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ABSTRACT: Thermal denaturation and aggregation of rabbit muscle glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) have been studied using differential scanning calorimetry (DSC), dynamic light scattering
(DLS), and analytical ultracentrifugation. The maximum of the protein thermal transition (Tm) increased
with increasing the protein concentration, suggesting that the denaturation process involves the stage of
reversible dissociation of the enzyme tetramer into the oligomeric forms of lesser size. The dissociation
of the enzyme tetramer was shown by sedimentation velocity at 45°C. The DLS data support the mechanism
of protein aggregation that involves a stage of the formation of the start aggregates followed by their
sticking together. The hydrodynamic radius of the start aggregates remained constant in the temperature
interval from 37 to 55°C and was independent of the protein concentration (Rh,0 ≈ 21 nm; 10 mM
sodium phosphate, pH 7.5). A strict correlation between thermal aggregation of GAPDH registered by
the increase in the light scattering intensity and protein denaturation characterized by DSC has been proved.

The process of protein aggregation has received much
consideration due to the discovery that a major part of human
degenerative and neurodegenerative diseases is associated
with a change in the secondary and/or tertiary structure of a
native protein, leading to the formation of protein aggregates
with various supramolecular organizations (1-7).

Mammalian glyceraldehyde-3-phosphate dehydrogenase
(GAPDH;1 EC 1.2.1.12), which is abundant in cells, reveals,
besides well-known glycolytic function, several other func-
tions and is involved in some degenerative and neurodegen-
erative diseases. The potential involvement of GAPDH in
neurodegeneration is based on the demonstration that proteins
important to the pathogenesis of several neuronal disorders
strongly bind GAPDH with high affinity in vitro. GAPDH
interacts with theâ-amyloid precursor protein and the
Huntington protein (8, 9). Tsuchiya et al. (10) have dem-

onstrated that GAPDH may be involved in the Lewy body-
like cytoplasmic inclusion formation in vivo, probably
associated with the apoptotic death pathway. Besides,
decrease in the enzyme activity has been reported in human
lens with age and in cataract (11).

GAPDH is a homotetrameric enzyme consisting of mono-
mers with molecular mass of 36 kDa. The polypeptide chain
of GAPDH is folded in two domains, the NAD+-binding
and catalytic domains, which are relatively independent (12).
The structure of rabbit muscle GAPDH shares 91% sequence
identity with the human enzyme; human GAPDH is a
potential target for the development of antiapoptotic drugs.

Several in vitro studies have been devoted to unfolding,
refolding, dissociation, association, and aggregation of
GAPDH (13-19). GAPDH has been used as a target protein
to examine the effects of some chaperones (20-25). The
enzyme shows only a limited extent of reactivation after
denaturation by GdnHCl, and aggregates, as assessed by the
turbidity measurements (26). The inactivation of GAPDH
during thermal denaturation at 38.5°C in the pH range of
7.65-8.85 has been compared to its dissociation-aggrega-
tion measured by light scattering and to the changes in its
secondary structure measured by CD in the far-ultraviolet
(14). It has been shown that the secondary structure of the
enzyme is relatively heat stable, showing change only at pH
8.85. Under these conditions, the enzyme first dissociates
within several minutes, probably into dimers, and with
prolonged heating it becomes irreversibly aggregated.

Dynamic light scattering (DLS) is widely used to study
the kinetics of protein aggregation and allows determining
the size of protein aggregates (27-34). In an earlier paper
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we studied the kinetics of thermal aggregation ofâL-crystallin
using DLS (35). A new mechanism of protein aggregation
involving the stage of the formation of the start aggregates
has been proposed. A method of estimation of the size of
the start aggregates based on the construction of the light
scattering intensity versus the hydrodynamic radius plots has
been developed. The main stage of the aggregation process
resulting in the formation of large-sized aggregates prone to
precipitation is the stage of sticking together of the start
aggregates and aggregates of higher order. We also elabo-
rated a method for the estimation of the duration of the lag
period over which the formation of the start aggregates takes
place.

The goal of the present work was to study the kinetics of
thermal aggregation of GAPDH at various temperatures and
various protein concentrations by DLS. This protein is of
special interest, since, as was shown in the present work,
the stage of GAPDH denaturation preceding aggregation
proceeds by a dissociative mechanism. One would expect
that thermal aggregation of the protein for which denaturation
involves dissociation of protein oligomer into the oligomeric
forms of lesser size has distinguishing characteristics. Cor-
relation between the thermal aggregation of GAPDH regis-
tered by the increase in the light scattering intensity, on the
one hand, and protein denaturation characterized by DSC
or enzyme inactivation, on the other hand, has been studied.

