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rmal denaturation and inactivation of aspartate aminotransferase from pig heart
mitochondria (mAAT) has been carried out (10 mM Na phosphate buffer, pH 7.5). Analysis of the data on
differential scanning calorimetry shows that thermal denaturation of mAAT follows the kinetics of
irreversible reaction of the first order. The kinetics of thermal inactivation of mAAT follows the exponential
law. It has been shown that the inactivation rate constant (kin) is higher than the denaturation rate constant
(kden). The kin/kden ratio decreases from 28.8±0.1 to 1.30±0.09 as the temperature increases from 57.5 to
77 °C. The kinetic model explaining the discrepancy between the inactivation and denaturation rates has
been proposed. The size of the protein aggregates formed at heating of mAAT at a constant rate (1 °C min− 1)
has been characterized by dynamic light scattering.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Aspartate aminotransferase (EC 2.6.1.1), a homodimeric, pyridoxal
5′-phosphate (PLP)-dependent enzyme, exists in two distinct forms
in higher eukaryotes, one located in the cytosol and the other in
the mitochondria [1]. The enzyme contains one molecule of PLP
bound to each of the two identical active sites. A single polypeptide
chain comprising each subunit folds into three distinct regions: an
N-terminal extended arm that interacts with the neighboring subunit, a
small domain that changes its conformation during catalysis and a large
domain that contains most of the residues involved in cofactor binding
[2]. The active site is adjacent to both the domain and the subunit
interfaces [2]. It is formed by loops of polypeptide from the large and
small domains of its own subunit and by a few residues from the large
domain of the adjacent subunit. The coenzyme PLP is attached to the
active site by a covalent link (Schiff base) to the side-chain of Lys258. The
functionally independent active sites lie at the interface between the
small and large domains on the opposite sides of the dimeric molecule
[3]. Since each active site is composed of residues from both subunits,
only dimeric enzyme shows catalytic activity. The monomeric form of
the enzyme is catalytically inactive [4].
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The dimeric cytosolic isoenzyme with molecular mass of 93.0±
2.8 kDa and dimeric mitochondrial isoenzyme with molecular mass of
91.2±2.7 kDa [5] are structurally related, with approximately 48%
identity of amino acid sequence [6], but they exhibit considerable
differences in stability to denaturing agents [7,8] and sensitivity to
thermal denaturation [9]. The melting temperatures of the two
isoenzymes at pH7.5 as determined by differential scanning calorimetry
(DSC)were 83 and68 °C for the cytosolic andmitochondrial isoenzymes,
respectively [9]. Mitochondrial aspartate aminotransferase (mAAT) is
inactivated irreversibly at heating, the inactivation being a first-order
process [10,11]. During heating aggregates of the enzyme are formed.
Light scatteringdata at 360nmhave shown that the increase in turbidity
is more rapid at higher temperature [10].

In the present work we have compared the rates of inactivation
and denaturation of mAAT from pig heart mitochondria in the
temperature interval from 50 to 77 °C. Denaturation of mAAT was
studied by DSC. Inactivation and denaturation of mAAT proceed as
irreversible reactions of the first order. The obtained results have
shown that the active site reveals lesser stability in comparison with
that of the protein globule as a whole. Thermal aggregation of mAAT
has been studied by dynamic light scattering (DLS) under the regime,
wherein the temperature was elevated at a rate of 1 °C min− 1. When
comparing the increment in the light scattering intensity (I) and the
portion of the denatured protein (γden), we observed that the
normalized I values (I/Ilim; Ilim is the limiting value of I at γden=1)
exceed the γden values.
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2. Materials and methods

2.1. Materials

L-aspartic acid, malate dehydrogenase (MDH), NADH and α-
ketoglutaric acid were purchased from Sigma; CM-32 cellulose was
from Whatman; DE-sepharose (fast flow) were from Pharmacia;
Macro-Prep ceramic hydroxyapatite was from Bio-Rad; pyridoxal
5′-phosphate (PLP) and 2-mercaptoethanol were from Loba
Chemie.

