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Abstract 

We consider in this work the analysis of the excess heat capacity CG‘ versus temperature profiles in tertnj of a model ol 
thermal protein denaturation involving one irreversible step. It is shown that the dependences of In (‘F‘ on l/T (7‘ is the 

absolute temperature) obtained at various temperature scanning rates have the same form. Several new methods for 
estimation of parameters of the Arrhenius equation are explored. These new methods are based on the fitting of theoretical 
equation\ to the experimental heat capacity data, as well as on the analysis of the dependence d(ln C’S’ )/d( I /T) on I/T. 
We have applied the proposed methods to calorimetric data corresponding to the irreversible thermal denaturation of 
Torpedo c~r/jfimic~c~ acetylcholinesterase. cellulase from Sfrtptomw~.v hdstedii JMK and lentil lectin. Criteria of validily l’or 
the one-step irreversible denaturation model are discussed. CD 1997 Elsevier Science B.V. 
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1. Introduction 

Differential scanning calorimetry (DSC) is a pow- 
erful technique to characterize the energetics and 
mechanisms of temperature-induced conformational 
changes of biological macromolecules [I - 121. In 
cases of reversible denaturation, the equilibrium ther- 
modynamics analysis of the DSC thermograms al- 
lows u\ to check the two-state character of the 
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process and. in the case of non-two-state denatura- 
tion. to determine the number and to develop a 
thermodynamic characterization of the significantly 
populated intermediate states. This latter situation is 
more likely to occur with complex. multidomain 
proteins and some studies suggest that information 
on the domain-domain interactions may be obtained 
from DSC data [ 13,141. However. the thermal dcnat- 
uration of many proteins is irreversible due to the 
occurrence of ‘side’ process such as aggregation. 
autolysis, chemical alterations of amino acid residuea. 
etc. [ 151. In most cases. analysis 01‘ DSC data for 



protein irreversible denaturation must be carried out 
on the basis of specific kinetic models, which would 
lead to the kinetic parameters of the denaturation 
process and their temperature-dependence. 

The goal of the present paper is to explore some 
new approaches to the analysis of DSC data for 
protein irreversible denaturation. paying special at- 
tention to the criteria for the validity of the one-step. 
irreversible denaturation mechanism. Analysis of ex- 
perimental data corresponding to the irreversible de- 
naturation of Torpedo cal~fiwnicu acetylcholineste- 
rase. lentil lectin. and cellulase from Streptomyws 
Mstedii JM8 will be used for illustration of applica- 
bility of the new approaches. 

2. Model 

The simplest model of irreversible denaturation of 
a protein is a monomolecular transformation of a 
native protein (N) to the irreversibly denatured state 
(D) according to a first-order rate constant. k: 

h 
N+D (1) 

The analysis of DSC profiles in terms of this model 
was first discussed by Freire et al. [IO], Sanchez-Ruiz 
[I I, 121, and Sanchez-Ruiz et al. [I61 and, subse- 
quently, the model has been used for the quantitative 
description of thermal denaturation of a number of 
proteins [ 16-2 I]. This ‘two-state irreversible model’ 
has been shown to be a limiting case of more 
realistic Lumry and Eyring model in which the re- 
versible unfolding of the protein is followed by a 
kinetically-controlled alteration of an unfolded or 
partially unfolded state to yield an irreversible dena- 
tured state that is unable to fold back to the native 
structure [I I I. 

The rate constant k is assumed to follow the 
Arrhenius law: 

k = A exp( - EJRT) 

=ev{(EJR)(I/T - I/T)) (2) 

where A is the pre-exponential multiplier. E., is the 
experimental energy of activation, T is the absolute 
temperature, T ’ is the temperature at which k = I 
min-‘. It should be noted that l/T * is the ratio (In 
A)/( Ed/R). Note also that, given the comparatively 

narrow temperature range of the DSC transitions, a 
description of k in terms of transition state theory 
would be phenomenologically equivalent to the Ar- 
rhenius equation used here. In fact. activation en- 
thalpies and entropies may be easily calculated from 
the values of A and E., by using well-known equa- 
tions. 