EXPERIMENTAL PROCEDURES

Isolation and Purification of GAPDH.GAPDH was
isolated from rabbit muscles as described by Scopes and
Stoter (36) with an additional purification step using gel
filtration on Sephadex G-100 (superfine). GAPDH concen-
tration was determined spectrophotometrically at 280 nm
using the absorption coefficientAcm

1% of 10.6 (37).
GAPDH Assay.GAPDH activity was measured by moni-

toring the increase in the absorbance at 340 nm produced
by the formation of NADH using a UV 1601 Schimadzu
spectrophotometer. The reaction was carried out at 20°C
and was initiated by the addition of 2-6 µg of the enzyme
to the reaction mixture containing 100 mM glycine, 100 mM
KH2PO4, pH 8.9, 5 mM EDTA, 1 mM NAD, and 1 mM
glyceraldehyde 3-phosphate. The dehydrogenase activity was
70 units/mg of the protein.

Thermal InactiVation of GAPDH. Thermal inactivation of
GAPDH was studied at 55°C in 10 mM KH2PO4, pH 7.5.
The reaction was started by the addition of GAPDH solution
(8-50 µL) to 10 mM potassium phosphate buffer; the
volume of the reaction mixture was 1 mL. At fixed time
intervals, aliquots were withdrawn to determine the enzy-
matic activity in the standard mixture.

Calorimetric Studies. Thermal denaturation of GAPDH
was studied by differential scanning calorimetry (DSC). DSC
experiments were performed using a DASM-4M differential
scanning microcalorimeter (Institute for Biological Instru-
mentation, Pushchino, Russia). All measurements were
carried out in 10 mM sodium phosphate buffer, pH 7.5. The
protein solution was heated at a constant rate of 1°C/min
from 5 to 90°C and at a constant pressure of 2.2 atm. The
reversibility of the thermal transition of GAPDH was tested
by checking the reproducibility of the calorimetric trace
during the second heating of the sample immediately after

cooling. The calorimetric traces of GAPDH were corrected
for instrumental background and for possible aggregation
artifacts by subtracting the scans obtained from the second
heating of the samples. The temperature dependence of the
excess heat capacity was further analyzed and plotted using
Origin software (MicroCal Inc.).

Analytical Ultracentrifugation. Sedimentation velocity
experiments were carried out at various temperatures (20,
37, or 45 °C) in a model E analytical ultracentrifuge
(Beckman), equipped with absorbance optics, a photoelectric
scanner, a monochromator, and a computer on line. A four-
hole rotor An-F Ti and 12 mm double sector cells were used.
The rotor was preheated at an appropriate temperature in
the thermostat before the run. The sedimentation profiles of
GAPDH were recorded by measuring the absorbance at 280
nm. All cells were scanning simultaneously. The time interval
between scans was 3 min. For digital data acquisitions La-
n20-12 PC1 and La-1.5 PCI plates and software specially
written by A. G. Zharov (www.ADClab.ru) were used. The
sedimentation coefficients were estimated from the dif-
ferential sedimentation coefficient distribution [c(s) versus
s] or [c(s, f/f0) versuss] which were analyzed using the
SEDFIT program (38, 39). Thec(s) analysis was performed
with regularization at confidence levels of 0.68 and 0.95 and
a floating frictional ratio, time-independent noise, baseline,
and meniscus position. The sedimentation coefficients were
corrected to solvent density and viscosity (20°C, water) in
the standard way as described earlier (40). Thec(s) distribu-
tion was transformed to thec(M) distribution for the run at
20 °C (M is the molecular mass).

DLS Studies. For light scattering measurements the com-
mercial instrument Photocor Complex was used (Photocor
Instruments Inc.; www.photocor.com). This instrument al-
lows measuring both dynamic and static light scattering (DLS
and SLS) at various scattering angles with a stepper-motor
controlled turntable (41). A He-Ne laser (Coherent, model
31-2082, 632.8 nm, 10 mW) has been used as a light source.
The temperature of the 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 was used, which
allows increasing accuracy of particle sizing in the range of
0.5-10 nm.

DLS data have been accumulated and analyzed with the
multifunctional real-time correlator Photocor-FC that has
both logarithmic multiple-tau and linear time-scale modes.
DynaLS software (Alango) was used for polydisperse
analysis of DLS data. The mean hydrodynamic radius of the
particles, Rh, was calculated from the Stokes-Einstein
equation:D ) kBT/6πηRh, wherekB is Boltzmann’s constant,
T is the absolute temperature, andη is the shear viscosity of
the solvent.