All solutions for the experiments were prepared using deionized
water obtained with Easy-Pure II RF system (Barnstead, USA).

2.2. Purification of mAAT

The enzyme was purified according to Barra et al. [12] with
several modifications. Freshly obtained pig hearts were minced
and 1.5 kg of the material was homogenized in 1.8 L buffer A (10 mM
K-phosphate buffer, pH 6.8, containing 10mM glutaric acid, 5 μMPLP,
0.5 mM EDTA and 0.2 mM 2-mercaptoethanol). Insoluble material
was collected by centrifugation at 2500 g and re-extracted with
buffer A two times. The combined supernatants were dialyzed
against buffer A. The dialyzed solutionwas clarified by centrifugation
at 16900 g and then applied on the column (5×25 cm) of CM-
cellulose equilibrated with 10 mM K-phosphate buffer, pH 6.8. The
mitochondrial enzyme was eluted from the column using buffer A
containing 0.25 mM NaCl. The active fractions were combined and
dialyzed overnight against buffer A. The dialyzed solution was
applied to a column (3.6×30 cm) of CM-cellulose equilibrated with
10 mM K-phosphate buffer, pH 6.8. The mAAT was eluted using a salt
gradient with buffer A containing 10 mM NaCl (500 mL) in the
mixing chamber and buffer A containing 125 mM NaCl (500 mL)
in the reservoir. Flow rates of about 300mL h− 1 were used. The active
fraction was dialyzed overnight against buffer B (10 mM K-
phosphate buffer, pH 8.0, containing 1 mM α-ketoglutaric acid,
5 μMPLP and 0.2 mM 2-mercaptoethanol). Then the enzyme solution
was applied on DE-sepharose column (2.5×25 cm) concatenated
with the hydroxyapatite column (1.6×20 cm); both columns were
equilibrated with buffer A. After washing with the same buffer
columns were disconnected and mAAT was eluted from hydro-
xyapatite column in AKTA FPLC system under the following
conditions: buffer B (10 mM K-phosphate buffer, pH 8.0, containing
1 mM α-ketoglutaric acid, 5 μM PLP and 0.2 mM 2-mercaptoaetha-
nol), buffer C (0.5 M K-phosphate buffer, pH 8.0, containing 10 mM
glutaric acid, 5 μM PLP and 0.2 mM 2-mercaptoaethanol); gradient
slope was 10 column volumes of 10–50% buffer C. Fractions
containing enzyme were pooled and concentrated. Application of
DE-sepharose/hydroxyapatite in the final step of tandem chromato-
graphy allowed us to obtain homogeneous preparation of mAAT
according to SDS-PAGE with activity not less than 229±10 U mg− 1.

Protein concentrationwas determined according to Peterson [13] or
from the absorbance at 280 nm using the extinction coefficient A2801% =
14.0 [12].

2.3. Assay of mAAT

mAAT activity was measured at 25 °C by coupling the enzyme
reaction with malate dehydrogenase (MDH) and subsequent monitor-
ing NADH oxidation at 340 nm on Cary 50 Bio UV/Visible spectro-
photometer [14]. The reaction mixture (1 mL) contained 0.05 M K-
phosphate buffer, pH 6.8, 20 mM α-ketoglutaric acid, 0.2 mM NADH,
∼3 U ml− 1 MDH and an appropriate amount of the sample. The
reaction was started by the addition of L-aspartate to a final
concentration of 10 mM. One unit of the enzyme activity was defined
as the amount of the enzyme that is required for the formation of
1 μmol of the product per 1 min under the above conditions.
2.4. Calorimetric studies