The rate equation for this model is: 

d[N]/dr = - k[N] (3) 

If temperature is a variable parameter and the rate of 
the variation of temperature is constant (dT/dt = L’, 
t is time). Eq. (3) acquires the following form: 

d[N]/dT= -( I/l,)k[N] (4) 

Integration of this equation gives the expression for 
the relative amount of the N state, yN. as a function 
of temperature (yN = [N]/[N],,. where [N],, is the 
concentration of the N state at the initial temperature 
of the scanning experiment. T,,): 

~~=expj-t~~xp[s(i-~j]dl) (5) 

If the native state (N) is taken as a reference state. 
the excess of enthalpy (4 H) and excess heat capac- 
ity CG” are given by: 

(4H)=(l -yN)~H (6) 

(.l H is the enthalpy difference between the dena- 
tured and native states). 

where 4 H is the denaturation enthalpy (the enthalpy 
of the denatured state taking the native state as 
reference). It must be noted that Eq. (7) assumes that 
4 H is constant within the narrow temperature range 
of the DSC transition; as a result. Eq. (7) is intended 
to describe the excess heat capacity profiles obtained 
by using the so-called chemical baseline as reference 
level (for details on baseline corrections, see Ref. 
[121). 

The total heat absorbed (calculated by integration 
of the C$‘ versus temperature profile) is equal to the 
denaturation enthalpy change 4 H. In the following, 
we shall designate the 4 H value as (2, and the 



(AH) value as Q. In this case, Eq. (7) may be 
transformed as follows: 

C;-;‘=(I/(,)(Q,-Q) 

Xexp{( E,/R)( l/T - l/T)} (8) 

The plot of C;‘ versus T is an asymmetric curve 
passing through a maximum with temperature (see, 
for example. [IO- 12.161 and Section 5 of the present 
paper). 

Five methods of E, estimation were proposed by 
Sanchez-Ruiz et al. These methods have been widely 
employed and are described in detail in several 
pklcc\ [I 1.12,16,21]. 

One of the methods is based on the construction 
of the linear dependence In [K,‘“/(Q, - Q)] versus 
l/T according to 

ln[ lC;i\/( Q, - Q)] = In A - (E,/R)( l/T) (9) 

3. New graphical anamorphoses 

Fig. 1 A shows the theoretical dependences of C;” 
on temperature calculated by us for the one-step 
irreversible denaturation mechanism (I > by Eq. (7) at 
selected values of d H. E,,. and T *. These depen- 
dences are presented in coordinates {In Ci”; I /T}. 
At sufficiently high values of l/T, the slope of the 
curves approaches -( EJ,/R). Of special interest is 
that the In Ci’ versus I/T curves obtained at vari- 

Fig. I. The theoretical dependences of In CG‘ on the reciprocal 
\aiuc <I(‘ ahwlute trmpcrature (A) and the dependrnces of d(ln 
<g’ )/dt I / 7’) on I / 7’ (IS) fix the one-xep irreversible denatura- 
tion mechanism (Eq. (1)) calculated from Eq. (7) at AH = 1000 
k.I/mol. I:,, = 274 kJ/mol. T’ = 335.6 K. and the various values 
of the kmprrature scanning rate I’ in K/min (number near the 
cur\ e\ ). 

ous values of the scanning rate (’ have the same 
form. This may be proved by the following way. It’ 
one brings together the maximum points of the de- 
pendences of In C$’ on l/T. these dependences fit 
into the common curve. This result suggests that the 
identity of the shape of In Cii‘ versus I/T curves 
obtained at various values of the scanning rate may 
be used as a criterion of validity of the mechanism of’ 
protein denaturation involving one irreversible step. 

The modern methods of registration of DSC curves 
provide a sufficiently large number of points on the 
c;(‘ versus temperature profiles. This circumstance 
allows such dependences to be presented in a differ- 
ential form. In particular. the dependences of d(ln 
CG‘ J/d( I /T) on l/T can he constructed. The theo- 
retical dependences of d(ln C’G’ )/d(l/7’) on I/T 
for the model under discussion have the following 
form: 

d(lnCE‘)/d( I/T)=( l/l.)T’ 

Xexp{( kq,,,‘R)( l/T - I/T)} - I-:,,/‘R ( 10) 

Fig. I B sho~+s the theoretical dependences 01‘ d(ln 
C,‘:‘ )/d( I/T) on I/T for the mechanism of protein 
denaturation with one irreversible \tep at \,arious 
values of the temperature scanning rate i 

It is also 01‘ interest if we calculate the Q values 
evolved to different temperature5 the plot5 (I - 
Q/Q,)’ versus temperature can be constructed. For 
the denaturation model under discussion. the theoret- 
ical dependence of (I - Q/Q, )’ on 7’ has the fol- 
lowing form: 

Thus, in the case of validity of Eq. (I ). the experi- 
mental data obtained for various values 01 the scan- 
ning rate must lie on the common curve in the 
coordinates (( I - Q/Q,)’ : T). 