To obtain the DLS results with high-rate temperature
scanning, as compared to DSC, a fast thermostat has been
developed. Special design of this compact unit allowed
simply replacing the standard sample cell holder of the main
thermostat of the Photocor Complex setup by the fast
thermostat. Fast platinum thermometers with a time constant
of 1 s have been used both for temperature control and for
real-time monitoring of temperature directly in the sample
cell. The fast thermostat is fully controlled with the existing
PID controller through the macro procedure of the Photocor
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program. The temperature scanning rate can be assigned from
10 °C/min to any slow value. The time of the DLS data
accumulation is agreed with the rate of the temperature
scanning to obtain correct results of particle sizing in the
course of aggregation processes.

The kinetics of thermal aggregation of GAPDH were
studied by DLS in 10 mM sodium phosphate buffer, pH 7.5.
All solutions for the experiments were prepared using
deionized water obtained with the Easy-Pure II RF system
(Barnstead). The buffer was placed in a cylindrical cell with
the internal diameter of 6.3 mm and preincubated for 10 min
at a certain temperature. Cells with stopper were used for
incubation at high temperature to avoid evaporation. The
aggregation process was initiated by the addition of an aliquot
of GAPDH to the final volume of 0.5 mL. When studying
the kinetics of aggregation of GAPDH, the scattering light
was collected at a 90° scattering angle.

Calculations. Origin 7.0 software (OriginLab Corp.) was
used for the calculations.

RESULTS

Thermal Denaturation of GAPDH.DSC analysis shows
that thermal denaturation of GAPDH is fully irreversible.
The heat sorption curve is represented by a sharp thermal
transition (Figure 1). The maximum of GAPDH thermal
transition (Tm) strongly depends on the protein concentra-
tion: it increases by 3.5°C, from 60.7 to 64.2°C, as the
protein concentration rises from 0.5 to 3.0 mg/mL (Figure
1). Such a dependence ofTm on the protein concentration is
believed to be characteristic for thermal denaturation of
oligomeric proteins and to denote the presence of a stage of
reversible dissociation of oligomer into subunits before their
irreversible thermal denaturation (40, 42). Indeed, it seems
very likely that during heating the tetrameric molecule of
GAPDH (the so-called “dimer of dimers”) dissociates into
dimers (and probably further to monomers) before their
irreversible denaturation.

Analytical Ultracentrifugation of GAPDH.For testing the
oligomeric state of GAPDH during heating, we studied the

sedimentation behavior of the enzyme at elevated tempera-
tures. First of all, we carried out the sedimentation velocity
studies of GAPDH at 20°C (Figure 2A). The major peak in
thec(s) distribution withs20,w ) 8.19( 0.49 S corresponded
to the tetrameric form of GAPDH with molecular mass
obtained from thec(M) distribution (see inset in Figure 2A)
equal to 165( 17 kDa. Sedimentation velocity studies of
GAPDH at 37°C showed that the original oligomeric state
was retained during a long time. Figure 2B demonstrates
one major peak in the differential sedimentation coefficient
distributionc(s) for GAPDH preincubated at 37°C for 7 h.
The sedimentation coefficient normalized to the standard
conditions (s20,w ) 8.22 ( 0.53 S) corresponded to the
tetrameric form of GAPDH.

Incubation of GAPDH at 45°C induced dissociation of
the protein (Figure 3). Panels A and B of Figure 3 show
that at 80 and 90 min incubation under these conditions the
dissociated enzyme forms with the sedimentation coefficients
of s20,w ) 3.3 S( 0.1 and 5.40( 0.08 S, respectively, are
observed. It is worthy of note that for the technical reasons
the sedimentation analysis does not allow controlling the
oligomeric state of GAPDH at the incubation time lesser than
80 min. Thec(s, f/f0) distributions contain the main peak
(84% or 79%) with the sedimentation coefficient ofs20,w )
3.3 ( 0.1 S (Figure 3A,B) corresponding to the monomeric
form and the minor peak (4.3%) withs20,w ) 5.40( 0.08 S
corresponding to the dimeric form of GAPDH. When
GAPDH was incubated at 45°C for a long time (3 and 6 h),
thec(s, f/f0) distributions (Figure 3C,D) contained one major
peak (61% or 73%) withs20,w ) 4.9 ( 0.1 S corresponding

FIGURE 1: Temperature dependences of excess heat capacity (Cp
ex)

of GAPDH (10 mM sodium phosphate buffer, pH 7.5) at various
concentrations of the protein: (1) 0.5, (2) 1.5, and (3) 3.0 mg/mL.
Cp

ex was calculated per GAPDH tetramer. The heating rate was 1
°C/min.