Thermal denaturation of mAAT was studied by DSC. DSC experi-
ments were performed using a DASM-4 M differential scanning
microcalorimeter (Institute for Biological Instrumentation, Pushchino,
Russia). All measurements were carried out in 10 mM Na-phosphate,
pH 7.5, with 0.5 mM EDTA. The protein solution was heated at a
constant rate from 5 to 90 °C and at a constant pressure of 2.2 atm. The
reversibility of the thermal transition of mAAT was tested by checking
reproducibility of the calorimetric trace during the second heating of
the sample immediately after cooling. The calorimetric traces of mAAT
were corrected for instrumental background and possible aggregation
artefacts by subtracting the scans obtained from the second heating of
the samples. Calorimetric traces obtained at various scanning rates
were corrected for the instrumental time-response according to
Mayorga and Freire [15]. The temperature dependence of the excess
heat capacity (Cpex) was further analyzed and plotted using Origin
software (MicroCal Inc.).

We analyzed the temperature profiles of the excess heat capacity
assuming that denaturation of mAAT proceeds as an irreversible
reaction of the first order:

N Y
kden

D; ð1Þ
where N and D are the native and denatured form of the protein,
respectively, and kden is the denaturation rate constant.

To describe the dependence Cp
ex on temperature, we used the

following equation system [16–18]:
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v

;
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where γnat is the portion of the native protein, T is the absolute
temperature, v is the temperature scanning rate and Qt is the total
heat of denaturation. It is assumed that the temperature dependence
of the kden value (in min− 1) follows the Arrhenius equation:

kden ¼ exp
Edena

R
1

Tden
1

� 1
T

 !( )
; ð3Þ

where Ea
den is the energy of activation, T1den is the temperature at

which the rate constant kden equals 1 min− 1 and R is the gas constant.

2.5. Determination of portions of inactivated and aggregated mAAT

The enzyme was transferred into 10 mM Na-phosphate buffer, pH
7.5, with 0.5 mM EDTA by careful dialysis. Samples containing
appropriate amounts of protein were incubated at a well-defined
temperature in silicone-covered glass tubes. Each tubewas removed at
an appropriate time interval, immediately placed in the ice water bath
and then centrifuged for 20 min at 20,000 g. Residual enzyme activity
was measured at 25 °C as described above. Sample of the unheated
protein served as a control. In addition to determination of the enzyme
activity we measured the optical density (OD) of the supernatant at
280 nm. The portion of the aggregated protein (γagg) was calculated as
(1 — OD/OD0), where OD0 is the optical density of the initial solution.

2.6. DLS studies

For light scattering measurements a commercial instrument
Photocor Complex was used (Photocor Instruments Inc., USA; www.
photocor.com). A He–Ne laser (Coherent, USA, Model 31-2082,
632.8 nm, 10 mW) was used as a light source. The temperature of
sample cell was controlled by the proportional integral derivative
(PID) temperature controller to within±0.1 °C. The quasi-cross

http://www.photocor.com
http://www.photocor.com


Fig. 1. Thermal denaturation of mAAT studied by DSC. Temperature dependence of
excess heat capacity (Cpex) of mAAT (10 mM Na-phosphate buffer, 0.5 mM EDTA, pH 7.5)
obtained at various concentrations of the protein: (1) 0.2, (2) 1.0 and (3) 3.2 mg mL−1.
Cp
ex was calculated per dimer of mAAT with molecular mass of 91.2 kDa [5]. The heating

rate was 1 °C min−1.

Fig. 2. Quantitative analysis of the temperature dependence ofCpex formAAT (1.5mgmL−1)
obtainedat various temperature scanning rates: (1) 0.25, (2) 0.5, (3) 1.0 and (4)2.0 °Cmin−1.
Points are the experimental data. The solid curves were calculated from Eqs. (2) and (3) at
the following values of parameters: Eaden=516.6 kJ/mol and T1

den=346.44 K.
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correlation photon counting system with two photomultiplier tubes
(PMT) was used to increase the accuracy of particle sizing in the range
from 1.0 nm to 5.0 μm. DLS data have been accumulated and analyzed
with multifunctional real-time correlator Photocor-FC that has both
logarithmic multiple-tau and linear time-scale modes. DynaLS soft-
ware (Alango, Israel) was used for polydisperse analysis of DLS data.

