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The conformational transitions of calcium biding protein parvalbumin III from carp muscle were studied by scanninng 
calorimetry, potentiometric titration and isothermal c~orimet& titratio-. Chanses of Gibbs eners, enthalpy and partial 
heat cap-.city were determined. The removal of calcium ions by EDTA is accompanied by 1) a heat absorption of 75 k 10 
k3 per mole of the protein, 2) a decrease in the Gibbs energy of protein stiucture stabilisation of about 42 kJ mol-’ and 3) 
a decrease in thermostability by more than 50 K. The protonation of the acidic groups leads to a loss of calcium followed 
by denaturation, while the pH of the transition strongly depends on calcium activity_ The enthaipy and heal capacity changes 
at denaturation are comparable with the values observed for other compact globular proteins. 

I. Introduction 

Parvalbumins which were first isolated from white 

muscle of fish and amphibia represent a wide class of 
calcium binding globular proteins of low molecular 
weight_ They have two homologous calcium binding 

structural domains which are found also in several 
other calcium binding proteins [ 1,2] and bind two 
calcium ions with relatively high binding constants 

(n-, - lo7 M-1) [3]_ Though the functidnal role of 
parvalbumins in muscle is not yet clear, one can sup- 
pose that it is closely related to their calcium binding 
abiliry and sensitivity of their physical properties to 
calcium removal as shown by some methods [4-S]. 
It seems important to investigate the thermodynamics 
of calcium binding as well as the contribution of this 
process to the protein structure stabilisation. For this 
purpose the conformation transitions observed at heat- 
ing, piotonation and calciuti removal were studied for 
parvalbumin 111 (carp) with a known three-dimensional 
structure [ l] _ 
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2. Methods 

Parvalbumin III was isolated from white muscle of 

mirror carp as described by Pech&re et al. [9], with 
slight modifications and szored lyophilized for a period 

not exceeding one month as prolonged storage leads 
to an unexplained increase of W absorbance at 280 
nm. The purity of the protein preparation was checked 
by disc electrophoresis and UV absorption spectra. The 
extinction ratio E280/E259 for protein.solutions used 
in experiments did not exceed 0.03. The concentra- 
tion determinations were performed spectrophotomet- 
rically using Egg - E:$ = 1.66 [IO] _ The necessary 
solvent conditions were achieved by exhaustive dialy- 
sis against the solutions described in legends to figures. 
All chemicals were of an analytical grade. 

Potentiometric titrations were done using 6.0 to 
7.5 ml of 1.9 X IOH to 3.3 X 1O-4 M protein solu- 
tions under CO, free nitrogen at 25 2 0.02”C with 
precision microsyringes. For calorimetric titrations 
the LKB 10700 flow calorimeter was combined with 
a self made thermostated flow cell for measuring pH. 
The protein concentrations before mixing were from 
4.5 X 10e5 to 1.5 X 10e4 M at flow rates 4.5 X 10V3 

or 9 X 10m3 ml set-l _ 

Scanning calorimetric measurements were performed 
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in the adiabatic microcalorimeter DASM-IM with a 
1 .O ml cell volume at protein concentrations of 0.1 to 
0.25 percent and a heating rate of 1 K min-1. The par- 
tial heat capacity of protein was determined from scan- 
ning microcalorimetric records according to the proce- 
dure described elsewhere [ 111, taking the value of 
0.73 cm3 g-1 for the partial specific volume of pal - 
valbumin. The transition enthalpy was determined 
from the heat sorption peak area above the lines ex- 
trapolating heat capacities of native and denatured 
states to the melting temperature, i.e. temperature of 
the maximal heat sorption. The Gibbs energy of pro- 
tein structure stabihzation was estimated by equation 

(see 1111) 

&rsGQ = Ptrs.H(Ttrs - T)ITtrs 

- A*rscp(Ttrs - n + T*tr&, h T,,,iT - (1) 

3. Results 

3.1. Scanttitig cnZori+netty 

The typical calorimetric records obtained at neu- 
tral pi-? and different salt and cakiurn content in solu- 
tion are shown in fig. 1. The calcium-bound protein 
exhibits a considerable thermostabihty: its melting 
temperature at lo4 M CaC12 in solution reaches 90°C 
and the enthalpy of transition is 500 f 30 k.T moI-1 _ 