FIGURE 2: Sedimentation behavior of GAPDH (0.4 mg/mL; 10 mM
sodium phosphate buffer, pH 7.5). (A) Differential sedimentation
coefficient distributionc(s) for GAPDH at 20°C. The inset shows
thec(M) distribution. (B)c(s) distribution for the enzyme prepara-
tion heated at 37°C for 7 h. Thec(s) distribution was obtained at
37 °C and normalized to the standard conditions. The rotor speed
was 40000 rpm.
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to the dimeric form. Disappearance of the monomeric
enzyme form at longer times of incubation was probably due
to association/aggregation of monomers into the dimers.

Kinetics of Thermal Aggregation of GAPDH.Thermal
aggregation of GAPDH (0.4 mg/mL; 10 mM potassium
phosphate, pH 7.5) was studied by DLS in the temperature
interval from 37 to 55°C. DLS allows measuring the
hydrodynamic radius (Rh) of particles formed in the course
of protein aggregation.

Figure 4A shows the autocorrelation functions measured
at various times of incubation of GAPDH at 55°C. The
distribution of protein aggregates by size obtained at various
times of incubation is represented in Figure 4B. As seen,
the distribution of aggregates by size is unimodal, and the
mean value of the aggregate size changes toward higherRh

values with increasing the incubation time.
Figure 5 shows the dependences of the light scattering

intensity and hydrodynamic radius on time (panels A and
B, respectively) obtained at various temperatures. As seen
from Figure 5A, a lag period is observed in the kinetic curves
of the light scattering intensity enhancement. At rather high
temperature (55°C) the dependence of the light scattering
intensity on time passes through a maximum. The decrease
in the light scattering intensity at high values of time is due
to the precipitation of the large-sized aggregates.

Figure 5C shows the dependences of the light scattering
intensity on the hydrodynamic radius (Rh) obtained at various
temperatures. When constructing these dependences, we used
the initial values of the hydrodynamic radius corresponding
to the region whereRh is a linear function of time (see the
inset in Figure 5B). The dependences of the light scattering
intensity on Rh are linear and the length cut off on the
abscissa axis by the straight line characterizes the size of
the start aggregates, i.e., the size of the aggregates that are

FIGURE 3: Dissociation of GAPDH (0.4 mg/mL) at 45°C.
Differential sedimentation coefficient distributionsc(s, f/f0) for the
GAPDH preparation heated at 45°C for 80 min (A), 90 min (B),
3 h (C), and 6 h (D) were obtained at 45°C, corrected to the
standard conditions, and saved as the one-dimensionalc(s,*)
distributions. The rotor speed was 30000 rpm.

FIGURE 4: Analysis of GAPDH thermal aggregation by DLS. (A)
Autocorrelation functions measured at various times of incubation
of GAPDH (0.4 mg/mL; 10 mM sodium phosphate buffer, pH 7.5)
at 55 °C: (1) 5, (2) 10, (3) 20, (4) 30, and (5) 70 min. (B)
Distribution of the particles by their size registered at various times
of incubation: (1) 5, (2) 10, (3) 20, (4) 30, and (5) 70 min. DLS
measurements were carried out at a scattering angle of 90°.
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registered at the instant an initial increase in the light
scattering intensity is observed (see ref35). The hydrody-
namic radius of the start aggregates (Rh,0) remains practically
constant in the interval of temperatures from 37 to 55°C
(see Table 1). The average value ofRh,0 was found to be
20.0( 1.2 nm. The rough estimation of the number of the
denatured monomers of GAPDH in the start aggregates may

be performed using an empiric relationship between the
molecular mass (Mr, kDa) and hydrodynamic radius (Rh, nm)
of the protein:Mr ) (1.68Rh)2.3398(43). We assume that this
equation is valid only for the stages of aggregation preceding
the formation of the start aggregates or involving the
formation of the start aggregates by themselves. If we take
into account that the molecular mass of the polypeptide chain
of GAPDH is 36 kDa, the start aggregate withRh,0 ) 20.0
( 1.2 nm should contain approximately 100( 20 denatured
monomers of GAPDH.

As seen from the inset in Figure 5B, the initial parts of
the dependences ofRh on time are linear. The following
equation is used for analysis of the initial parts of the
dependence ofRh on time:

where t0 is the duration of the latent stage leading to the
formation of the start aggregates andt2R is the time interval
over which the hydrodynamic radius increases fromRh,0 to
double this value. The parametert2R characterizes the rate
of aggregation. The lower thet2R value, the higher the
aggregation rate. The dotted horizontal line in the inset in
Figure 5B corresponds to theRh,0 value. The parametert0 is
the length cut off on the horizontal line by the straight line.
Parameters of eq 1 (t0 and t2R) calculated at various
temperatures are given in Table 1. The parametert0 decreases
from 50.5 to 2 min as the temperature rises in the interval
of 37-55 °C. In this temperature interval a 10-fold decrease
in parametert2R takes place.

