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Abstract 

A new general equation simulating. irreversible DSC transitions of multimeric proteins was developed. 
The equation put forward here is the result of an improved mathematical re-elaboration of the classical Lumry-Eyring 

models. where no restrictive a priori assumptions are made on the kinetic constraints of the denaturation process, or on the 
enthalpy of the final denatured state. 

In order to test the wide applicability of this new effective theoretical tool, a series of DSC transitions were simulated 
with the aim of determining the effects of all relevant thermodynamic, kinetic or experimental parameters on the shape of 
DSC profiles. 

Moreover. the classical equations used widely in DSC investigations for the ca1culus in both kinetic parameters and 
changes of molecularity, were studied in the light of the model developed here, highlighting, in each case. their rather 
limited applicability. 

The new approach proposed in this article was applied to study the thermal denaturation of an hexameric protein 
(Glucosamine-6-phosphate deaminase), putting in evidence the practical applicability of the theorethical equation\ devel- 
oped. 

h’r~or~l.t: Differential scanning calorimetric analysis; Multimeric proteins 

1. Introduction 

The study of protein folding/unfolding and sta- 
bility is of paramount importance today both in the 
academic field and in biotechnology. With the build- 
up of structural information concerning proteins, we 
have become increasingly convinced that protein 
structures are, both in the solid state and in solution, 

’ Corresponding author. E-mail: dgrasso@dipchi.unict.it, Tel.: 
0039.95339572. Fax.: 0039.95.580138. 

extremely sophisticated and precise. However. when 
considering the fascinating models of proteins result- 
ing from crystallographyc, NMR analysis and com- 
puter simulations the question does arise as to how 
stable real protein structures are. It is evident that 
with no answer to this question we cannot hope to 
solve the problem of the intramolecular interactions 
responsible for a given structure, i.e., the problem of 
assembling all the elements of a polypeptide into one 
system, this being called the native protein macro- 
molecule. Without a quantitative definition of struc- 
ture stability, discussions on the mechanism of struc- 
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ture organization from random polypeptide chains 
and on the mechanism of changes in this structure in 
relation to protein functioning are groundless [ 1,2]. 

Paradoxically, the stability of any structure can be 
judged by studying its destruction [3]. Thus, the 
transition from the native to the denatured state for 
many proteins has been followed using various tech- 
niques involving mainly the kinetic or the thermody- 
namic approach [4-l 11. This transition has been 
achieved generally by denaturant agents, such as 
urea or guanidine hydrochloride, by changes in pH 
and/or ionic strength [12], or by temperature [ 13- 
161. In this latter case, high-sensitivity Differential 
Scanning Calorimetry (DSC) is probably the most 
suitable technique for characterizing the thermal sta- 
bility of proteins since it provides detailed informa- 
tion about the energetics and mechanism of re- 
versible unfolding [17-251. The above types of anal- 
ysis are based on equilibrium thermodynamics and 
require that the experimental heat capacity data accu- 
rately reflect the equilibrium protein unfolding. The 
equilibrium criterion usually applied is the repro- 
ducibility of the DSC trace in a second heating of the 
sample, the so-called calorimetric reversibility [26]. 

Analysis of a variety of protein systems has shown 
that small (M.W. < 20000) globular proteins, in par- 
ticular experimental conditions, usually undergo re- 
versible, two-state thermally induced folding/un- 
folding transitions [2]. The situation is not the same 
for larger multidomain, metal or multisubunit pro- 
teins [27-331. These cases cannot be studied directly 
in terms of equilibrium thermodynamics i.e. changes 
in entropy and Gibbs function cannot be extracted 
from the first Cp vs T trace. Nevertheless, it has 
been widely held in literature that irreversible alter- 
ation of the unfolded state does not significantly 
distort the DSC transitions, but takes place at a 
somewhat higher temperature [34-391. This is equiv- 
alent to assuming that protein thermal stability is 
determined by equilibrium factors even when denat- 
uration is irreversible overall. Recent experimental 
and theoretical works highly disfavour this claim: in 
fact, it has been shown that irreversible DSC transi- 
tions are somehow distorted by time-dependent fac- 
tors [40-431. 

A rigorous analysis of the calorimetric data ob- 
tained for systems exhibiting irreversible complex 
transitions must thus be based on the detailed theo- 

retical modelling of transition kinetics. Success in 
this new, unorthodox, approach depends greatly on 
the correct choice of the kinetic model, and of 
course, on the wide availability of different models 
in literature. 

The theoretical modelling of the irreversible un- 
folding of monomeric proteins is well established 
[40,43,44]. However, if we exclude the pioneering 
work of Sanchez-Ruiz [43], detailed theoretical stud- 
ies on irreversible denaturation models of multimeric 
proteins are not available in literature. Here we 
present a theoretical study expressly devoted to sim- 
ulating the DSC traces corresponding to the irre- 
versible thermal unfolding of multimeric proteins. In 
particular, we have explored several situations with 
different kinetic constraints whilst taking into ac- 
count the possibility of a not negligible thermal 
effect associated to the irreversible step. 

We have also compared our new, general model 
with the previous, more approximated ones. This 
comparison has highlighted the fact that the applica- 
bility of previously developed theoretical models is 
restricted to particular kinetic situations only. In the 
present paper we have elucidated and quantified 
these limitations. Finally, in order to test the wide 
applicability of the model developed here, we have 
applied our new approach to an experimental case: 
Glucosamine-6-phosphate deaminase. 

