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Received 8 October 1998; received in revised form 10 February 1999; accepted 27 March 1999

Abstract

Thermal denaturation of creatine kinase from rabbit skeletal muscle has been studied by differential scanning
calorimetry. The excess heat capacity vs. temperature profiles were independent of protein concentration, but
strongly temperature scanning rate-dependent. It has been shown that thermal denaturation of creatine kinase

wsatisfies the previously proposed validity criteria for the two-state irreversible model Kurganov et al., Biophys.
Ž . xChem.70 1997 125 . The energy activation value has been calculated to be 461.0"0.7 kJrmol. Q 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

ŽCreatine kinase ATP: creatine N-phos-
.photransferase, EC 2.7.3.2 is an important en-

zyme in energy metabolism. It is well known that
the rabbit muscle enzyme is a dimer with molecu-
lar mass of 84 kDa, consisting of two identical

w xsubunits 1 . Unfolding of the creatine kinase
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molecule by SDS, urea, and guanidine hydrochlo-
ride as well as refolding of the enzyme have been

w xstudied extensively 2]6 .
Thermal denaturation of proteins is being stud-

ied intensively today using differential scanning
Ž .calorimetry DSC . This method allows investiga-

tors to obtain valuable information on the ther-
modynamic and kinetic features of the process
w x7]9 . Recently, we proposed some new ap-
proaches to mathematical analysis of DSC data
for proteins undergoing irreversible denaturation
w x10,11 .
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Thermal inactivation of three isoenzymes of
human creatine kinase was studied by Malakhov

w xet al. 12 . However, there are no data from
investigations of thermal unfolding of creatine
kinase using the DSC method. The present work
uses the DSC method to study thermal denatura-
tion of creatine kinase from rabbit skeletal mus-
cle.

2. Materials and methods

The preparation of rabbit muscle creatine ki-
w xnase was as described earlier 13 . Purified crea-

tine kinase was homogeneous according to poly-
acrilamide gel electrophoresis in the presence
and absence of SDS.

The concentration of creatine kinase was de-
termined by absorbance at 280 nm using the

1% w xabsorption coefficient A s8.8 14 .1 cm
Calorimetric measurements were carried out in

a differential adiabatic scanning microcalorimeter
ŽDASM-4 ‘Biopribor’, Russian Academy of Sci-

.ence, Pushchino, Russia with 0.47-ml capillary
platinum cells, interfaced with an IBM-compati-
ble computer. Prior to the DSC experiments, all
samples were dialyzed against 30 mM Hepes]

Ž .NaOH pH 8.0 . A constant pressure of 2 atm was
always maintained to prevent possible degassing
of the samples on heating. The DSC curves were
obtained by scanning the solution of creatine

Ž .kinase in 30 mM Hepes]NaOH pH 8.0 at tem-
peratures from 10 to 1008C.

Reversibility of the thermal transition was
checked by reheating the samples after cooling
from the first scan. Since all thermal transitions
were always found to be completely irreversible,
the calorimetric traces were corrected for the
instrumental baseline by subtracting scans from
the reheating of the samples.

The chemical baseline was subtracted using the
w xprocedure of Takahashi and Sturtevant 15 .

The theoretical curves were fitted to the experi-
mental data using an original program for IBM-

w xcompatible computer 10,11 and software ‘Scien-
Ž .tist’ MicroMath Scientific Software, USA . The

correlation coefficient r used as a criterion for
the accuracy of fitting was calculated by the equa-

tion:

n n
2 2calc mŽ . Ž . Ž .rs 1y y yy r y yy , 1Ý Ýi i i i(

is1 is1

where y and y calc are experimental and calcu-i i
lated values of a function, y m is the mean ofi
experimental values of the function, n is the
number of points.

Both experimental and theoretical curves were
built using the interval between points of 0.05 K.
For reason of convenience, points in Fig. 3 are
shown using the interval of 0.15 K.

3. Results and discussion

Fig. 1a shows the original DSC trace of crea-
tine kinase obtained at a scanning rate of 1

Ž ex .Krmin. The excess heat capacity C vs. tem-p
Ž .perature T profile contains an asymmetric peak

Ž .with a maximum at 54.58C for this scanning rate
and a scarcely discernible knob shifted from the
main peak by approximately 98 towards higher
temperatures. The origin of the knob remains
unclear; perhaps it is associated with aggregation
of the enzyme. Since the main peak and the knob
are clearly separated on the calorimetric curves,
only the main peak was considered in further
analysis.