We studied the effect of the protein concentration on the
kinetics of thermal aggregation of GAPDH at 55°C. The
dependences of the light scattering intensity and hydrody-
namic radius on time obtained at various GAPDH concentra-
tions (0.05-0.4 mg/mL) are presented in Figure 6A,B. The
dependences of the light scattering intensity onRh remain
linear at variation of the protein concentration (Figure 6C).
The hydrodynamic radius of the start aggregates (Rh,0) is
independent of the protein concentration (Table 2). The
average value ofRh,0 was found to be 22.0( 1.2 nm.

With a knowledge of parameterRh,0 we can calculate the
duration of the latent period resulting in the formation of
the start aggregates (see the inset in Figure 6B). The similar
values of parametert0 were obtained at relatively low
concentrations of GAPDH (0.05 and 0.2 mg/mL), namely,
8.5 and 10.0 min, respectively (Table 2). Further increase
in GAPDH concentration brings about the diminishing of
the t0 value (t0 ) 2.0 at GAPDH concentration equal to 0.4
mg/mL).

The analysis of the dependences ofRh on time shows that
the linear relationship is obeyed up to a certain point in time
designated ast*. From this time on, the dependence ofRh

on time follows the power law:

whereRh
/ is the value ofRh at t ) t*, K1 is a constant, and

df is the fractal dimension.
This equation is equivalent to the dependence ofRh on

time which is obeyed for the diffusion-limited regime of
aggregation, i.e., the regime wherein the rate of aggregation

FIGURE 5: Kinetics of thermal aggregation of GAPDH (0.4 mg/
mL) at various temperatures: (1) 37, (2) 45, (3) 47.5, and (4) 55
°C. Dependences of the light scattering intensity andRh on time
(panels A and B, respectively). The inset in panel B shows the
initial parts of the dependences ofRh on time. The horizontal dotted
line corresponds to theRh,0 value (Rh,0 ) 20 nm). (C) Dependences
of the light scattering intensity onRh.

Table 1: Parameters of Equation 1 Used for Description of the
Dependences ofRh on Time for Aggregation of GAPDH (0.4
mg/mL)

temp,°C Rh,0, nm t0, min t2R, min

37 19.5( 1.5 50.5( 0.5 4.7( 0.2
45 20.2( 1.4 12.6( 0.4 1.33( 0.05
47.5 19.1( 1.2 7.6( 0.4 0.64( 0.04
55 21.2( 0.8 2.0( 0.2 0.44( 0.02

Rh ) Rh,0[1 + 1
t2R

(t - t0)] (1)

Rh ) Rh
/[1 + K1(t - t*)] 1/df (2)

Thermal Aggregation of GAPDH Biochemistry, Vol. 45, No. 44, 200613379



is limited by diffusion of the colliding particles (44-46):

whereRh,0 is the hydrodynamic radius of a seed particle,df

is the fractal dimension, andK1 is a constant. The fractal
dimension is a structural characteristic of aggregates that are

formed as a result of unordered interactions (random ag-
gregation). The mass of an aggregate formed in such a way
(M) is connected with its effective radius (R) by the following
relationship: M ∼ Rdf. For aggregation proceeding in the
regime of diffusion-limited cluster-cluster aggregation, a
universal fractal dimension of 1.8 is observed (44-47).

The experimental dependences ofRh on time obtained at
various concentrations of GAPDH (Figure 6B) were analyzed
using eq 2. Parameters obtained (t*, Rh

/, anddf) are given in
Table 2. The values ofdf are close to the universal value of
the fractal dimension (df ≈ 1.8).

Correlation between Thermal InactiVation and Aggrega-
tion of GAPDH.Figure 7A shows the kinetics of thermal
inactivation of GAPDH at 55°C. The dependences of the
relative enzymatic activityA/A0 on time were obtained at
various concentrations of the enzyme (0.05, 0.2, and 0.3 mg/
mL). As seen from this figure, the rate of inactivation
decreases with increasing the enzyme concentration. The time
of half-conversion (t0.5) increases from 10.9 to 43.1 min, as
GAPDH concentration rises from 0.05 to 0.3 mg/mL.