4. New methods for estimation of Arrhenius equa- 
tion parameters 

The idea behind the use of several methods to 
determine the activation energy is to have at one’s 
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disposal a convenient test for the validity of the 
one-step irreversible model with first-order kinetics 
(i.e., the agreement between the different values 
calculated for E,). These methods have been suc- 
cessfully used for this purpose in several studies in 
recent literature [l&21]. It must be recognized, 
however, that some of these methods involve approx- 
imations, others involve potentially distorting trans- 
formations of the data and still others have limited 
accuracy, since they employ a single data point from 
each calorimetric profile. This suggests the advisabil- 
ity of exploring additional approaches to the analysis 
of DSC data in terms of the one-step (two-state) 
irreversible model. Four such new approaches are 
described below. 

In principle, both the pre-exponential factor (A) 
and the activation energy may be calculated from the 
fitting of Eq. (9) to the experimental data. However, 
values of A and E, are interrelated owing to com- 
pensatory effect [22], and this circumstance hampers 
fitting. Therefore, we propose to use T * as a param- 
eter for the estimation. It is expedient to calculate 
this parameter by the linear least square method 
using the equation: 

l/T= l/T* -ln[uC;“/(Q,-Q)]/(E,/R) 

(‘2) 

i.e., using In [ uC,‘“/<Q, - Q)] as an independent 
variable and 1/T as dependent one. In this case, the 
T * value can be estimated with significantly higher 
accuracy than In A from linear regression using Eq. 
(9) because dispersion of variable l/T is much less 
than dispersion of variable In [ uC~“/( Q, - Q)]. Val- 
ues of E, calculated by using Eqs. (9) and (12) do 
not practically differ in the ranges of accuracy of 
their estimation. 

One of disadvantages of the methods for the 
Arrhenius equation parameter estimation based on 
using Eqs. (9) and (12) is the high sensitivity of 
results to distortions on the initial and final parts of 
the C;;” versus temperature profile. For this reason, a 
limited range of experimental points is usually em- 
ployed. Another disadvantage is the following. To 
estimate the parameters, one should minimize devia- 
tions not from the experimental curve, but from its 
linear anamorphosis. As a result, the theoretical Ct 
versus temperature profile calculated with the param- 

eters estimated by these methods coincides poorly 
with the experimental curve near the point of maxi- 
mum. 

In principle, the above disadvantages could be 
avoided if the parameters are estimated from the 
nonlinear, least-squares fitting of Eq. (8) to the ex- 
perimental Ci versus temperature profile. This, 
however, requires the preliminary calculation of the 
values of Q and Q, (as in the case of the methods 
based on using Eqs. (9) and (12)). It should be noted 
that the distortions on the initial and final parts of the 
C,“” versus temperature profile may result in the 
appearance of systematic errors in calculation of Q 
and Q, values. Besides, the variable Q is used as 
independent variable although, really, it is calculated 
from the variable C;“. 

We also consider a new method based on the 
nonlinear, least-squares fitting of Eq. (10) to the 
[d(ln CF )/d( 1 /T)l versus 1 /T profile. This method 
avoids integration because Eq. (10) does not include 
the parameter Q, or variable Q. However, the method 
is again sensitive to distortions on the initial and 
final parts of the C;” versus temperature profile. 

Possibly, the best approach would be the nonlin- 
ear, least-squares fitting of Eq. (7) to the original 
excess heat capacity profiles. This method should be 
practically insensitive to distortions on the initial and 
final parts of the Cs” versus temperature profile. It 
does not use the variable Q, whereas the parameter 
Q, can be considered as estimated. In addition, the 

5oo - + 0.22 K/min 
0 0.34 K/min 

400 - 0 0.76 K/min 
0 0.99 K/min 

300 * 1.45 K/min - 

200 - 

100’ 
35 40 45 50 

T, ‘C 

Fig. 2. Temperature dependence of excess heat capacity CC;‘) 
obtained by Kreimer et al. [23] for T. califomica acetylcholineste- 
case in 0.1 M NaCI-10 mM Na-phosphate. pH 7.3, at different 
scanning rates. ( ) best fit by using Eq. (7). 



Fig. 3. Dependences OF l/T on In [ LE’/(Q, - p)] for T. 

w/~/i~nr~w acetylcholinesterase calculated from the experimental 

data hk Kreimer et al. [23]. 

integral in Eq. (7) can be calculated with more 
accuracy than Q, using any step on temperature axis. 