2. Theory 

The theoretical model developed can be depicted 
in the following scheme: 

k 
N, z nU --f F 

According to this model, the n-merit native protein 
N, undergoes a two-state reversible unfolding with 
simultaneous dissociation into n monomers. The 
thus-obtained unfolded species U, instead, undergoes 
an irreversible alteration to yield a final state F. We 
assume that chemical equilibrium between species 
N,, and U is always established, that the difference 
between the heat capacity of unfolded and native 
state ( ACp) is negligible, and that the irreversible 
step is a first-order kinetic process. 
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In these conditions, the equilibrium constant K is, 

WI” 
K= [NJ (1) 

[U] and [N,,] being the molar concentration of un- 
folded and native species respectively. The tempera- 
ture-dependence of K can be expressed by the clas- 
sical equation: 

K=exp[-%.[-!f-$-]] (2) 

where AH, is the enthalpy change associated to the 
reversible process, the so-called ‘unfolding enthalpy’, 
and T,,? is the temperature at which K = 1. 

We also assume that the rate constant k of the 
irreversible step changes with temperature according 
to the Arrhenius equation, which is used in the form: 

where E is the activation energy and T’ is the 
temperature at which k = I [the frequency factor is 
exp( E/RT * )]. The rate of formation of the final 
state F is given by the following kinetic equation: 

(4) 

where C, and C, are the concentrations in mg ml ’ 
of the final and unfolded state respectively. The 
unfolding equilibrium constant K (Eq. (1)) can also 
be written in terms of mgml-’ concentrations: 

where M is the molecular weight of the monomer 
and C, is the concentration of the native protein. If 
we combine Eq. (4) with Eq. (5), we obtain: 

(6) 

this being: 

If we now indicate with C, the total concentration (in 
mgmll’) of the protein, it will be at any tempera- 
ture: 

c, = c, + c,, + c, (8) 

If we combine Eq. (5), (6) and (Xl. we obtain 

M((ll- I)/!!)~ (-:/Ii 

1 

dC, 
-_ 

cil 

= k up,, tit ‘I, (9) 
In a DSC experiment, however, temperature changes 
with time according to a constant scanning rate 
1’ = dT/dt. Hence, by transforming time in tempera- 
ture the relevant differential equation is: 

dC,\ 
K’/“. C,:‘fl) + dT 

Eq. (IO) cannot be integrated analytically. The 
numerical integration of this differential equation 
was performed by means of a fourth-order Runge- 
Kutta algorithm from a low temperature T,, (at which 
the rate is negligible and C, = C,) to a temperature 
T, leading to the temperature dependence of C,, C,! 
and C,. Finally. the excess heat capacity CCEY) 
profile can be simulated based on the following: 

AH,! dC,, JHk dC, 
CS’=-- 

-+-._ 
C, dT C, dT 

where AH, is the enthalpy of the final state F 
(taking N as the reference state). 

3. Results and discussion 

The solutions of Eq. (5), (8) and (10) simulate the 
trend of C,, C, and C, in the investigated tempera- 
ture range. Eq. (11) can be used to simulate the C5” 
vs T profiles relative to the thermal denaturation of a 
multimeric protein. These profiles depend on the 
following parameters: (1) the oligomerization state 
of the protein (n); (2) the unfolding enthalpy (AH,); 
(3) the temperature at which the equilibrium constant 
approaches unity T,/?; (4) the activation energy of 
the irreversible step (E); (5) the temperature at 
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which the kinetic constant approaches unity (T * ); with the position of the reversible process, is high, 
(6) the enthalpy of the final state (AH,); (7) the (T * x=- Tl,2). In this case the kinetically-controlled 
heating rate (v) and (8) the total protein concentra- process proceeds at a significant rate only at a 
tion (C,). The last two parameters, C, and L’, can be temperature above the reversible unfolding; the two 
changed in a DSC experiment, while all the others 12, processes are well separated in the thermograms and 

AH”, T,,P E, T * , depend on the physical-chemical the first calorimetric trace differs little from that 
properties of the investigated protein. In order to corresponding to the reversible unfolding. Hence, the 
simplify the calculations, we will refer to the appar- direct application of equilibrium thermodynamics is 
tent activation energy ( Eapp) of the process, rather possible. Many papers dealing with the thermody- 
than to E; these two quantities are bounded by the namic analysis of this situation are available in litera- 
relationship: Eapp = E + AH,/n. ture [23-461. 

The main problem in the simulation of the Cy vs 
T profiles is that of clarifying to what extent the 
irreversible step overlaps the reversible unfolding. In 
Fig. 1 we report the relative populations of states N, 
U and F, calculated by means of the equations 
developed in the Theory section, in the temperature 
range 325-350 K. Three different kinetic situations 
have been considered each reported in the three 
panels of Fig. 1. In particular, Fig. l(a) refers to a 
kinetic situation in which the frequency factor 
(exp(E/RT * )} of the irreversible step, compared 

However, if the frequency factor is low (T * -=c 
T,,*), the irreversible step is fast at temperatures 
well below T,,?. In this case the T, value (tempera- 
ture corresponding to the maximum heat capacity) is 
several degrees lower than that of the reversible 
unfolding, and only states N and F are significantly 
populated (path N --f F) [7,26,33]. This kinetic situa- 
tion is depicted in Fig. l(c). In the intermediate 
situation (Fig. l(b)), the irreversible step is fast in 
the temperature range of the reversible unfolding, 
nevertheless, the unfolded state U is significantly 
populated during the transition. The DSC profile 
deviates clearly from that corresponding to the equi- 
librium unfolding, and direct application of equilib- 
rium thermodynamics would lead to significant er- 
rors. There exists, however, a significant amount of 
unfolded state in equilibrium with the native state 
during temperature-induced denaturation; that is, the 
calorimetric transition contains thermodynamic in- 
formation about the reversible unfolding, which could 
be obtained through previously developed appropri- 
ate data analysis 171. 