We correlate the increase in the light scattering intensity
during GAPDH aggregation at 55°C with the diminishing

Table 2: Parameters of Equations 1 and 2 Used for Description of the Dependences ofRh on Time for Aggregation of GAPDH at 55°C

GAPDH concn,
mg/mL Rh,0, nm t0, min t2R, min t*, min Rh

/, nm K1, min-1 df

0.05 22.9( 1.5 8.5( 0.2 5.24( 0.09 22 82 0.14( 0.01 1.80( 0.05
0.2 22.0( 1.5 10.0( 0.2 3.34( 0.03 21 96 0.18( 0.01 1.78( 0.04
0.3 23.2( 0.8 3.5( 0.3 3.40( 0.06 18 110 0.20( 0.02 1.80( 0.05
0.4 21.2( 0.8 2.0( 0.2 0.44( 0.02 10.3 348 0.27( 0.02 1.77( 0.05

FIGURE 6: Kinetics of thermal aggregation of GAPDH at 55°C.
Dependences of the light scattering intensity on time (A), depend-
ences ofRh on time (B), and dependences of the light scattering
intensity on Rh (C) obtained at various concentrations of the
enzyme: (1) 0.05, (2) 0.2, (3) 0.3, and (4) 0.4 mg/mL. The inset in
panel B shows the initial parts of the dependences ofRh on time.
The horizontal dotted line corresponds to theRh,0 value (Rh,0 ) 22
nm).

Rh ) Rh,0(1 + K1t)
1/df (3)

FIGURE 7: Correlation between thermal inactivation and aggregation
of GAPDH at 55°C. (A) Dependences of the relative enzymatic
activity A/A0 on time (A0 andA are the initial and current enzymatic
activities). (B) Light scattering intensity versus (1- A/A0) plots.
Concentrations of GAPDH were (1) 0.05, (2) 0.2, and (3) 0.3 mg/
mL.
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of the enzyme activity. Figure 7B shows the light scattering
intensity versus (1- A/A0) plots. The (1- A/A0) value
corresponds to the portion of the inactivated enzyme. When
GAPDH concentration was 0.05 mg/mL, the light scattering
intensity began to rise at (1- A/A0) > 0.53. The dependence
of the light scattering intensity on (1- A/A0) was linear in
the interval of the (1- A/A0) values from 0.53 to 1.0. When
GAPDH concentration was 0.2 mg/mL, the dependence of
the light scattering intensity on (1- A/A0) was linear in the
interval of the (1- A/A0) values from 0.31 to 1.0. As
GAPDH concentration increased to 0.3 mg/mL, the discor-
dance between the initial increase of the light scattering
intensity and the initial decrease in the enzymatic activity
disappeared. A strict correlation is observed between ag-
gregation monitored by enhancement of the light scattering
intensity and the enzyme inactivation registered by diminish-
ing of the enzyme activity.

Correlation between Thermal Denaturation and Aggrega-
tion of GAPDH. To substantiate a correlation between
thermal denaturation and aggregation of GAPDH, we studied
denaturation and aggregation of the enzyme under identical
conditions, wherein the temperature was elevated at a
constant rate (1°C/min). On the basis of the DSC data
presented in Figure 1 we constructed theQ/Qt ratio (Qt is
the total heat of denaturation andQ is the heat absorbed,
when the certain temperature is achieved) versus temperature
plot for GAPDH concentration of 0.5 mg/mL (Figure 8A).
Qt is the area under the wholeCp

ex versus temperature
profile andQ is the area under the part of profile limited by
certain temperature. TheQ/Qt ratio may be considered as a
measure of the portion of the denatured protein.

Figure 8B shows the dependence of the light scattering
intensity at 632.8 nm on temperature for aggregation of
GAPDH (0.5 mg/mL) heated with the constant rate (1°C/
min). The decrease in the light scattering intensity at
temperature above 65°C is due to precipitation of the large-
sized aggregates of GAPDH.

Since the dependences of theQ/Qt ratio and light scattering
intensity on temperature were obtained under the same
conditions, we can analyze the relationship between the
denaturation and aggregation of the enzyme. As seen from
Figure 8C, there is a strict correlation between the light
scattering intensity and theQ/Qt ratio characterizing GAPDH
aggregation and denaturation, respectively. The length cut
off on the ordinate axis at theQ/Qt ) 1 by the linear
dependence of the light scattering intensity onQ/Qt gives
the limiting value of the light scattering intensity that would
be achieved if precipitation would be lacking (I lim ) 148000
counts/s). It should be noted that there is some discrepancy
between the light scattering intensity and theQ/Qt value in
the initial stages of denaturation and aggregation. AtQ/Qt

) 0 the light scattering intensity has a nonzero value. The
reason for this discrepancy is still obscure.