The diffusion coefficient D of the particles is directly related to the
decay rate τc of the time-dependent correlation function for the light-
scattering intensity fluctuations: D=1/2τck2. In this equation k is the
wave number of the scattered light, k=(4πn/λ)sin(θ/2), where n is the
refractive indexof the solvent,λ is thewavelength of the incident light in
avacuumandθ is the scattering angle. Themeanhydrodynamic radius of
the particles, Rh, can then be calculated according to the Stokes–Einstein
equation: D=kBT / 6πηRh, where kB is Boltzmann's constant, T is the
absolute temperature and η is the shear viscosity of the solvent.

To carry out DLS measurements at a constant heating rate, a fast
thermostat has been developed [19]. The fast thermostat was fully
controlled with the existing PID controller through the macro
procedure of the Photocor program.

Thermal aggregation of mAATwas studied in 10mMNa-phosphate
buffer, pH 7.5, when heating the enzyme solution at a constant rate
(1 °C min− 1). The scattering light was collected at 90° scattering angle
and the accumulation time of the autocorrelation function was 30 s.

The dimensionless polydispersity index PI, which is a measure of
the broadness of the distribution of particles by size, was calculated
according to International standard ISO 13321 [20].

When analyzing the temperature dependences of the hydrody-
namic radius for protein aggregation under the regime wherein the
protein solution is heated at a constant rate [21,22], we showed that
the initial parts of these dependences are described by the linear
equation:

Rh ¼ Rh;0 1þ 1
DT2R

T � T0ð Þ
� �

; ð4Þ

where Rh,0 is the hydrodynamic radius of the start aggregates, T0 is the
temperature at which the start aggregates come to view and ΔT2R is
the temperature interval over which the hydrodynamic radius
increases from Rh,0 to twice this value. The reciprocal value of
parameter ΔT2R characterizes the rate of aggregation. The higher the
1/ΔT2R value, the higher the aggregation rate.

2.7. Calculations

Origin 7.0 software (OriginLab Corporation, USA) and Scientist
(MicroMath, Inc., USA) software were used for the calculations.
To characterize the degree of agreement between the experimental
data and calculated values, we used the coefficient of determination
R2 (without considering the statistical weight of the measurement
results) [23]:

R2 ¼

Xi¼n

i¼1

Yobs
i �P

Y
obs

� �2
�
Xi¼n

i¼1

Yobs
i � Ycalc

i

� �2
Xi¼n

i¼1

Yobs
i � P

Y
obs
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where
P
Y

obs ¼ 1
n

Xi¼n

i¼1

Yi is the average of the experimental data (Yiobs),

Ycalc is the theoretically calculated value of the function Y and n is the
number of measurements.

3. Results

3.1. Thermal denaturation of mAAT

DSC analysis shows that thermal denaturation of mAAT is fully
irreversible. The heat sorption curve is represented by a sharp thermal
transition (Fig. 1). The maximum of mAAT thermal transition (Tmax)
remains constant at variation of the protein concentration in the
interval from 0.2 to 3.2 mg mL− 1 (Fig. 1). Some discrepancies between
the curves are connected with an experimental error in heat sorption
measurements and are acceptable in the calorimetric studies.
Consequently, the mechanism of mAAT denaturation does not involve
a kinetically significant stage of reversible dissociation of the protein
dimer into monomers (see for discussion [18,24]).

Fig. 2 shows the temperature dependences of Cp
ex for mAAT

denaturation obtained at various temperature scanning rates (v=0.25,
0.5, 1.0 and 2.0 °C min− 1). The position of maximum on the DSC profiles
was shifted from 69.7 to 73.1 °C as the temperature scanning rate
increased from0.25 to 2.0 °Cmin− 1. Analysis of the DSC data showed that
the DSC profiles might be satisfactorily described by the two-statemodel
(Eq. (2)). The values of the total heat denaturation Qt and parameters of
the Arrhenius equation obtained from analysis of the individual DSC
profiles using Eqs. (2) and (3) are given in Table 1. The average value ofQt

was equal to 3020±50 kJ mol− 1. The average values of parameters Eaden

and T1
den calculated from simultaneous treatment of all DSC profileswere

found to be 516.6±0.7 kJ mol− 1 and 346.44±0.01 K, respectively.
Table 1 shows the standard deviations for parameters Qt, Eaden and