0.2 1 
325 330 335 340 345 350 

T.rq.ratur. (K) 

Fig. 1. Concentrations (in mg ml - ’ ) of the states N, U and F vs. T 
corresponding to the DSC transitions of a dimer. The profiles 
were calculated using I?+. (5). (8) and (lo), and the following 
parameters: AH, = SOOkJmol-‘, EaPP = 600kJmol-‘, T,,, = 
353K, M=15000, C,=lmgml-‘, u=2Kmin-‘, T*=355K 
(panel a), T * = 340K (panel b), T * = 335 K (panel c). 

The present article is expressly devoted to devel- 
oping the mathematical background for a detailed 
theoretical description of this intermediate (and more 
realistic) kinetic situation for DSC scans of multisub- 
unit proteins. 

In the following subsections we will elucidate the 
effect of each of the parameters which appear in Eq. 
(11) on the shape of the DSC profile. For the sake of 
clarity, we have chosen a set of ‘standard’ parame- 
ters, i.e. n = 2, AH, = n*400kJmoll’, AH, = 
n*400kJmol-‘, Eapp = 600kJmol-‘, M = 15000, 
C, = 1 mgml-‘, T,,, = 353.15K, T* = 340.15K. In 
the simulation of the curves, a single parameter will 
be changed, while all the other will be kept equal to 
the ‘standard’ values. 
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3.1. Effects of T * , T,,, , and Err,,,, on the shape of 
DSC thermograms 

The first two parameters (T * and T,,?) are re- 
lated to the relative positions of the unfolding equi- 
librium and the kinetic step. The apparent activation 

energy EapP determines the rate of the irreversible 
step. In Fig. 2 the effect of T * on the C;” profiles is 
reported. It can be noted that when T * increases. the 
irreversible step becomes fast only at high tempera- 
tures, and the shape of the curve is not distorted. In 
this case the situation is that reported in Fig. l(a). 
where the thermodynamic equilibrium between states 
N and U is clearly depicted by the DSC peak. The 
effect of T,,? (see Fig. 3) is the opposite; when T,,? 
increases the shape of the peak is more distorted 
because the equilibrium step is placed nearer the 
kinetically-controlled process. 

The effect of the apparent activation energy is 
reported in Fig. 4. When EaPP increases, the irre- 
versible step slackens but its frequency factor re- 
mains unchanged. Nevertheless, the position of the 
peak (T,,) moves towards the high temperature side 
of the thermograms. At increasing EaPP, the asymme- 
try and the sharpness of the peak increase. 

3.2. &fxt of the enthalpy of the ,@a1 state 

If we take N as the reference state, the heat of the 
process of aggregation (U + F) AH,, is bound to 
the enthalpy of the final state (AH,) by the follow- 

2 
100 

8 
';i 
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. 
r, 60 
Y 

0 40 
r 
e; 2o 
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320 325 330 335 340 345 350 

Tcaqmrature (K) 

Fig. 2. Effect of T * on DSC transitions predicted by Eq. (11) and 
the following parameters: n = 2, AH 
600 kJ mol _ ’ , 

- n * 400kJ mol- ’ , Eapp = 
AH = n 4OOkJm:l-’ 1 , M=l5000, c,= 

1 mgml-‘, T,,? = &K, c = ZKmin-‘, T” = 333K (curve a), 
T * = 335 K (curve b), T * = 340K (curve c), T * = 345 K (curve 
d). T 1 = 3SOK (curve e). 

I’ n 1 
z 80 
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2 60 
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0 40 

20 

0 
320 325 330 335 340 34s 

Temperature (K) 

Fig. 3. Effect of T,,, z on DSC transitions predicted by Eq. (I I) 
and the following parameters: II = 2. AH ,. = II’ 400kJ mol- ’ 
%r =6OOkJmol-‘, AH, = n’400kJmol ‘. M= 15000, C‘, = 
lmgml~‘. r,=2K/min, T,,?=340K (curve a). T,/:=3JSK 
(curve b). T, ,: = 349 K (curve c). T, ,: = 35 I K (curve d). T, z = 

352 K (curve’ e). r,; z = 353 K (curve 0. 

ing relationship: AH,, = AH,, - AHF. In Fig. 5 we 
report the effect of the heat of aggregation in the 
case of a dimeric protein. From this figure we can 
note that at decreasing AH,, T,, of the endothermic 
curve does not change, while the exothermic peak at 
the end of the curve and obviously the calorimetric 
enthalpy both decrease. For such curves the correct 
calculation of the unfolding enthalpy is impossible if 
calorimetric data are not considered adequately. 

3.3. The experimental parameters: tffect of C, und 13 

These two parameters are very important for one 
simple reason: they are not bound to the nature of 

325 330 335 340 345 

Twraturm (K) 

Fig. 4. Effect of E,, on DSC transitions predicted by Eq. (I I) 
and the following parameters: II = 2, AH,. = rz 1 400 kJ molt ’ . 
AH, = n*400kJmol-‘, T” =340K, M=l5000. C,= 
lmgml~‘. I.= ?Kmin-‘, I&,= 800 kJ molt ’ (curve a), E,,,, = 
7OOkJmol~’ (curve b), EaPP = 6OOkJmol~~’ (curve c). E,,,, = 
500 kJ molt ’ (curve d). Eapp = 450 kJ mol ’ (curve e). 
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-2 ,v 1 
325 330 335 340 345 

Temperature (XC) 

Fig. 5. Effect of AH, on DSC transitions predicted by Eq. (I 1) 
and the following parameters: n = 2, AH, = n*4OOkJmol-‘, 
E ,r,=600kJmol-‘, T,,, = 353K, T* =340K, M=15000, L’= 
2Kmin-‘, C,=lmgml-‘, AH, = n*350kJmol-’ (curve a), 
AH, = n’ 3OOkJmol- ’ (curve b), AH, = n * 250kJmol- ’ (curve 
c), AH, = n* 2OOkJmol-’ (curve d), AH, = II’ 150kJmol-’ 
(curve e). 

the protein and can be experimentally programmed. 
For this reason the effects of these two parameters 
on the shape of the Cy profiles are extremely 
important as they can suggest the right choice of 
experimental variables in order to obtain a DSC 
curve as suitable as possible for thermodynamic 
analysis. 