Ž .Fig. 1. DSC scan for creatine kinase a and reheating scan
Ž .b . Protein concentration was 2.2 mgrml, the temperature
scanning rate was 1 Krmin.
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When a sample of the enzyme was heated up to
1008C and immediately cooled, the reheating scan

Ž .demonstrated no thermal effect Fig. 1b indicat-
ing irreversible character of the denaturation. To
check whether irreversibility is caused by high
temperatures, a reheating scan was carried out
for the enzyme preparation which was heated up

Žto 598C when unfolding the enzyme is com-
.pleted and then cooled to 58C. Again no thermal

effect was observed in the area of the main peak.
Moreover, after heating up to 53.58C and further
cooling the reheating scan showed a peak with
approximately 25% enthalpy of the original peak
Ž .data not shown . Thus, we concluded, that ther-
mal denaturation of creatine kinase was calori-
metrically irreversible.

Denaturation of oligomeric proteins can in-
clude a step of reversible dissociation to
monomers. In such a case, the Cex ¨s.T profilep
becomes dependent on protein concentration
owing to the bimolecular character of association
w x16 . The role of dissociation and association reac-
tions in the mechanism of thermal denaturation
of dimeric creatine kinase were analyzed using
DSC curves at various protein concentrations. As
can be seen from Fig. 2, varying the protein
concentration from 0.7 to 6.5 mgrml does not
affect the shape and height of the main peak.
Therefore, we can conclude that association of

Fig. 2. Temperature dependence of excess heat capacity at
Žvarious concentrations of creatine kinase: 0.7 mgrml dotted

. Ž . Ž .line , 2.2 mgrml solid line , 6.5 mgrml dashed line . The
temperature scanning rate was 1 Krmin.

Fig. 3. Temperature dependence of excess heat capacity at
the various scanning rates. The solid lines are the best fit of

Ž .Eq. 4 simultaneously to all the experimental curves. Protein
concentration was 2.4 mgrml.

monomers does not contribute significantly to the
kinetics of the thermal denaturation of creatine
kinase. It should be noted that the concentration
of creatine kinase did not affect the shape of the

w xinactivation curves 12 .
The sensitivity of DSC profiles to the scanning

rate is a characteristic of irreversible thermal
denaturation: the maximum point is shifted to-
wards higher temperatures as the scanning rate

w xincreases 8,9 . As can be seen from Fig. 3, the
DSC curves for creatine kinase demonstrate this
regularity, indicating that the process is kineti-
cally controlled.

Sanchez-Ruiz and co-authors have proposed to
use a two-state irreversible model

k Ž .N ª D 2

ŽN is the native protein, D is the denatured state,
.and k is the first-order rate constant for cases of

irreversible thermal denaturation under kinetic
w xcontrol 8,9,17 . It is assumed that the tempera-

ture dependence of the k value follows the Ar-
� Ž U . 4rhenius equation: ksexp E 1rT ]1rT rRa

ŽE is the energy of activation, R is the gasa
constant, and T U is the temperature at which the

y1 .rate constant equals 1 min . This model has
been used for the quantitative description of ther-

w xmal denaturation of some proteins 17]26 .



( )A.E. Lyubare¨ et al. r Biophysical Chemistry 79 1999 199]204202

Recently, we proposed a number of criteria for
w xvalidity of the two-state irreversible model 10 .

These criteria show that the thermal denaturation
of some proteins, described with the two-state
irreversible model, does not strictly follow this

w xmechanism 10 .
One of the criteria is based on the construction

of the linear anamorphosis of a DSC curve in the
� w ex Ž .x4coordinates 1rT ; ln ¨C r Q yQ accordingp t

to the equation

U ex Ž . Ž . Ž .1rTs1rT y ln ¨C r Q yQ r E rR , 3p t a

where ¨ is the temperature scanning rate, Q ist
the heat absorbed through the denaturation

Ž .process calorimetric enthalpy and Q is the heat
absorbed during heating of the protein to the
temperature T. If the model is valid, the points
corresponding to all the scanning rates should lie
on a common straight line. As can be seen from
Fig. 4, this criterion is satisfactorily fulfilled for

Ž .creatine kinase. The parameters of Eq. 3 de-
termined using linear regression of the data for
each scanning rate and for all the data together

Ž .agree very well data not shown .
The construction of the ln Cex vs. 1rT plotp

gives another criterion. Curves obtained at vari-
ous scanning rates should coincide if their maxi-
mum points are brought together. Fig. 5 shows
such a graphical anamorphosis for creatine ki-
nase. As can be seen, the curves coincide well,
with only the curve corresponding to the lowest

w ex Ž .xFig. 4. The 1rT value as a function of ln ¨C r Q yQ forp t
creatine kinase calculated from the experimental data shown
in Fig. 3.