5. Analysis of DSC curves 

In this section, we will illustrate the approaches 
proposed above with the analysis of recently pub- 
lished DSC data corresponding to the irreversible 
thermal denaturation of acetylcholinesterase from T. 
cul~fornic~a [23], cellulase from S. halstedii JM8 [34]. 
and lentil lectin [2S]. 

5. I. Methods 

To estimate Arrhenius equation parameters by 
methods based on using Eqs. (7) and (8). all experi- 
mental points were used. To estimate Arrhenius 
equation parameters by methods based on using Eqs. 
(I 0) and ( 121, the experimental points in the range of 
Q/Q, values from 5 to 95% were used. 

To estimate Arrhenius equation parameters by 
methods based on using Eqs. (8) and (IO), software 
Microcal Origin, version 3.5 (Microcal Software) 
was used. To estimate Arrhenius equation parameters 
by methods based on using Eqs. (7) and (12). we 
used an original program for IBM-compatible com- 
puter based on Nelder and Meed’s minimization 
algorithm [26]. Standard error of parameter estima- 
tion was calculated as described by Aivazyan et al. 
[27]. Correlation coefficient (r) for methods based 

on using Eq. (7) was calculated according the equa- 
tion: 

where T, and y,‘“” are experimental and calculated 
values of C;;‘. y)“’ is the mean of experimental 
values of CE’. II is the number of points. 

5.2. A~~enl~~holir~estPr-nsr 

Fig. 2 shows the C5’ versus temperature profiles 
obtained at various scanning rates for acetylcholin- 
esterase from T. cal~fimzica by Kreimer et al. [23]. In 
accordance with Eqs. (10) and (I 2). these experimen- 
tal data were presented in coordinates (l/T; In 
[ rC,:“/(Q, - Ql]] (Fig. 3) and {d(ln C5’ I/d( 1 /T)j 
(Fig. 4). The parameters of the Arrhenius equation 
calculated using these equations are given in Table I. 
This table contains also the values of parameters 
estimated by fitting of the experimental C;” versus 
temperature profiles to Eqs. (7) and (8). 

The estimation of E., values by methods based on 
using Eqs. (7) and (IO) (i.e.. by methods which 
dispense with the need for using the variable Q). and 
by methods based on using Eqs. (Xl and ( 12) (i.e.. by 
methods using the variable Q). give the coincident 

Fig. 3. Dependence< of d(ln CE’ )/d( I / T) on I / 7 Ihr 7. cwlifiu- 

nice acctylcholincsterase calculated 1*om experimental data pre- 
sented by Kreimer et al. [23]. Dotted lines are drawn in accor- 
dance with theoretical Eq. (IO). Number\ near the curves rekr to 

the scanning rate in K/min. 
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/ 
Table 1 
Arrhenius equation parameter estimates for acetylcholinesterase from T. cal$nxicn” 

Method based on Parameterb Temperature scanning rate, K/min 

0.22 0.34 0.76 0.99 

Fq. (12) 

Fq. (8) 

Eq. (IO) 

Eq. (7) 

I?,, kJ/mol 566.8 f 4.2 582.8 f 1.8 525.4 + 4.4 527.2 + 2.8 
T=, K 318.5 + 0.03 318.1 f 0.01 3 19.0 * 0.02 319.0 f 0.01 
E,, kJ/mol 555.4 + 4.8 583.4 f 3.3 510.9 * 5.3 522.7 + 2.8 
T‘, K 318.5 f 0.02 318.1 & 0.01 319.0 + 0.01 319.0 * 0.01 
E,, kJ/mol 595.9 + 7.0 587.7 + 4.3 535.8 f 4.2 526.0 k 3.3 
T’, K 318.2 f 0.02 318.0 zb 0.01 318.9 f 0.01 318.9 * 0.01 
I?,, kJ/mol 595.5 * 3.7 586.1 f 2.9 543.9 f 3.1 53 1.8 * 2.2 
T*, K 318.2 f 0.02 318.1 f 0.02 318.9 + 0.02 319.0 * 0.01 
rL 0.9974 0.9986 0.9990 0.9996 

I .45 

- 523.6 i 8.2 
3 19.4 * 0.03 
511.5_t6.2 
319.4*o.oi 
517.1 + 11.5 
319.3 +0.02 
538.6 -i_ 4.8 
3 19.3 i 0.02 
0.9987 

‘0.1 M NaCl-IO mM Na-phosphate buffer, pH 7.3. 
hThe estimates + standard errors are given. 
“Correlation coefficient (r) is calculated by Eq. (13). 

results. At the same time, for the scanning rates of 
0.22, 0.76 and 1.45 K/min, the differences between 
the estimates, calculated by each pair of methods, are 
significant (P < 0.05 with the Student criterion). It 
should be noted that for the rates of 0.99 and 0.34 
K/min, both pairs of methods give similar values of 
E,, the accuracy of parameter estimations being the 
highest for these two rates for each method as well. 