Fig. 6 shows the effect of scan rate for a dimeric 
protein in the kinetic situation of Fig. l(b). As it can 
be noted, the asymmetry of the curve decreases with 
increasing scan rate and the shape of the curve 
becomes more and more similar to the two-state 
equilibrium model. In principle, it should be possible 
to obtain thermodynamic information even in the 
case of a rate-dependent DSC trace as it has previ- 
ously been done [42,48]. We must highlight, how- 
ever, that the extrapolation of DSC curves at infinite 
scan rate has to be carried out with great care, as the 
time response of the best commercial micro-calorim- 
eters prevents the obtaining of realistic data beyond 
scan rates of 1.3”Cmin-‘. This argumentation is 
even more evident if we consider the possibility of a 
non-negligible thermal effect associated to the irre- 
versible step. This situation is depicted in Fig. 7. At 
increasing scan rates the endothermic peak becomes 

-I 

=i 
100 

P a 80 

2 d 60 

I 4o 
e; 20 

0 
325 330 335 340 345 

Temperature (K) 

Fig. 6. Effect of scan rate on DSC transitions predicted by Eq. 
(11) and the following parameters: n = 2, AH, = n*400kJmol- ‘, 
AH, = n*400kJmol-‘, I&, = 600kJmol-‘, T,,z = 353K T* 
=340K, M=15000, C,=lmgml-‘, r,=O.lKmin-’ (curvea), 
‘= IKmin-’ (curve b), rj=2Kmin-’ (curve c), L’=SKmin-’ 
(curve d), 11 = IOKmin-’ (curve e). 

less sharp and approximates to a two-state equilib- 
rium model, while the exothermic peak shifts to- 
wards a higher temperature. This situation is similar 
to that observed in the case of monomeric proteins 
[401. 

The effect of the total protein concentration C, is 
reported in Fig. 8. It should be noted that T, de- 
pends on the total protein concentration as reported 
in literature to date [43]. This effect is evident if we 

1 
-I 

325 330 335 340 345 350 355 360 

Fig. 7. Effect of scan rate on DSC transitions predicted by Eq. 
(11) in the case of a non-negligible exothermic effect associated to 
the irreversible step. The parameters used are: n = 2, AH, = 
n’4OOkJmol-‘, AH, = n*4OOkJmol-‘, EapP =6OOkJmol-‘, 
T ,,,=353K, T*=340K, M=15COO, C,=lmgml-‘, L’= 
O.lKmin-’ (curve a), r=0.5Kmin-’ (curve b), u=lKmin- 
(curve c), t’ = SKmin-’ (curve d), L’= IOKmin-’ (curve e). 
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3‘5 330 335 340 345 

Tmprratura (K) 

Fig. 8. Effect of C, on DSC transitions predicted by Eq. (I 1) and 
the following parameters: n = 2, AH,, = n*400kJmol-‘, AH, 
= n*400kJmol-‘, EAPP = 6OOkJmol-‘, T,,Z = 353K, T’ = 
340K. M = 15000, I, = 2Kmin-‘, C, = I mgml-’ (curve a). C, 
= 3mgml-’ (curve b), C, = 5mgml-’ (curve c), C, = 7mgml-’ 
(curve d), C, = 9mgml-’ (curve e). 

consider the fact that any factor that ‘displaces’ the 
preliminary equilibrium will affect the rate of forma- 
tion of the final state. Thus, increasing the total 
protein concentration gives rise to a lower fraction of 
the unfolded (or intermediate) state, a lower rate of 
formation of the final state, and a consequent shift of 
the DSC transitions to lower temperatures. 

3.4. l$ect qf n on the shape of CF.’ ~1s. T prqfile 

the set of unfolding parameters are chosen so that the 
unfolded state U is not populated during the unfold- 
ing. the behavior of the curves corresponds to the 
previsions of Sanchez-Ruiz [47]. 

In the following sections we will discuss, in the 
light of the new model put forward in this paper, the 
equations widely used for the calculus of apparent 
activation energy and molecularity. The principal 
aim in this kind of analysis is to evaluate the limits 
of applicability of these equations. 

3.5. Applicability of ckmical equutions ,fiw the cul- 
cu1u.s of EC,,,,, and II 

The solution of Eq. (10). as we have previously 
underlined, is not analytical, but only numerical. It 
can thus be extremely difficult to extract from this 
model new mathematical equations correlating di- 
rectly kinetic and/or thermodynamic parameters with 
the calorimetric data. Nevertheless, our model can be 
considered a very useful tool for elucidating the 
limits of the equations previously reported in litera- 
ture. Moreover, it is possible from this analysis to 
suggest the best experimental conditions for the 
widest applicability of the investigated equations. 