T1
den obtained for fitting of the DSC data to the corresponding

theoretical equations using the SCIENTIST program. The low value of
standard deviation for parameter T1

den shows that this parameter is
sensitive to the slightest perturbations. It should be noted that the



Table 1
Arrhenius equation parameter estimates for one-step model (1) of thermal
denaturation of mAAT

v,°C min−1 Qt, kJ mol−1 Ea
den, kJ mol−1 T1

den, K R2

0.25 2971±3 470.6±0.5 347.24±0.01 0.9984
0.5 3058±3 477.9±0.6 346.90±0.01 0.9983
1 3079±4 492.2±0.6 346.55±0.01 0.9984
2 2971±2 519.7±0.5 346.12±0.01 0.9992
Fitting to all curves 516.6±0.7 346.44±0.01 0.9896

Fig. 4. Effect of temperature on the kinetics of inactivation of mAAT (0.1 mg mL−1). The
dependence of the relative enzymatic activity of mAAT (A/A0) on time in semi-
logarithmic coordinates obtained at various temperatures of incubation: (1) 50, (2) 57.5,
(3) 61, (4) 65, (5) 68, (6) 72 and (7) 77 °C.
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errors indicated in Table 1 represent only the errors of fitting. We did
not calculated the errors connected with the other procedures
(experimental uncertainties in protein concentration, baseline correc-
tion and so on), since the corresponding methods are lacking.

3.2. Thermal inactivation of mAAT

Thermal inactivation of mAAT was irreversible at all temperatures
studied. Activity could not be recovered by prolonged incubation of
partially inactivated samples at 25 °C.

The study of thermal inactivation of mAAT at various concentra-
tions of the protein (Fig. 3) shows that the kinetics of inactivation is
independent of the protein concentration. Effect of temperature on
the kinetics of thermal inactivation of mAAT was studied at the
enzyme concentration of 0.1 mg mL− 1. As can be seen from Fig. 4, the
dependences of the relative enzyme activity (A/A0) on time (t) are
linear in the coordinates {ln (A/A0); t} (A0 and A are the values of the
initial and current enzyme activity). This means that the kinetics of
inactivation follows the exponential law:

A=A0 ¼ exp �kintð Þ; ð6Þ
where kin is the inactivation rate constant.

To describe the dependence of the rate constant kin (in min− 1) on
temperature, we used the Arrhenius equation:

kin ¼ exp
Eina
R

1
T in
1
� 1
T

 !( )
; ð7Þ

where Ea
in is the activation energy for the inactivation process and T1

in is
the temperature at which kin is 1 min− 1. Parameters Ea

in and T1
in were

determined from the lnkin versus 1/T plot (the line 1, Fig. 5): Eain and T1
in

are equal to 405.4±1.5 kJ mol− 1 and 345.99±0.02 K, respectively
(R2=0.9998). The line 2 in Fig. 5 shows the dependence of lnkden on 1/T
calculated from the DSC data. As can be seen from this figure, in the
Fig. 3. Kinetics of thermal inactivation of mAAT (0.1 mg mL−1; 10 mM Na-phosphaste
buffer, 0.5 mM EDTA, pH 7.5; 55 °C). The dependence of the relative enzymatic activity
of mAAT (A/A0) on time obtained at various concentrations of the enzyme: (1) 0.05,
(2) 0.1 and (3) 0.2 mg mL−1. A0 and A are the initial and current values of the enzymatic
activity.
temperature interval under study (from 57.5 to 77 °C) the inactivation
rate constant exceeds the denaturation rate constant. The kin/kden ratio
decreases with temperature from 28.8±0.1 at 57.5 °C to 1.30±0.09 at
77 °C. Thus, Fig. 5 demonstrates that thermal inactivation of mAAT
proceeds faster than thermal denaturation of the enzyme.