The protein has the same high stability in the pH range 
from 6 to 10. A further increase of pH up to 12.5 
results in a very notable decrease in melting tempera- 
ture, but the protein is still native at room tempera- 
ture. In the whole pH range of protein stability the 
heat denaturation in presence of Cti2+ is characterized 
by an asymmEtric m&ing curve with! ?he PHc&tY~_~_ 
ratio exceeding 1 .l (precise value depends on pH), 
hence this process cannot be considered as a two- 
state one. The complexity of the denaturation proc- 
ess becomes evident at pH lower than 6, where two 
superimposed peaks of the heat sorption are cIearly 
visible. The second drawback is the low reversibility 
(usually less than 50 percent) of the melting process 
in the presence of calcium. All these facts should be 
taken into account in considering the thermodynamic 
functions since they can be calculated only approxi- 
mately. Nevertheless, insofar as we calculate these 

Fig_ 1. Temperature dependencies of the partial specific heat 
capacity of parvalbumin. Curve a: in 10 mM sodium phosphate, 
5 mhl NazEDTA pH 7.5. Curve b: in 10 mhl sodium phos- 
phate, 10 m&l NazEDTA, 1 M Nail pH 7.5. Curve c: in 10 
mM sodium cawdylate, lo4 M Cat32 pH 7.0. 

functions (and primarily the enthalpy) from the calo- 
rimetric and not indirect equilibrium data, the error 

of their estimation could not be large. 
The removal of tightly bound Ca*+ ions by dialysis 

against millirnolar EDTA solutions at pH higher than 
7 results in a drastic decrease of the protein structure 
stability and enthalpy of denaturation. At the same 
time, the heat induced unfolding becomes a fully re- 
versible two-state transition as it follows from the com- 
parison of calorimetric and v&r ‘t Hoff enthalpy. The 
latter was calculated either from calorimetric curves 
(see [l 1 I), or by van ‘t Hoff treatment of temperature 
dependencies of the specific optical rotation. The de- 
stabilizing effect of calcium loss can be partially sup- 
pressed by increase of monovalent ion concentration 

in the solution, so that the melting temperature which 
in presence of only 10 mhl sodium phosphate, 5 mM 
EDTA pH 7.5 is 32% rises up to 55% after adding 
2M NaM to the soiutinn. The sirnihir stabilizing effect 
co&l be achieved after replacement of the water by 
Ip.20 at pD > S. Again, as in the presence of calcium, 
in water solutions containing EDTA at pH < 6 com- 
plex melting curves were observed. This is most likely 
due to the impossibility to remove one of the tightly 
bound Ca2+ ions even at rather high EDTA concen- 
trations. 

3.2. Potenriometlic z&ration 

To investigate the pH-induced conformation transi- 
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Fig. 2. Direct and reverse potentiometric titration curves of 
parvalbiiun at 25=C_ Filled circles: in 8 M GuHCl, IO4 M 
CaCi2; open circles: in 0.1 M KCl, IO4 M C&12 ; ftied rec- 
tangles: in 0.033 M CaCl2. 

tion we have performed potentiometric titrations of 
the protein at various solvent conditions (fig_ 2) Judg- 
ing by the CD-spectrum (see also [6]) and the absence 
of an extra heat absorbed in the scanning calorimeter, 
the protein conformation in 8 M guarddine hydro- 
chloride (GuHCI) should be considered as close to the 
comple?ely unfolded one. At these conditions the ti- 
tration is reversible, while electrostatic interactions 
are absent judging by the Linderstr$m-Lang plot. The 
amount of titratable groups between pH 8 and 1.5 is 
21 f 0.5 in agzement with the amino acid content of 
the protein’ (1-i. Asp, 6 Glu, 1 His)_ The most interest- 
ing feature of the tirration curve obtained PI the pres- 
ence of CaC12 is the jump in the proton up. ake be- 
neath the isoelectric point. After the transition the 
curves converge to the GuHCl curve. The titration is 
fully reversible in the ranges of pH from i 1 to ri and 
from 3 to 1.5, whiie at pH 34 slight turbidity ap- 
peared giving rise in experimental error. The titration 

curves obtained at the same ionic strength, but differ- 
en: calcium concentrations, differ either in shape or in 
the pH of transition, reflecting a competition between 
protons and calcium ions for the binding sites. 