Mathematical elaboration of model (a) in the ki- 
netic situation of Fig. l(c) leads to several useful 
relationships that give: 

A series of DSC profiles relative to the thermal 
denaturation of multimeric proteins for the kinetic 
situation described in Fig. l(b) were simulated for 
different oligomerization states n, and reported in 
Fig. 9. As it can be noted, the position of T, is 
strongly influenced by molecularity n. In particular 
when n increases, T,, moves towards the low tem- 
perature side of the thermogram. The sharpness of 
the peaks has an irregular trend. It remains un- 
changed for n = 1 and n = 2, decreases for n = 3 
and then increases for n = 4, 5 and 6. This behavior 
is in open contrast with a previous study [43] which 
states the asymmetry of the peak as being more 
pronounced for the higher values of n. Moreover, the 
model reported in the paper concerned does not 
foresee any change in the position of the peak with 
increasing n. The model depicted by Sanchez-Ruiz. 
however, simply shows a particular case of what we 
have demonstrated in a general sense. In fact, when 

_i 
325 330 335 ?40 345 

Temperature (K) 

Fig. 9. Effect of the oligomerization state ,I on DSC transitions 
predicted by Eq. (I 1) and the following parameters: AH,, = 
n*400kJmol-‘. AH, = n*400kJmol~‘. E,,,, = 6OOkJmol-‘. 
T ,,?=353K, T*=340K, M=l5000, C,=Imgml-‘. [I= 
2Kmin-‘, The numbers alongside the transitions stand for the 
oligomerization state considered during the simulations. 
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(a) the scanning rate effect on T, (at constant C,) 
[26,43]: 

i i 

E 
ln + z-S+,, 

m RTm 
(12) 

(b) the effect of the total protein concentration on 
the temperature corresponding to maximum heat ca- 
pacity (at constant scanning rate) 143,481: 

E 
aPP 

n-1 
- - 2InT, + 
RT, 

-In C, = const 
n 

(13) 

Eq. (12) states that, if the irreversible step occurs 
too fast to allow the unfolded state to be significantly 
populated during the thermally induced transition, 
the slope of a linear plot of ln(u/Ti 1 values vs 1 /T, 
would lead to the apparent activation energy (Fapp) 
of the process. However, the straightforward apphca- 
tion of Eq. (12) in the kinetic situation of Fig. l(b), 
can lead to gross errors. 

In order to clarify these fundamental points, we 
have simulated a series of DSC experiment by means 
of Eq. (11) and the set of ‘standard parameters’ 
previously reported. Scan rate only will be changed 
(see Fig. 6) and the values of T, are reported in a 
linear plot of In (B) where B = u/T: vs l/T, (see 
Fig. IO). In this case linear regression analysis shows 
an acceptable value of the correlation coefficient 
(R = 0.9861, but the estimated slope of the plot 
predicts an Eapp of 793 kJ mol-‘. If compared with 

IS 

Fig. 10. Plot of In(B) where B = V/T; vs l/T, for the DSC 
transitions of Fig. 6. The slope of the straight line (correlation 
coefficient of the linear regression 0.986) is not the same pre- 
dicted by Eq. (12) (see the text for further details). 

‘4 i 

I ??
I3 1.. 

Fig. 11. Plot of In B (where B = V/T,) YS I/T,, for the DSC 
transitions of Fig. 7. The exothermic effect associated with the 
irreversible step negatively influences the calculus of the apparent 
activation energy. The slope of the straight line (correlation 
coefficient 0.901) is far from the predictions of Eq. (12) (see the 
text for further details). 

the expected 600kJ mall’, this value can be consid- 
ered only as a rough approximation. It is clear that 
the variations of the unfolding parameters in the 
sense of a less populated state U would lead to a 
better correspondence between results and expecta- 
tions. In fact the points of the plot obtained at lower 
scan rates (less populated state U) correspond better 
with Eq. (12). In other words, if one attempts to 
calculate kinetic parameters from the effect of scan 
rate on the position of the peak, the use of low scan 
rate leads to better results. In the case of a non- 
negligible exothermal effect associated to the irre- 
versible step, expectations concerning Eq. (12) and 
actual experimental data correspond even less. This 
can be noted in Fig. 11. In this case the calculated 
value of Eapp is 1709 kJ mol- ’ and if compared to 
the expected value of 600kJ mol- ‘, is evident that 
Eq. (12) cannot be used to calculate kinetic parame- 
ters. 

Eq. (13) allows the calculation of the oligomeriza- 
tion state n of the protein from the effect of the total 
protein concentration C, on the position of T,. As in 
Eq. (121, Eq. (13) was built up starting from the 
approximation of a negligible population of state U. 
For realistic values of Eapp the term 21nT, changes 
with T, much more slowly than does the term 
E,,,/RT,; hence the term 21nT, can be taken as a 
constant and, therefore, Eq. (13) predicts that a plot 



D. Milardi et cd. / Biophysictrl Chemi.wv 62 (lYY6) YS-IOX 103 

of InC, vs l/T,, should be linear with a slope equal 
to -n’l&/((rl- 1)R). 

It is also necessary to bear in mind that for the 
simple equilibrium model N, e nU, equilibrium 
thermodynamics predicts, that T, increases with C, 
according to the equation [45]: 

dHv,/RT,,, + (n - 1) In C, = const (14) 

where AH,, is the so-called Van’t Hoff enthalpy, 
which can be calculated according to the equation: 

AH.,, = A . R 7;,; C;,‘,,/dH (15) 
where C’s; and AH are the maximum excess heat 
capacity and the denaturation enthalpy respectively 
(values of A for several values of n are given by 
Manly and Sturtervant [34]). 

It is to be noted that the protein concentration 
effects predicted by Eq. (13) and Eq. (14) are simi- 
lar. It is thus foreseable that even in an intermediate 
kinetic situation plots of In C, vs l/T, should be 
linear. This prediction is correct as we can see from 
Fig. 12. but the calculus of n (2.4) from the slope of 
the plot can be considered only a rough approxima- 
tion of the expected 2. 