3.3. Relationship between aggregation, inactivation and denaturation of
mAAT

Denaturation of mAAT is accompanied by aggregation of the protein.
The portion of the aggregated protein (γagg) was determined by
measuring the absorbance of the heatedprotein solution after centrifuga-
tion at 20000 g as described in the sectionMaterials andMethods. Fig. 6A
and B show the dependence ofγagg on time at temperatures 60 and 70 °C,
respectively. These Figures also show the dependences of the portions of
the inactivated (γin) and denatured (γden) protein calculated from the
Fig. 5. Comparison of the rates of inactivation and denaturation of mAAT. The
temperature dependences of the inactivation rate constant (kin; line 1) and the
denaturation rate constant (kden; line 2) in the Arrhenius coordinates. Points on the line
1 are the experimental values of kin. Dimensions of kin and kden are given in min−1.



Fig. 6. Comparison of the kinetics of accumulation of the aggregated protein with the
kinetics of inactivation and denaturation of mAAT (0.2 mg mL−1) at 60 and 70 °C (A and
B, respectively). γden, γin and γagg are the portions of the denatured, inactivated and
aggregated proteins, respectively.
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equations γin=[1 − exp(− kint)] and γden=[1− exp(− kdent)], respectively, at
the following values of kin and kden: kin=0.0044 and 0.31min− 1 at 60 and
70 °C and kden=0.00024 and 0.082min− 1 at 60 and 70 °C, respectively. As
can be seen from Fig. 6, the accumulation of the aggregated mAAT
coincides completelywith denaturation of the protein. Based on this fact,
one may conclude that faster inactivation of mAAT in comparison with
denaturation is notdue to the capture of thenative enzymeby the formed
aggregates.

3.4. Aggregation of mAAT studied by DLS

Thermal aggregation of mAAT (0.2 mg mL− 1, 10 mM Na-phosphate
buffer, pH 7.5) was studied under the regime wherein the temperature
was elevated in the interval from 45 to 80 °C at the constant rate of 1 °C
min− 1. DLS allowsmeasuring the size of particles formed in the course of
protein aggregation. The distributions of protein aggregates by size
obtained at various temperatures are represented in Fig. 7. It can be
observed that the distribution of aggregates by size is unimodal, and the
Fig. 7. Thermal aggregation of mAAT (0.2 mg mL−1) registered by DLS under the regime
wherein the temperature was elevated at a constant rate (1 °C min−1). Distributions of
the particles by size were obtained at the following temperatures: (1) 55, (2) 63,
(3) 69.5, (4) 71 and (5) 75 °C.
hydrodynamic radius Rh of aggregates changes towards higher values
with the temperature. The elevation of temperature is also accompanied
by a wider distribution of particles by size. The polydispersity index PI
was 0.09±0.02 at 70.5 °C and increased to 0.82±0.04 at 76.5 °C.

Fig. 8 shows the dependences of the light scattering intensity (I)
and hydrodynamic radius (Rh) on temperature (panels A and B,
respectively). The light scattering intensity increases with tempera-
ture and reaches the limiting value at about 75 °C. Before analyzing
the dependence of the hydrodynamic radius on time, we constructed
the light scattering intensity versus the hydrodynamic radius plot
(Fig. 8, panel C). The relationship between I and Rh is linear. The length
on the abscissa axis cut off by the straight line corresponds to the
hydrodynamic radius of the start aggregates (Rh,0), which are
registered at the instant the initial increase in the light scattering
intensity is observed. The Rh,0value was found to be 60±1 nm.

The initial part of the dependence of the hydrodynamic radius on
temperature is linear (Fig. 8B). Thus, Eq. (4) may be used for
Fig. 8. Aggregation of mAAT (0.4 mg mL−1) heated at a constant rate of 1 °C min−1.
(A and B) The dependences of the light scattering intensity and the hydrodynamic
radius (Rh) on temperature. (C) The light scattering intensity versus the hydro-
dynamic radius plot.