DISCUSSION

The DSC data on thermal denaturation of GAPDH have
shown that the temperature, at whichCp

ex reached the
maximum value (Tm), was shifted toward higher temperatures
as GAPDH concentration rose (Figure 1). Such a dependence
of Tm on the protein concentration suggests that the overall
mechanism of GAPDH denaturation involves stages of

reversible dissociation of the enzyme tetramer into the more
labile oligomeric forms of lesser size (40, 48-50). Sedi-
mentation velocity analysis (Figure 3) also indicates that
GAPDH denaturation proceeds by a dissociative mechanism.
Panels A and B of Figure 3 show that at 80 and 90 min
incubation at 45°C dissociated enzyme forms with the
sedimentation coefficients ofs20,w ) 3.3 S( 0.1 and 5.40
( 0.08 S are observed. The main forms (3.3 S) may
correspond to the monomer. Increase in the incubation time
(3 or 6 h) resulted in the transition of 3.3 S into 4.9 S forms
corresponding to dimer. It should be noted that dimers with
s20,w ) 5.40( 0.08 S (Figure 3A,B) ands20,w ) 5.0 ( 0.1
S (Figure 3C,D) differ by conformation. The studies of the
sedimentation behavior of GAPDH at elevated temperatures
(Figure 3) as well as the fact that dilution of GAPDH results
in acceleration of the enzyme inactivation (Figure 5A; see

FIGURE 8: Correlation between thermal denaturation and aggrega-
tion of GAPDH (0.5 mg/mL). (A) Dependence of theQ/Qt ratio
(Qt is the total heat of denaturation andQ is the heat absorbed by
the time, when the certain temperature is achieved) on temperature
calculated from DSC data (Figure 1, curve 1). (B) Dependence of
the light scattering intensity at 632.8 nm on temperature for
aggregation of GAPDH (0.5 mg/mL) heated with the constant rate
(1 °C/min). The horizontal dotted line corresponds to the limiting
value of the light scattering intensity, which would be achieved, if
precipitation is lacking. (C) Light scattering intensity versus the
Q/Qt ratio plot.
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also ref 51) substantiate the dissociative mechanism of
GAPDH denaturation. This mechanism of thermal denatur-
ation has been also shown for other oligomeric proteins (52).

When analyzing the data on the kinetics of protein
aggregation by DLS, we have proposed to construct the light
scattering intensity versus hydrodynamic radius (Rh) plots
in addition to the usual dependences of the light scattering
intensity or Rh on time (35, 53). The shape of the light
scattering intensity versusRh plots directly indicates that the
initial stage of thermal aggregation of proteins is the stage
of the formation of the start aggregates. The linear character
of these plots provides a simple way of estimating the size
of the start aggregates.

Using the light scattering intensity versusRh plots, we have
estimated the hydrodynamic radius of the start aggregates
formed in the course of thermal aggregation of GAPDH. The
Rh,0 value remained practically constant in the temperature
interval from 37 to 55°C (Rh,0 ) 20.0( 1.2 nm). It is worthy
of note that theRh,0 value was independent of the protein
concentration. We observed such a regularity for thermal
aggregation ofâL-crystallin, yeast alcohol dehydrogenase I,
rabbit skeletal muscle glycogen phosphorylaseb, and coat
protein of tobacco mosaic virus (35, 53). The character
of the change in the slope of the light scattering intensity
versusRh plots at variation of the protein concentration is
worthy of special attention. In the case ofâL-crystallin (35)
and rabbit skeletal muscle glycogen phosphorylaseb (53)
the slope of the light scattering intensity versusRh plot
increases monotonously with increasing protein concentra-
tion, whereas regularity is lacking in the arrangement of the
dependences of the light scattering intensity onRh obtained
at various concentrations of GAPDH (Figure 6C). If we fix
the value ofRh, the level of the light scattering intensity
corresponding to thisRh value characterizes unambiguously
the amount of the aggregated protein. The higher the light
scattering intensity, the higher the amount of the aggregated
protein. The decrease in the slope of the light scattering
intensity versusRh plot when the GAPDH concentration
increases from 0.05 mg/mL (line 1) to 0.2 mg/mL (line 2)
or from 0.3 mg/mL (line 3) to 0.4 mg/mL (line 4) is
unexpected. The complicated character of the change in the
slope of the light scattering intensity versusRh plot at
variation of the GAPDH concentration is due to the fact that
GAPDH denaturation preceding aggregation involves the
stages of reversible dissociation of the enzyme tetramer into
the oligomeric forms of lesser size which are sensitive to
variation of the protein concentration. The increase in the
GAPDH concentration should interfere with tetramer dis-
sociation and under certain conditions result in the decrease
in the amount of the aggregated protein. The attempt to
describe accurately the effect of the GAPDH concentration
on the slope of the light scattering intensity versusRh plot
is complicated by many things, among them the necessity
of taking into account dissociation of the GAPDH tetramer
and the transient character of dissociation, denaturation, and
aggregation processes. As for the change in the slope of the
light scattering intensity versusRh plots at variation of
temperature, the trend has been toward higher slope with
increasing temperature (Figure 5C). The higher value of the
light scattering intensity at any fixed valueRh at higher
temperature is indicative of higher amount of the aggregated
protein. The reason is that an increase in temperature results

in the enhancement of the rate denaturation with a consequent
increase in the amount of the start aggregates and then the
amount of the aggregated protein with the selected value of
Rh. Violation of monotonous increase in the slope of the light
scattering intensity versusRh plot in the region 45-47.5°C
may be also due to the complex mechanism of GAPDH
denaturation involving the stages of dissociation of the
enzyme oligomer.