In principle, the applicability of Eq. (13) does not 
depend on scan rate. This means that the values of n 
calculated by means of this equation should not 
change on changing the experimental scan rate of the 

Fig. I?. Plot of In C, vs I/ 7;” for DSC transitions of Fig. 8. The 
slope of the straight line (correlation coefficient 0.987) obtained 
using IQ. ( 13), gives a predicted change of molecularity n = 2.4 

(see the text for details). 

Table I 

The values of the oligomerization state n calculated by means o! 
Eq. (13), at different scan rates. These values were calculated 

from the corresponding DSC transitions predicted by Eq. (I 1) and 

the following parameters: AH, = n 1 400 kJ molt ’ , AH, = 

n”400kJmol-‘. E,,,=600klmol~‘,T,,z=353K.T‘ =340K. 
M=l5000. C,=Imgml~‘, II = 2 (second column). II = 3 (third 
column) 

Scan rate j 

O.I”Cm-’ 

0.5”C m- ’ 
l”Cm~’ 
2”Cn-’ 

wn-’ 

5°C mm ’ 

n = 2 (expected) 

2.04 

2.17 

2.27 

2.42 
? ‘17 -._ 
2.78 

II = 3 (expected) 

1.03 

7.31 

IO.18 
I x.4.5 

DSC experiments. But, if applied to real cases, this 
claim must be considered with caution. In fact Eq. 
(13) and Eq. ( 141, were evaluated for two limit cases 
(C, and C, are alternately considered negligible). 
For this reason either Eq. (13) or Eq. (14) should not 
be influenced by the particular choice of 1’. But for 
most of the real cases, N, U. and F are all signifi- 
cantly populated in the investigated denaturation 
range. Hence it is foreseeable that the applicability of 
Eq. (131, depend greatly on the particular kinetic 
situation determined by the combination of all the 
kinetic parameters. 

In order to highlight this behavior, we have calcu- 
lated the values of n from Eq. (13) at different scan 
rates keeping all the other parameters constant i.e. 
AH,, = n*400 kJ mol-‘. AH, = n‘400 kJ mol-‘. 
E,,,=600kJmol-‘, T,,?=353K. T* =341K, II 
= 2. These results are reported in Table I. 

As we can note, correspondence between ex- 
pected and calculated values is greater when I‘ de- 
creases. This was foreseeable if we consider that Eq. 
(13) was built in consideration of negligible values 
of C,. As C, increases with scan rate. it is clear 
that in this case correspondence is weaker. Obvi- 
ously, all modifications of the parameters that make 
the state U less populated make the predictions of 
Eq. (13) more realistic. 

Moreover, the applicability of Eq. ( 13) gets worse 
for higher values of n (see 3’d column of Table I 
calculated for YI = 3). In this case the application of 
Eq. (13) can lead to unacceptable errors. 
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3.6. Calculus of the can’t Hoff enthalpy from the and the DSC profile is distorted (T, is placed before 
shape of the curve T,,?); as a consequence, r decreases. 

The Van’t Hoff enthalpy is a very important 
parameter in the DSC analysis of proteins [46]: it 
provides a useful tool to test the validity of the 
two-state model for the investigated transition as it 
must approach the unity in the case of only two 
states populated. 

As a consequence, it is remarkably influenced by 
the occurrence of kinetically-controlled steps. We 
have investigated the effect of several parameters on 

AH,, values for n = 2, and the results are reported 
in Table 2. We shall indicate with r the so-called 
Van’t Hoff ratio: r = AH/AH,, that can be calcu- 
lated from Eq. (1.5). 

Table 2(C) describes the effect of the apparent 
activation energy on the value of r. As we have yet 
pointed out on discussing Fig. 4, apparent activation 
energy influences the rate of the irreversible step, but 
not its relative position (determined by T * 1. How- 
ever, when EaP,, increases, the irreversible step 
slackens and r is closer to unity. In Table 2(D) the 
effect of the heat of aggregation on r is reported. As 
expected, on increasing values of the heat of aggre- 
gation, (and as a consequence on decreasing AH,) 
the values of r decreases dramatically. This effect is 
much more evident than for any other parameter. 

The values reported in Table 2 were obtained 
from the simulated curves of Figs. 2-9. 

The values of Table 2(A), report the trend of the 
Van’t Hoff ratio when T * (i.e. the frequency factor 
of the irreversible step) increases when all other 
parameters are constant. It can be noted that r 
increases with increasing T *. This behavior can be 
understood if we hold in mind that when T * in- 
creases the irreversible step takes place at higher 
scan rate: this mean that DSC traces are less dis- 
torted with respect to the two-state model and r is 
closer to unity. 

In other words, the heat of aggregation can make 
(more than any other parameter) the Van’t Hoff 
analysis of the DSC curve, unreliable. In this sense, 
the distortions caused by the exothermal effects are 
the most harmful. 

An opposite situation is depicted in Table 2(B). In 
this case the values of T,/, are increased keeping 
constant all other parameters. When T,,* -=K T * , r is 
very close to unity. In fact, in these conditions the 
reversible unfolding takes place before the irre- 
versible step, and the two processes do not overlap. 
On the contrary when T,,, increases the irreversible 
step and reversible unfolding occur simultaneously 

As we have yet pointed out, the experimental 
scanning rate can influence considerably the shape of 
the DSC curves, and as a consequence the Van’t 
Hoff ratio. This situation is depicted in Table 2(E), 
where the effect of L’ on the values of r is reported. 
As c’ increases, the state U becomes more populated 
and the shape of the DSC curve is more similar to 
the two-state reversible unfolding model (r is closer 
to unity). A similar situation is described in Table 
2(F); but in this case an exothermal effect 
( - 100 kJ mol- ’ ) associated with the irreversible step 
distorts the DSC curve. In the end, Table 2(G) 
describes the effect of total protein concentration on 
the value of r. It is interesting to note that when C, 
increases the Van’t Hoff ratio become smaller. This 
is because of the increasing rate of the irreversible 
step on increasing total protein concentration as pre- 