Regarding the estimates of E, calculated for dif- 
ferent scanning rates, these estimates do not practi- 
cally differ for three high rates, whereas for the two 
lower rates, the E, values are significantly higher 
(P < 0.001). (Note that there is a good agreement 

In cp - cl 22 K/m,n 
6- 0 0.34 K/mm 

r 076 K/mm 
0 0.99 K/mm 
* 1.45 K/mm 

4- 

Fig. 5. Dependences of In Ci” on 1,’ T for T. ca/(fbrnica acetyl- 
cholinesterase combined in the maximum points with the corre- 
sponding dependence obtained at (’ = 0.22 K/min. 

between the estimates of E, calculated for the two 
lower rates by using the methods in which the 
variable Q is not used.) 

Conclusions similar to those described above for 
E, are reached for the parameter T * 

Thus, application of Eq. (1) to analysis of DSC 
data for acetylcholinesterase gives different estimates 
of Arrhenius equation parameters for high and low 
scanning rates. In particular, this result is further 
demonstrated in Fig. 5 where the dependences of 

In CF on l/T combined in the maximum points 
are presented. As can be seen, the experimental 
points corresponding to In C;” versus l/T profiles 
at various I’ values do not lie on a common curve. In 

,Oo _ + 0.21 K/min 
0 0.50 K/min 
0 0.99 K/mm 
* 1.4SKjmin 

50 - 

o- 

40 50 60 
T, OC 

Fig. 6. Temperature dependence of excess heat capacity CC;‘) 
obtained by Garda-Salas et al. [24] for cellulase from S. halstedii 
JM8 in 0.1 M phosphate, pH 6, at different scanning rates. 
( ) best fit by using Eq. (7). 



Table 1 

Arrhenlus equation parameter estimates for cellulase from S. hulstedii JM8” 

Method habed on Paramererh Temperature scannmg rate. K/min 

I.45 

Eq. (I?) 

1:q. (X) 

Eq. (IO) 

Eq. (7) 

L,,, kJ/mol 

T’. K 
I<,, , hJ/mol 
_. I .K 
E,:.,. kJ/mol 

T‘,K 

E,,, kJ/mol 

T’. K 

ri 

0.21 

529.8 + 6.2 

327.6 + 0.06 

S37.6 + 1.0 
327.5 i 0.02 

516.0 f 43.8 

327.7 f 0.2 I 

52Y.8 f 1.3 

327.6 f 0.04 

O.YY60 

0.50 0.99 

588.0 + 6.6 SY1.4 f 5.2 

327.6 * 0.04 32x.4 * 0.02 

56X.h k 3.0 5x I .x * 4.2 

327.6 * 0.01 33x.4 * 0.01 

578.6 + 7.1 5Y0.6 k 6.4 

327.5 * 0.02 32x.3 * 0.0 I 
59.5.x + 3.3 506.5 i 1. I 

327.3 * 0.02 33x.4 i 0.02 

0.9982 O.YYYO 

SX6.7 + IO.6 

32X.6 i 0.04 

567.5 * 1.5 
32X.5 ir (J.01 

ixx..5 + 12.Y _ 
37x.5 * 0.07 

wi.7 + 5.x 

37x.5 i_ 0.07 

O.YYX7 

“0.1 M phosphate, pH 6. 
hThe estimates + standard errors are given. 

‘Correlation coefficient ( r ) i\ calculated by Eq. (I 3). 

accordance with the values of E, given in Table 1 in 
the temperature range where T is lower than 7;,, (the 
temperature corresponding to the maximal value of 
Cz“ ), a divergence between points at low and high 1’ 
values occurs. This fact indicates that Eq. (1) does 
not operate strictly for acetylcholinesterase from T. 
cxil~fornicw. 