Another peculiarity of the aggregation behavior of GAPDH
connected with instability of tetrameric structure at elevated
temperatures is the change in the shape of the relationship
between the light scattering intensity characterizing the
aggregation process and the degree of thermal inactivation
of GAPDH at variation of the enzyme concentration (Figure
7). Acceleration of inactivation at lower enzyme concentra-
tions results in the lengthening of the part of the (1- A/A0)
axis where the increment of the light scattering intensity is
yet lacking.

When studying thermal aggregation ofâ-lactoglobulin at
pH 7.0 by size exclusion chromatography, Durand et al. (54-
58) showed that there was a clear separation between a
narrow peak that corresponded to residual native protein and
a broad peak that corresponded to the aggregates. This
observation implied that the aggregates of the minimum size
contained many monomers and that no or very few stable
oligomers were formed. The authors supposed that the first
stage of thermal aggregation ofâ-lactoglobulin was the step
of the formation of “primary aggregates”. The size of the
primary aggregates was independent of the protein concen-
tration. It has been shown that sticking together of the
primary aggregates was suppressed at low ionic strength due
to repulsive interactions. Although the primary aggregates
postulated in the works of Durand et al. were formed mainly
by intermolecular disulfide bonds (in pH range 6.4-8.0),
such aggregates were evidently similar to the start aggregates
we observed forâL-crystallin and other proteins (35, 53).

On the basis of the data of Durand et al. (56) on the
sensitivity of sticking of the primary aggregates to variation
of ionic strength, one can assume that the start aggregates
may be sufficiently stable at low values of ionic strength.
From this point of view it is of interest to discuss the
properties of the so-called inactivated actin. Turoverov et
al. (59) observed that 60 min incubation of rabbit skeletal
muscle actin (5 mM Tris-HCl, pH 8.2) at 60°C resulted in
the formation of relatively stable particles with an average
sedimentation coefficient of 20 S (inactivated actin). The size
of the particles of inactivated actin was independent of the
protein concentration (within the limits 0.05-1.0 mg/mL).
A dramatic increase in 1-anilinonaphthalene-8-sulfonate
binding to inactivated actin in comparison with native and
unfolded protein indicated that the inactivated actin had
solvent-exposed hydrophobic clusters on the surface. In our
opinion inactivated actin may be considered as a “frozen”
start aggregate.

The fact that at relatively high values of time (t > t*) the
dependence of the hydrodynamic radius of GAPDH ag-
gregates on time follows the power law withdf ≈ 1.8 is
indicative of realization of the kinetic regime of aggregation
wherein the rate of aggregation is limited by diffusion of
the interacting particles [diffusion-limited cluster-cluster
aggregation (44, 45, 60-62)]. In other words, each collision
of the interacting particles results in their sticking together.
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Previously, we showed that the power law was fulfilled for
the kinetics of thermal aggregation ofâL-crystallin, glycogen
phosphorylaseb from rabbit skeletal muscle, and coat protein
of tobacco mosaic virus (35, 53). It is highly probable that
diffusion-limited aggregation is typical of thermal aggrega-
tion of proteins.

The aggregation process includes the stage of the formation
of the start aggregates and the stage of sticking together of
the start aggregates (the primary clusters) and aggregates of
high order. Such a pathway of aggregation results finally in
the appearance of the large-sized aggregates prone to
precipitation. Some authors discussed the possibility of
realization of the nucleation-dependent mechanism of protein
aggregation (63-65). It should be noted that if the growth
of the aggregate proceeds by an attachment of the denatured
protein molecule to the initial nucleus, theRh would approach
a limiting value at rather high values of time as the denatured
protein is depleted (66). Thus, data obtained in the present
work show that the nucleation-dependent mechanism of
protein aggregation is unlikely.

It is noteworthy that the size of the start aggregates remains
constant in the temperature interval from 37°C (the
physiological temperature) to 55°C (Rh,0 ) 20.0( 1.2 nm).
Thus, it is highly probable that the mechanism of GAPDH
aggregation involving the formation of the start aggregates
is operative under physiological conditions. It is surprising
that at 37°C the start aggregates appear already 50 min after
the initial point of incubation. Since stability of the proteins
is enhanced under the crowding conditions (67), one can
expect that, in the cell, duration of the latent stage leading
to the formation of the start aggregates will increase.
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