The difference in Gibbs energy between native par- 
valbumin and that completely unfolded by GuHCl can 
be estimated at a fiied CazC activity using the follow- 
ing equation [ 121: 

PH 

A,,,G@H) = 2.3 RT s Av(pH) dpH (2) 
p%n 

where A&H) is the difference in charge between two 
states at any pH and 0% is the point of half-conver- 
tion, i.e. 3.7 at 0.1 mM CaC12 and 3.2 at 33 mM CaCI,. 
The results of these calculations are shown in fig. 5. 

The conformational transition at protonation was 
also studied by isothermal calorimetric titration at 
various temperatures (fig_ 3). From pH 7 to lower values 
the curves are characterized by a small initial slope fol- 
lowed by a rather sharp endothermal transition. The 
sharpness of the transition enables determination of 
the apparent heat of the process AtrsHnnp by tangents 
without large errors. The slopes of the potentiometric 
and calorimetric curves at 25°C near pH 7 are not 
striking since the N-terminal amino group is acetyl- 
ated and pK of a single His-26 seems to be abnormal 
as an exothermal effect of the order of 25-33 kJ mol-l 
typical for histidine protonation is not observed at pH 
6-7. To calculate the enthalpy of conformation tran- 
sition AtrsH from AtrsHaPP the heats of ionization of 
the acidic groups which take part in calcium binding 
were taken into account, assuming that they do not 
differ from those for.free amino acids 113 3. 

3.4. Enthalpy of denamration and calcium binding 

The dependencies of AtrsH on melting tempera- 
ture obtained by different calorimetric techniques 
for calcium-bound and calcium-free protein are shown 
in fig. 4. In order to decrease the melting temperature, 
scanning experiments were carried out at neutral and 
alkaline values of pH. It follows from the slope of the 
upper line in Sg. 4 and direct calorimetric observations 
that AtrsCp(+Ca) = 4.6 f OS W K-1 mol-I_ Nearly 
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Fig. 3. Isothermal calorimetric titration curves of parvalbumin 
ia 0.1 hl KCI at various temperatures. Open circles, 25°C; 
filled circks, 40°C; open trian&s, 5O’=C; fried triangles, 59OC 

the same value corresponds to the temperature de- 
pendence of molar heat sorption at pH induced tran- 
sition, though these heats are somewhat lower than 

those observed in scanning experiments at correspond- 
ing melting temperatures. A greater and more reliable 
difference both in At&I and At&, exists bstween 
calcium-bound and calcium-free proteins. From the 
slope of the lower line in fig_ 4 and from calc.rimetric 
records A C (-Ca) was found to be equal to 5.6 i 
0.5 kJ K-fismPol-l. From a comparison of the two 
sets of scanning data it follows that calcium release 
must be accompanied by heat sorption whose magni- 
tude depends on temperature. Extrapolating both the 
At&I to 20% we get the value of 80 k 10 W molW1 
for Abind&_ In order to check the reality of this value, 
isothermal calorimetric measurements were performed 
by titration of calcium-free protein with CaCIz as well 
as reverse titration ofcalcium-bound form with EDTA. 
Both titration procedures gave close results when the 
enthalpy of proton transfer between the EDTA and 
buffer was taken into account. This value which corre- 
sponds only to the binding of Ca** ions to the high- 

Fig. 4. Dependencies of A& of parvalbumin on melting tem- 
perature. Filled squares: scanning calorimem data in neutral 
and alkaline pH-ranges, CaClz concentration from lo4 to 
10” M; Wed circles: isothermal CaClz and EDTA titration 
data at pH S-7.5; open circles: Ati& values replotted from 
fig_ 3 after correction for ionization enthalpy; open squares: 
values for calcium-free protein in IO mM sodium phosphate, 
5-10 mhl NazEDTA pH 7.5, and various NaQ concentration 
(from zero to 2 IS). 