5.3. Cellulase 

Fig. 6 shows the Ci’ versus temperature profiles 
obtained at different scanning rates for cellulase 
from S. hcrlstedii JM8 by Garda-Salas et al. [24]. The 
parameters of Arrhenius equation calculated by using 

Fig. 7. Dependences of In C6‘ on I/T for cellulase from S. 
hdvtedii JM8 combined in the maximum points with the corre- 
spending dependence obtained at (’ = 0.21 K/min. 

Eqs. (7), (8), ( 10) and ( 12) are given in Table 2. The 
values of E, calculated for three high scanning rates 
are very close (especially for the method based on 
using Eq. (7)). The estimate of E, for the low rate 
(0.21 K/min) is significantly smaller than those for 
other rates. In this aspect, cellulase differs from 
acetylcholinesterase, for which maximal estimates 
were obtained for low scanning rates. 

The shape of combined dependences of In CG‘ on 
l/T for cellulase (Fig. 7) also demonstrates the 
differences between the E, values for low and high 
scanning rate4. 

However, it is interesting that the estimate of 
parameter T’ for the rate of 0.21 K/min does not 
practically differ from that for the rate of 0.50 

Fie. 8. Dependencea of I / T on In [I C;’ /(Q, ~ c))] for cellulase 
from S. hulswdir JM8 calculated from the experimental data by 
Garda-Salaa et al. [21]. 
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(l-Q/Q)” + 0.21 Klmin 

I I 

40 45 50 55 60 

T, ‘C 

Fig. 9. Dependences of (I - Q/ Q,Y on temperature for cellulase 
from S. haktedii JM8 calculated from experimental data pre- 
sented by Garda-Salas et al. [24]. 

K/mm, whereas for two higher rates, these estimates 
are significantly higher and also coincide with each 
other. Figs. 8 and 9 where experimental data are 
presented in coordinates (1 /T; In [ LC,““/<Q, - Q>l] 
and I(1 - Q/Q,>‘; T], respectively, demonstrate 
closeness of the values of parameter T’ both for a 
pair of low rates and that of high rates. 

Thus, the estimates of both parameters are close 
only for the rates of 0.99 and 1.45 K/min. 

5.4. Lectin 

Fig. 10 shows the C;” versus temperature profiles 
obtained at different scanning rates for lentil lectin 

CepX, kJ K~‘. mol-’ 

150 
t 

+ 0.21 K/min 
o 0.48 Kjmin 
0 0.99 K/min 
* 1.47 K/An 

100 - 

so - 

O- 

I 
50 60 70 80 90 

T, OC 

Fig. IO. Temperature dependence of excess heat capacity (CF) 
obtained by Shnyrov et al. [25] for lentil lectin in 10 mM 
potassium phosphate, pH 7.4, at different scanning rates. 
( ) best fit by using Eq. (7). 

by Shnyrov et al. [25]. The estimates of Arrhenius 
equation parameters are given in Table 3. As in two 
cases described above, differences in the estimates 
for different methods are less significant than those 
for different scanning rates. The methods based on 
using Eqs. (71, (10) and (12) give similar results for 
all rates besides 1.47 K/min. 

However, all methods give significantly different 
estimates of E, (P < 0.05) for different scanning 
rates. The lowest value of the parameter is calculated 
for a middle rate of 0.48 K/min. Note that, in this 
case, the Ea versus scanning-rate dependence ap- 
pears to pass through a minimum at a scanning rate 
of about 0.5 K/min. 

6. Effect of possible baseline distortions 

In principle, the differences between the estimates 
of the kinetic parameters (Tables l-3) could be due 
to systematic instrumental distortions, such as instru- 
mental baseline uncertainties, rather than to actual 
deviations from the one-step (two-states) irreversible 
model with first-order kinetics. In order to rule out 
this possibility, we will consider in this section the 
effect of baseline distortions on the parameters de- 
rived from the kinetic analysis of the DSC transi- 
tions. 

First of all, we believe that the Takahashi and 
Sturtevant [28] procedure of chemical baseline trac- 
ing is quite correct for the models of two-state 
transition (reversible or irreversible). Taking the na- 
tive state as reference, the Takahashi and Sturtevant 
chemical baseline is given by -yoAC~“, where yu is 
the mole fraction of the denaturated state and ACE 
is the denaturation heat capacity change. If we as- 
sume that AC: can be taken as a constant within the 
comparatively narrow temperature range of the DSC 
transition, then the pre- and post-transition heat ca- 
pacity levels will be parallel and the extrapolation of 
these levels to the temperature at which y. = l/2 
(T= T,,?) would yield the AC’;’ value. The Taka- 
hashi and Sturtevant chemical baseline looks like a 
sigmoidal curve with a value of AC;“/2 (taking the 
native state as a reference) at temperature T,,>. 