Table 2 
Effect of the unfolding parameters on the Van’t Hoff ratio I calculated by means of Eq. (15) and the corresponding DSC transitions of Figs 
2-9. The effects of T’, T,,z, EaPP, AH,, P (considering negligible the enthalpy difference between the tinal and the unfolded state), 13 (in 
this case AH, = n * 3OOkTmol- ’ ) and C,, are reported in columns A, B, C, D, E, F, G, respectively 

A B C D E F G 
T* r T,/2 r E VP r AH, Y I‘ r L’ r C, i- 

333 0.46 340 1 .oo 800 0.73 700 0.55 0.1 0.48 0.1 0.47 1 0.62 
335 0.48 345 0.98 700 0.68 600 0.46 1 0.57 0.5 0.53 3 0.60 
340 0.62 349 0.87 600 0.62 500 0.37 2 0.62 1 0.55 5 0.59 
345 0.94 351 0.74 500 0.58 400 0.28 5 0.72 5 0.56 7 0.58 
350 0.95 352 0.68 450 0.53 300 0.19 10 0.81 10 0.56 9 0.57 



dieted by kinetic equations reported in the preceding 
subsection. 

3.7. C~ilcuI~~.s c?f‘ E, ,,,,, from the shape of the curw 

Eq. (13) is not the only way to calculate the 
apparent activation energy of the process; it could be 
also extracted from the parameters corresponding to 
the maximum of the transition [43]: 

E, ,,,, = d”(“- ” R T,,; C;;:,,, /dH. (16) 

Eq. (16). which has been developed for a process 
where the population of the state U is negligible, is 
of course influenced by all the parameters modifying 
the kinetic constraints. 

In order to explore the applicability of Eq. (16) on 
changing the unfolding parameters, the values of 
Ecl,,p obtained from Eq. (16) and the simulated curves 
of Figs. 2-9 have been compared with the expected 
value of Ez,,,P used in the calculations. The results of 
this analysis, expressed as percentage errors, are 
reported in Table 3. The first interesting point high- 
lighted by Table 3, is the negative sign of all the 
errors E70 ( EyV = (E,calcualted _ E~~~ected)/E~~pPecte~)), 

This means that Eq. (l‘8 gives always smaller values 
than the expected. 

In Table 3(A) the values of percentage errors E% 
;Is a function of T * are reported. On increasing 
values of T’ , the error in the calculation of the 
apparent activation energy increases. 

Table 3(B) reports the variations of the percentage 
error E% x a function of T,,?. When T,,, -K T ’ 
the irreversible and reversible processes do not over- 
lap and the DSC profile is more similar to the curve 
expected for the two-state model; in this case appli- 
cation of Eq. ( 16) is rather limited. 

Table 3(C) reports the effects of the variation of 
the apparent activation energy on the applicability of 
Eq. (16). As it can be noted, when the apparent 
activation energy increases the irreversible step 
slackens and therefore applicability of Eq. (16) is 
more limited. Table 3(D) describes the influence of 
the heat of aggregation on the applicability of Eq. 
(16). Unexpectedly, when the exothermal heat of 
aggregation increases (and. as a consequence. en- 
thalpy associated to the final state F hH,- decreases) 
the percentage error in the calculus of EcLPP de- 
creases. This is a strange behavior because we would 
expect a larger distortion (and as a consequence a 
larger error in the calculus of EilpP) of the DSC curve 
when hH, decreases. In reality, when hH, de- 
creases the values of Cpmilr i.e. the values of the 
maximum of the heat capacity. decreases; in con- 
trast, the value of AH (the denominator of Eq. ( 16) 
also decreases. These two simultaneous effects con- 
tribute in an apparent improvement of reliability of 
Eq. (16). In other words Table 3(D) shows that. 
under particular kinetic constraints, the calculus of 

E;,pp from Eq. (16) can give good results; but it is 
important to understand that they can be obtained 
from a fortuitous combination of the kinetic con- 
straints. In Table 3(E) the effect of the scan rate on 
the shape of C,, curves is reported. When scan rate is 
increased the error becomes larger. When an 
exothermal process distorts significantly the shape ot 
DSC curves. the effect of scan rate is less evident 

(see Table 3(F)). In fact when I‘ decreases the error 
in the calculus of ,5ZLrP decrease4 but more slowly 
with respect to Table 3(E). In any case. the errors arc 
larger than Table 3(E). Finally. in Table 3(C) the 
effect of the total protein concentration is reported. It 
can be noted that an increase in C, causes larger 

pcrcrlltage ZIT”r’r (ES = ( t’.‘l”“.“‘d _ E~\l”‘lrJ)/~\llr~ted 
,111 p 4JP +P ) in the calculus of the apparent activation energy by mwnh of Eq. ( 16) and the 

simulated DSC transitions of Figs 2-9. In particular the effects of T ‘. T, 1, Ed,,,,,. AH b. I in the cast of AH, = AH, I in the ca\r 

AH, = 600 kJ mol_ ’ , C,. arc reported in columns A. B. C. D. E. F, G respectively 

333 - IS/r 330 -55% 800 - 38% 350 - 27’4 0 I ~ 5% 0.1 -- 771,; I _~ 76’4 
33s - 5% 315 -53% 700 - 33% 300 - 2.5% I - 20% 0.5 -35% I ~~ 2J’% 
340 --31% 339 -47% 600 - 26% 250 -23% 2 _ 27% I -37% 5 _ I!‘% 
34s -51% 351 - 38% 500 -21% 200 - 18’k 5 -36% 5 -39% 7 -2l’k 
350 -53% 352 - 33% 150 - 13% IS0 - 10% I 0 -43% IO --XI% c) - 2O’/i 
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errors in the calculus of Eapp: this was foreseeable 
since an increase of C, determines (as the irre- 
versible step becomes faster) a decrease of C,, and 
as a consequence, a better agreement between ex- 
pected and calculated value. 