Fig. 5. Dependence of ln Cex on 1rT for creatine kinasep
calculated from the experimental data shown in Fig. 3. The
curves are combined in the maximum points with the corre-
sponding dependence obtained at ¨ s 0.125 Krmin.

scanning rate deviating from the other curves in
the high temperature range.

The parameters of the two-state irreversible
model can be estimated by fitting the equation

E1 1 1aexC s Q exp yUp t ½ 5ž /¨ R T T

ET1 1 1a=exp y exp y dTUH ž /½ 5¨ R T TT0

Ž .4

w xto the experimental data 10 . It should be noted
Ž .that Eq. 4 was obtained by solution of equation

system

dg kg¡ N NsydT ¨~ Ž .5kgNex¢C sQp t ¨

Ž .g is the mole fraction of the native state . AsN
an alternative, the fitting procedure may be car-

Ž .ried out at once using Eq. 5 .
Ž .Table 1 shows the results of fitting of Eq. 5

using the commercial software ‘Scientist’ to the
Ž .experimental data. Fitting of Eq. 4 using a pro-

w xgram developed earlier 10,11 gives the identical
results. Close estimates of the parameters have
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Table 1
Kinetic parameter estimates for thermal denaturation of creatine kinase

Ž .Parameter Temperature scanning rate Krmin

1 0.5 0.25 0.125 Fitting to all curves

Ž .E kJrmol 477.7"1.8 463.6"1.1 458.7"1.4 446.0"2.5 461.0"0.7a
U Ž .T K 328.93"0.01 328.94"0.01 329.09"0.02 329.22"0.04 329.01"0.01
Ž .Q kJrmol 1060"3 1066"2 1078"2 1114"4 1079"1t

r 0.9988 0.9995 0.9993 0.9980 0.9983

been obtained by linear regression of the depen-
w ex Ž .x Ždence of 1rT on ln ¨C r Q yQ data notp t

.shown .
As can be seen from Table 1, the estimates of

the energy of activation obtained for the curves
corresponding to the various scanning rates,
strictly speaking, do not coincide. However, these

Ždifferences are not too great in comparison with
the proteins for which denaturation was analyzed

w x.in Kurganov et al. 10 . Still lower differences
were obtained for the parameter TU.

Recently, we proposed fitting a theoretical ex-
pression for the dependence of Cex on T simulta-p

w xneously to all the experimental curves 11 . As can
be seen from Table 1 and Fig. 3, such a fit for
creatine kinase is very accurate. This is also proof
of the validity of the two-state irreversible model
for thermal denaturation of creatine kinase.

Thus, thermal denaturation of creatine kinase
studied by the DSC method is shown to satisfy
the validity criteria for the two-state irreversible
model.

Since creatine kinase is a dimeric protein, one
can expect that its denaturation should follow the

w xdissociative mechanism of denaturation 16,27 :

k k1 den

Ž .M |2 Mª2 M , 62 den
ky1

where M is the native dimer, M is the native2
monomer, M is the denatured monomer, k isden 1
the rate constant for dissociation of dimer, k isy1
the rate constant for association of monomers,
and k is the rate constant for denaturation ofden
monomer. Nevertheless, if denaturation of
monomer is rapid in comparison with dissociation

Žof dimer and association of monomers k 4k ,den 1

.k 4 k , the kinetics of denaturation ofden y1
dimeric protein is formally described by the two-

w xstate mechanism 16 . In other words, the ther-
mally induced disruption of the quarternary struc-
ture of the protein oligomer adheares kinetically
to the ‘all-or-not’ law:

kŽ . Ž . Ž .M native ª 2 M denatured , 72

where k is the effective rate constant for the
denaturation process. Our results suggest that
such a situation is realized for creatine kinase.
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