We believe that the real problem is related to 
possible instrumental baseline distortions. If we are 
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Arrhenius equation parameter estimates for lentil lectin” 

Method based on Parameterb Temperature scanning rate. K/min 

Eq. (12) 

Eq. (X) 

Eq. (IO) 

Eq. (7) 

E,. kJ/mol 
T’. K 
E,, kJ/mol 
T’. K 
E,,. kJ/mol 
T’,K 
E,,, kJ/mol 
T’, K 
ri 

353.5 + 0.02 
348.1 f 2.0 
353.8 f 0.04 
355.x f 3.4 
353.6 f 0.06 
360.9 + 1.0 
353.5 + 0.03 
0.9988 

0.48 0.99 

347.3 f 2.0 373.9 & 3.2 
354.3 f 0.05 354.3 + 0.06 
339.x f 2.4 358.0 + S.2 
354.6 f 0.04 354.6 i_ 0.05 
329.5 + 12.8 370.8 F 6.7 
354.8 * 0.2 I 354.4 F 0.06 
345.6 k 2.5 3x3.0 i 3.8 
354.4 f 0.06 354.3 + 0.05 
0.9970 0.996 I 

3x9.7 + 3. I 
354.6 i 0.04 
378.3 i 4.x 
351.x i 0.03 
386.S i 3.4 
354.7 +_ 0.03 
102.1 + 3.5 
354.5 * 0.04 
0.9980 

” IO mM potassium phosphate. pH 7.4. 
hThe estimates f standard errors are given: 
‘Correlation coe%ient (r) is calculated by Eq. (13). 

using a slightly wrong instrumental baseline, after 
subtraction of it, the pre- and post-transition levels 
will not appear parallel and their extrapolation to 
T ,,/? overestimates or underestimates the true AC’;” 
value. 

Let us consider first the overestimation case. Sup- 
pose that the heat capacity levels do not appear 
parallel in such a way that the denaturation heat 
capacity change we get from the extrapolation to 
T , ,,? is 1.5 times larger than what it should be; that 
is.' we get ISAC;” Instead of AC;’ (an overestima- 
tion of 50%). Then, the chemical baseline will have 
a value of 0.75AC” at T 7 

Wc consider noPw the yiderestimation case. Sup- 
pose that the heat capacity levels do not appear 
parallel in such a way the denaturation heat capacity 
change we obtain from their extrapolation to T,,? is 
half what is should be. that is, we get AC;/2 
instead of AC;;’ (an underestimation of 50%). In this 
case, the chemical baseline has a value of AC:/4 at 

T,, ?’ 
Thus. the effect of using slightly wrong instru- 

mental baselines may be modeled by using distorted 
chemical baselines. It is reasonable to suppose over- 
and underestimation of 50% considered above as the 
upper and lower limits of distortions. We have found 
that the upper-limit distorted chemical baseline may 
be modeled as y~“sAC~x and the lower-limit dis- 
torted chemical baseline as y;ACz’. It is also rea- 
sonable to assume the value of ACE’ for modeling 
as C,,~x,,,.JIO, where Cp~X,nax is the excess heat 
capacity at the maximum of the transition. 

Taking into consideration that y,, == Q/Q,. we 
obtain the function 

(C;:,,,,,/IO)[ Q/Q, - (Q/Q,)"'""] 

for the upper-limit distortion and the function 

(c;~J~o)[ Q/Q, - (Q/Q,)'] 

(. 14) 

(15) 

for the lower-limit distortion. Adding these functions 
to an original C$’ versus temperature profile gives 
two distorted profiles which can be analyzed by 
kinetic methods. 

Of course, this procedure is empirical: however, it 
produces distortions similar to those often found in 
experimental thermograms, and therefore. allows us 
to obtain qualitative estimates of the effect of base- 
line distortions on the parameters derived from the 
kinetic analysis. 

Two distorted C’i” versus temperature profiles 
were obtained for all thirteen original profiles de- 
scribed in Section 5, and the Arrhenius equation 
parameters were calculated by using EQs. (7) and 
(12). For the low-limit distortion profiles, the values 
of E, differ from the corresponding original profiles 
by less than 0.7%. and values of T ^ differ by less 
than 0.0 1 o/r. 

