents causing protein destabilization will accelerate
protein aggregation. To interpret the effects of different agents on
aggregation of target proteins, the additional experiments on protein
stability in the presence of the agents under study should be carried
out. It is worth noting that test systems of type A can be used for
screening of ligands specifically interacting with proteins on the basis
of measurements of the aggregation rate in the presence of ligands
under study [23-26].

As for chaperones of the protein nature forming tight complexes
with the target protein, they will reveal the anti-aggregation activity in
all test systems regardless of what stage of the general process of
aggregation (protein unfolding or sticking of unfolded protein forms)
is rate-determining. For example, in the work by Borzova et al. [27] the
suppression of DTT-induced aggregation of BSA (a test system of type
A) by α-crystallin, a representative of the family of small heat shock
proteins, was studied. The principles of the quantitative estimation of
the anti-aggregation activity of protein chaperones have been
formulated in our works [13,14,27]. It is interesting that α-crystallin
can exert the anti-aggregation activity, even though this chaperone
induces destabilization of the target protein. Such a situation is
realized, for example, in experiments on thermal aggregation of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the presence
of α-crystallin [28]. Destabilization of the tetrameric GAPDH
molecule is due to the interaction of α-crystallin with the dissociated
forms, which are formed in the course of thermal denaturation of
GAPDH [29].

To overcome the difficulties connected with the interpretation of
the mechanisms of protein aggregation suppression by molecular
chaperones, we proposed to use test systems based on thermal
aggregation of target proteins denatured by ultraviolet radiation.
Glycogen phosphorylase b (Phb) and GAPDH from rabbit skeletal
muscle were used as target proteins [30-32]. The advantage of these
test systems (type C in Table 1) is the possibility to estimate the direct
effect of the chaperones on aggregation of the target protein.
Interestingly to compare the effect of chemical chaperone, 2-
hydroxypropyl-β-cyclodextrin (HP-β-CD), on thermal aggregation of
intact and UV-irradiated GAPDH. It has been shown that HP-β-CD
accelerates thermal aggregation of intact GAPDH. Such an effect of
HP-β-CD is due to destabilization of the protein molecule [9,12].
However, when the test system based on aggregation of UV-irradiated

GAPDH was used, the suppressing effect of HP-β-CD was observed
[32]. This protective action of HP-β-CD is typical for cyclodextrins
[6]. It is evident that there is a dual effect of HP-β-CD in the case of
aggregation of intact GAPDH. On the one hand, HP-β-CD favors
GAPDH denaturation and, consequently, aggregation of denatured
protein. On the other hand, this agent suppresses protein aggregation.
The first effect is prevailing, resulting in acceleration of GAPDH
aggregation.

The efficiency of chemical chaperone in suppression of protein
aggregation in test system of type A is determined by its affinity to the
native form of the target protein, whereas in the case of test systems of
type C the determining factor is the affinity of chemical chaperone to
the unfolded form of the target protein. To characterize the affinity of
chemical chaperone to the protein, the dependences of the relative
initial rate of aggregation KLS/KLS,0 on the concentration of chemical
chaperone can be used. Consider, for example, the suppression of
DTT-induced aggregation of BSA by arginine (test system of type A,
Figure 1) and suppression of thermal aggregation of UV-irradiated
GAPDH by HP-β-CD (test system of type C, Figure 2). The
dependences of KLS/KLS,0 on the concentration of chemical chaperone
(L) were analyzed using Hill equation [33].

Figure 1: Test system of type A. Effect of arginine on DTT-induced
aggregation of BSA. The dependence of the relative initial rate of
aggregation (KLS/KLS,0) of BSA (1.0 mg/ml) on arginine
concentration (45°C; 100 mM Na-phosphate buffer, pH 7.0; 2 mM
DTT) is plotted for the data presented in [27]. Circles are
experimental data. The solid curve is drawn using Eq. (3) at
[L]0.5=223 mM and h=1.9.

KLS
KLS,0

 =   1

1 +   L / L 0.5 h ,  (3)

Where [L]0.5 is the semi-saturation concentration, i.e., the
concentration of chemical chaperone at which KLS/KLS,0=0.5 and h is
the Hill coefficient. Parameter [L]0.5 can be considered as a measure of
the affinity of chemical chaperone to the protein. The lower the [L]0.5
value, the higher is the affinity of chemical chaperone to the protein.
The following values of parameters were found for suppression of
DTT-induced aggregation of BSA by arginine: [L]0.5=223 ± 8 mM and
h=1.9 ± 0.1 (coefficient of determination R2 is equal to 0.9913). In the
case of thermal aggregation of UV-irradiated GAPDH in the presence
of HP-β-CD the estimated values of parameters were [L]0.5=23 ± 2
mM and h=1.17 ± 0.14 (R2=0.9815). The first value of [L]0.5
characterizes the affinity of chemical chaperone to the native protein,
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whereas the second value of [L]0.5 is a measure of the affinity of
chemical chaperone to the denatured protein.

Figure 2: Test system of type C. Effect of HP-β-CD on aggregation
of UV-irradiated GAPDH. The dependence of the relative initial
rate of aggregation (KLS/KLS,0) of UV-irradiated GAPDH (0.4
mg/ml) on HP-β-CD concentration (37°C; 50 mM Na-phosphate
buffer, pH 7.5) is plotted for the data presented in [32]. Circles are
experimental data. The solid curve is drawn using Eq. (3) at
[L]0.5=23 mM and h=1.17.

In summary, when analyzing the anti-aggregation activity of
molecular chaperones, one should take into account the kinetic regime
of the aggregation process used in definite test system. This is true in
regard to test systems based on protein unfolding followed by
aggregation of unfolded protein molecules as well as to test systems
based on aggregation accompanying refolding of target protein from
urea (or guanidine hydrochloride)-denatured state.
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