Fig. 9. Relationship between denaturation and aggregation of mAAT heated at a
constant rate (1 °C min−1). The light scattering intensity (the data presented in Fig. 8A)
versus the portion of the denatured protein (γden) plot. The right ordinate axis is the
normalized value of the light scattering intensity I/Ilim (I is the light scattering intensity
and Ilim is the limiting value of I at γden=1). The dotted line corresponds to the case of
strict correlation between the light scattering intensity and the portion of the denatured
protein (γden= I/Ilim). The values of γden are calculated from Eq. (8).

(9)
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determination of the parameter T0 (the temperature, at which the start
aggregates appear) and parameter ΔT2R (the temperature interval, over
which the hydrodynamic radius increases from Rh,0 to 2Rh,0): T0=54.6±
0.5 °C and ΔT2R=7.04±0.4 °C. The parameter T0 is the length on the
horizontal line corresponding to the level Rh=Rh,0 cut off by the straight
line.

3.5. Relationship between aggregation measured by the increase in the
light scattering intensity and denaturation of mAAT

To compare the time-course of the denaturation and aggregation
processes registered under the regime wherein the temperature was
elevated at a constant rate, we have constructed the increment of the
light scattering intensity characterizing mAAT aggregation versus the
portion of the denatured protein plot (Fig. 9). Before proceeding to
construction of such a plot, we calculated the portion of the denatured
protein (γden) as a function of temperature at the temperature
scanning rate of 1 °C min−1 using the following equation system:

dgden
dT

¼ kden 1� gdenð Þ
v

kden ¼ exp
Edena

R
1

Tden
1

� 1
T

 !( )
:

8>>><
>>>:

ð8Þ

Parameters Ea
den and Ea

den were set equal to=516.6 kJ mol− 1

and=346.44 K, respectively.
The extrapolation of the light scattering intensity to γden=1 gives,

on the above plot, the limiting value of the light scattering intensity,
which is attained at high temperatures (in the region of about 75 °C):
Ilim=850000 counts s− 1. Knowing the Ilim value, we can normalize the
light scattering intensity values. As seen from Fig. 9, the I/Ilim values
are ahead of the γden values. In other words, the aggregation process
“overruns” denaturation of mAAT.

4. Discussion

The following model may be proposed to describe the discrepancy
between the rates of inactivation and denaturation of mAAT. The
model involves the stage of inactivation of mAAT: Ea → Ein (Ea and Ein
are the active and inactive forms of mAAT, respectively). We assume
that enzyme inactivation is due to local structural alterations in the
active site, the conformation of the protein globule remaining
practically unchanged. Besides, we propose that the enthalpy change
for the conversion between the active and inactive enzyme forms is
very low, although the activation energy for the conversion is
significant. Otherwise this stage would be manifested in the DSC
profiles.

Since according to our assumption the conformations of Ea and Ein
forms are similar, denaturation of these forms proceeds with the same
rate. In other words, irreversible denaturation of Ea and Ein forms is
characterized by the same denaturation rate constant kden:
where Eden is the denatured form of the enzyme.
It is evident that scheme (9) is equivalent to the one-stagemodel of

denaturation (see scheme (1)). Thus, the proposed model of mAAT
inactivation-denaturation explains the one-stagemechanism of mAAT
denaturation and the higher rate of the enzyme inactivation in
comparison with the denaturation rate.

One of the possible schemes of mAAT inactivation-denaturation
may be that where only the inactive form (Ein) undergoes irreversible
denaturation: Ea Y

kin
Ein Y

kden
Eden. We tried to describe the DSC profiles of

mAAT obtained at various scanning rates (Fig. 2) in the frame of this
scheme using the mathematical apparatus elaborated by Lyubarev et
al. [25]. The obvious discordance was observed between the experi-
mental and calculated data. Thus, the two-stage model of denatura-
tion Ea → Ein → Eden is unacceptable for description of mAAT
denaturation.