For the upper-limit distortion profiles, differences 
are higher. The values of E, calculated for these 
profiles by using Eq. (7) were higher than that for 
the original profiles by 2.2-3.6s. The values of E,, 
calculated by using Eq. ( 12) were higher than for the 



original profiles by 0.4-4.1%. Such differences are 
compatible with the differences between the values 
of Et, calculated by different methods but they are 
less than the maximum differences between the val- 
ues of E, calculated for C’S” versus temperature 
profiles obtained at different scanning rate (about 
10%). 

The values of T * for the upper-limit distortion 
profiles differ from the corresponding original pro- 
files by less than 0.05%. 

Thus, possible distortions introduced by instru- 
mental baseline uncertainties could not affect the 
main results of the present work. 

7. Discussion 

Eq. (I) is the simplest model of irreversible ther- 
mal denaturation of proteins. Therefore, the analysis 
of DSC data of a protein undergoing irreversible 
thermal denaturation should begin with checking 
whether experimental data satisfy the one-step model. 

One can start the analysis of DSC data with 
plotting of 1 /T versus In [rC,ex/(Q, - Q)] for a 
single scanning rate. If the data satisfy the model, 
experimental points on this plot are approximated by 
a straight line (at least in the range of Q/Q, values 
from 5 to 95%). 

However, such an approach is insufficient. To 
prove the validity of the model, data for different 
scanning rates should be used. In this case, linear 
anamorphosis in coordinates { 1 /T; In [ cC~‘/<Q, - 
Q>l} is also useful: if the model is valid. the points 
corresponding to all the rates should lie on a com- 
mon straight line. Analogous criterion includes plot- 
ting (I - Q/Q,>’ versus T. 

Using coordinates {In CiX; 1 /T} gives another 
criterion. The identity of the shape of In Ci” versus 
l/T curves obtained at various values of the scan- 
ning rate testifies to the validity of one-step irre- 
versible model. 

The results of our analysis show that the coordi- 
nates {In C;“; l/T] may clearly demonstrate dis- 
crepancies in E, values for different scanning rates, 
whereas the coordinates {l/T; In [cC,““/<Q, - Q)]] 
as well as the coordinates {(I - Q/Q,>’ ; T} are 
applicable for demonstration of discrepancies in the 
values of parameter T. (see, for example, Figs. 
7-9). 

The more reliable checking of the model is to 
estimate the Arrhenius equation parameters for dif- 
ferent scanning rates by methods based on using Eqs. 
(7), (10) and (I 2). If the model is valid, these 
estimates should not diverge considerably. Signifi- 
cance of the divergences may be estimated by the 
ordinary statistical methods (for example. by Student 
criterion). 

Analysis of DSC data for acetylcholinesterase, 
cellulase. and lectin given in the present work shows 
that thermal denaturation of all these proteins do not 
strictly follow the one-step irreversible model (Eq. 
(I)). It is evident that some additional (reversible or 
irreversible) steps should be taken into consideration. 
The most attractive is the Lumry and Eyring mecha- 
nism [29] 

NeU-+D (16) 

This mechanism involves a reversible unfolding step 
followed by an irreversible denaturation step. The 
theoretical analysis of CG” versus temperature pro- 
files for denaturation of proteins in accordance to the 
Lumry and Eyring mechanism was carried out by 
Sanchez-Ruiz [I I] and Lepock et al. [30]. Milardi et 
al. [31], La Rosa et al. 1321 and Tello-Solis and 
Hemandez-Arana [33] made an attempt to describe 
quantitatively the experimental Cs” versus tempera- 
ture profile using the Lumry and Eyring mechanism 
with fast equilibrating N G U step. 

A final point must be made, however. The two- 
state irreversible model appears as a limiting case of 
several more realistic models [IO- 121. As such, it 
must be considered as an ideal case and, even in 
cases of good general adherence to the model, we 
can expect deviations to be revealed by a careful 
data analysis. Whether such deviations are to be 
considered significant or not depends on several 
factors, among them the general purpose of the 
analysis. For instance. one of the main stimulus for 
the original development of the two-state model of 
irreversible denaturation [ 161 was to provide re- 
searchers with practical tests to determine whether 
the analysis of DSC thermograms on the basis of 
equilibrium thermodynamics was permissible or not. 
From this point of view, small deviations from the 
model are immaterial: that is, even a merely approxi- 
mate adherence to the model shows clearly that the 



analysis of the calorimetric thermograms on the basis 
of equilibrium thermodynamics is not permissible. 
Of course. from a different point of view, deviations 
might be important as a starting point for more 
complex analyses addressed to characterize possible 
intermediate states in the denaturation process. 
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