3.8. Application to an experimental case: Glu- 
cosamine-6-phosphate Deaminase 

In order to test the validity of the new approach 
developed in the present paper, we have re-consid- 
ered a previously studied [49] multimeric protein. 

Escherichia Coli Glucosamine-6-phosphate Deam- 
inase (G6PD) is an hexamer made up of six identical 
subunits of 29.7 kDa each [50]. The structural charac- 
teristics of this enzyme, make it an interesting model 
for studying the influence of subunit interactions in 
the thermal behavior of proteins. A previous differ- 
ential scanning calorimetric study of this enzyme, 
has put in evidence a complex, irreversible denatura- 
tion path. In the present paper we have interpreted 
the experimental heat capacity data carried out in the 
previous paper [49] in the light of the new approach 
developed here. 

The effect of scan rate on the position of the 
calorimetric peaks gives, by means of Eq. (12) the 
apparent activation energy of the denaturation pro- 
cess. In Fig. 13 a linear plot of ln(C/7’,‘,) vs T, is 
reported. From the slope of the linear regression of 

-11, 1 

I\ I 
! \ 

I 

I 

-13 
1 ‘\\ I 

i i I 

0.00295 0.00296 0 00297 0.00296 0.00299 

IiTm (i/K) 

Fig. 13. Plot of In B (where B = V/T,‘) vs l/T,, for the 
thermograms of G6PD. The experimental data of Ref. 1491 were 
used for the calculations. The correlation coefficient of the linear 
regression is 0.991967. The apparent activation energy /&,, 
calculated from the slope of the plot is 605kJmol?, 

-1' 1 J 

0.00295 0.00296 0.00297 0.00296 
lilm (l/K) 

Fig. 14. Plot of InC, vs l/T,, for the DSC transitions of G6PD 
reported in Ref. [49]. The correlation coefficient of the linear 
regression is 0.93618. The change of molecularity calculated from 
this plot is n = 3. 

Fig. 13, we have calculated an apparent activation 
energy of 605 kJ mol- ’ . However, the effect of pro- 
tein concentration on the position of the calorimetric 
peaks, can be useful to calculate, by means of Eq. 
(13) the molecularity of the unfolding process. From 
the linear plot of In C, vs 1 /T, reported in Fig. 14 it 
is possible to calculate, for G6PD a molecularity of 
n = 3. In other words, the straightforward application 
of Eq. (12) and (13) to the case of G6PD has lead us 
to conclude that this enzyme unfolds with a simulta- 
neous dissociation into dimers, and that the whole 
process is kinetically controlled with an apparent 
activation energy of 605 kJ mol- ’ . 

However, we have carried out a fit of an eperi- 
mental series of C, data, by means of a Simplex 
algorithim, to minimize the function 6 defined as: 

- v (c,(T)::“j2 
where C,(T),, theo is the excess specific heat at given 
temperature calculated using Eq. (11) and C,,(T)z:P 
is the experimental excess specific heat curve re- 
ported in Ref. [49] (see Fig. 15). The minimization 
has given up the following results: n = 2, AH = 
1058 kJ mol-‘, Eapp = 450kJmoll’, T * = 348.15 K, 
T l,,2 = 342.15 K. It can be noted that the parameters 
calculated from the fit are different from the ones 
obtained from Eq. (12) and (13). In particular, the 
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Fig. IS. Fit of the experimental data (see Ref. [49]) related to the 

thermal denaturation of G6PD with the equations developed in the 
text. The fit was carried out by means of a trial and error 

procedure. The optimized unfolding parameters are: II = 2. hH = 

10580kJmol-‘. 1’=0.17Kmin-‘, C,= lmgml-‘, M=29700, 
T ’ = 348. I5 K, T,, 1 = 342.85 K. 

different value of molecularity suggets that G6PD 
does not dissociates into dimers as calculated from 
Eq. (131, but into trimers. 

4. Conclusions 

The theroretical model developed in the present 
paper has elucidated many important aspects which 
have often been neglected in previous papers dealing 
with the DSC of proteins. First of all, it has been 
clearly shown that irreversible thermally-induced 
conformational transitions of multimeric proteins are 
regulated by a complex law which depends on many 
parameters. Some of these parameters (the total pro- 
tein concentration and scanning rate) can be modi- 
fied during a DSC experiment and their correct 
choice can determine the successful analysis of the 
DSC curves. Moreover, it has been shown that an 
acritical analysis of DSC curves both in terms of 
equilibrium thermodynamics and in terms of a totally 
irreversible process can be somewhat arbitrary. In 
fact, the possibility of a significantly populated un- 
folded state U even in the case of irreversible denat- 
uration is not simply a theoretical hypothesis but, as 
several recent papers confirm, a real eventuality 
142,483. 

Therefore. the equations widely used for the cal- 
culus of molecularity and/or kinetic parameters, 
which were developed in the case of a very fast 
irreversible step (C,, = O), represents only a limit 

case and do not give realistic results if applied in 
these intermediate situations. 

This was also shown from a critical re-interpreta- 
tion of the experimental C, data for Glucosamine-6- 
phosphate-deaminase in the light of the new ap- 
proach developed here. 
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