Thus, according to the DSC data, denaturation of mAAT proceeds as
an irreversible monomolecular reaction (scheme (1)). The quantitative
analysis of the temperature profiles of Cpex allowed us to estimate the
parameters of the Arrhenius equation (Eaden and T1

den). The values of the
activation energy for protein denaturation following the one-stage
irreversiblemodel have been summarized in the reviews [18,26,27]. The
DSC data were used in these calculations. The maximum values of the
activation energy are about 530–650 kJ mol− 1 (for example, for
acetylcholinesterase [28], annexin V E17G [29], cellulase [30], 5-
enoylpyruvate shikimate-3-phosphate synthase [31]). The value of Eaden

for thermal denaturation of mAAT was found to be 516.6 kJ mol− 1.
Consequently, mAAT belongs to the group of proteins characterized by
the maximum values of the energy of activation for the denaturation
process.

The study of aggregation of mAAT heated at a constant rate (1 °C
min− 1) by DLS has shown that the initial stage of protein aggregation
is the stage of formation of the start aggregates. The hydrodynamic
radius of the start aggregates (Rh,0) may be determined from the light
scattering intensity versus the hydrodynamic radius plot. The Rh,0
value was found to be 60±1 nm. The kinetics of mAAT aggregation is
consistent with the mechanism of thermal aggregation of proteins
developed by us previously [19,21,22,32–36]. The mechanism involves
the stage of formation of the start aggregates (the primary clusters).
Further sticking of the start aggregates and aggregates of higher order
proceeds under the regime of diffusion-limited cluster–cluster
aggregation (DLCA). The fulfillment of this regime means that each
collision results in the sticking of the interacting particles. The fact
that the initial part of the dependence of the hydrodynamic radius of
mAAT protein aggregates on temperature is a straight line agrees with
DLCA regime of aggregation [21,36]. The parameter T0 (the tempera-
ture at which the start aggregates are registered)may be considered as
an “initial temperature of aggregation”. For mAAT T0=54.6±0.5 °C. For
glyceraldehyde-3-phosphate dehydrogenase and glycogen phosphor-
ylase b from rabbit muscle we obtained the values of T0 equal to 45.4±
0.2 °C [21] and 49.7±0.2 °C [22], respectively.

DSC data on denaturation and DLS data on aggregation of mAAT
were obtained under the regime wherein the temperature was
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elevated at a constant rate. This circumstance allows us to compare
the increase in the light scattering intensity in the course of
aggregation with the degree of denaturation of mAAT. In the case of
thermal aggregation of glyceraldehyde-3-phosphate dehydrogenase
we observed a linear correlation between the increase in the light
scattering intensity and the portion of the denatured protein [19].
However, there is no linear correlation between the light scattering
intensity and the portion of the denatured protein (γden) for mAAT.
The normalized I values (I/Ilim) exceed the γden values.

5. Conclusion

Comparison of the rate of inactivation and the rate of denaturation
of mAAT clearly demonstrates that inactivation is ahead of denatura-
tion of the enzyme, the difference between the rates of inactivation
and denaturation becoming especially noticeable when temperature
decreases. These results are consistent with the idea by Tsou that the
enzyme active site is more fragile and more easily perturbed than the
protein molecule as a whole [37–42]. The high fragility of the active
site of mAAT in comparison with the stability of the whole protein
globulemay be due to the location of the active site in the region of the
contact of the subunits. Relatively small alterations of the mutual
arrangement of the subunits may result in dramatic changes in the
spatial organization of the active site and loss of catalytic power.

According to Lawton and Doonan [10], irreversibility of thermal
inactivation of mAAT is due to formation of an altered conformation of
the enzyme and not a result of irreversible chemical changes. This
conclusion supports our view that faster inactivation of mAAT in
comparison with unfolding of the protein globule is due to local
temperature-induced rearrangements of the active site of the enzyme.
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