affinity sites, is equal to 75 2 10 kJ mol-l at 20°C and 
low ionic strength, and is in a good agreement with the 
value men.tioned above. To check the correctness of 
scanning data at alkaline pH, where the contribution 
ofionizaGon heats oflysines to A,,Hmight be high, 
we have performed isothermal experiments at neutral 
pH in the temperature range of 47--60°C. From the 
consideration of the melting curves obtained at low 
ionic strength in absence of Ca2*, it is seen that at 

these temperatures calcium-flee protein is completely 
denatured. Therefore the treatment of calcium-bound 
protein by EDTA at these temperatures must lead to 
protein structure denaturation. The results obtained 
in these experiments are also plotted in fig. 4 to dem- 
onstrate their coincidence with scanning data. 

4. Discussion 

Though *he enthalpy of pH induced conformation 
transition is lower than the values obtained in scanning 
and EDTA treatment experiments, ihere is still a satis- 
factory agreement between all these three sets of data. 
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Fig. 5. pH dependence of the apparent Grbbs energy of pro- 
tein structure stabilization. L&G values calculated using eq. 
(2) from scanning data arc -jven for comparison. Open circles: 
in 0.033 M Ccc12 solution, potentiometric titration; Wled cir- 
cles: in 0.1 M KCl, lo4 M CaCi2, potentiometric titration; 
open squarer in IO4 M CaC12. sunning calorimetry; filled 
square: in 5 mhr Naz EDTA, scanning calorimetry. 

We have a similar concordance for Gibbs energies of 
protein structure stabilization at 25°C and 10M4 M of 
CaCI, calculated from the calorimetric data using eq. 
(1) and from the potentiometric titration data using eq. 
(2) (see fig. 5). The existing small difference both in 
the enthalpy and Gibbs energy changes for calcium- 
bound form melting might arise either from imperfec- 
tion of the system, i.e. irreversibility and complexity 
of the heat denaturation in presence of CaZi and also 
irom aggregation phenomena at acid induced transi- 
tion, or from incompleteness of this transition_ The 
latter possibility is real since the optical data [6,7] 
could be interpreted in terms of existence of some 
residual structure at pH 2. However, our attempts to 
detect an additional heat effect in the scanning calo- 
rimeter at pH 2, as well as by GuHCl treatment of 
acid denatured protein in isothermal experiments were 
not successfu!. Thus, though we can not rule out the 
possibility of residual structure existence at acidic pH, 

it could be concluded that protein structure after acid 
denaturation does not differ noticebly from the heat 
denatured state, while they both do not differ from a 
random coil in the enthalpy scale. In other words, the 
observed thermodynamic fur, :tion changes could be 
considered as true parameters reflecting native structure 
stabilization as compared to a completely disordered 
state. 

Zf this be so, it would bc ‘yteresting to compare the 
results of this work with thase for other small compact 
globular proteins_ The value of specific AtrsCp for par- 
valbumin is of the same order as for other proteins 
studied before [I I] _ Moreover, the extrapolation of 
specific enthalpjr of denaturation to 11 O°C gives exact- 
ly the same value that was found for other globular 
proteins, i.e. 50 3 g-l [ 111, both for dalcium-bound 
and calcium-free forms of the protein. This implies 
that they are typical representatives of small globular 
proteins. 

The important role of tightly bound calcium ions 
in the maintenance and stabilization of the native par- 
valbimun structure was demonstrated by a number of 
techniques including X-ray data [ 11, N?vlR [5,8] and 
optical methods [4,6.7] _ Therefore it is not surprising 
that we have observed gross changes in thermosta- 
bility and Gibbs energy at calcium removal. But the 
striking feature is that the stabilising effect of Ca2+ is 
of an enthalpy nature. I: is known that binding of di- 
valent ions by the chelating agents like EDTA or EGTA 
is accompanied by negligible heat effects and high en- 
tropy changes. Thus, since the binding sites in parval- 
bumin are formed mainly also by carboxyl groups, one 
can assume that the observed heat effect should be 
ascribed to a conformation transition in protein. In- 
deed, +he existence of changes m protein structure was 
shown by various techniques [7.8]_ Donate and Martin 
[7] have observed the change in CD absorption at Ca’+ 
removal which was interpreted as a decrease in the Q’- 
helical content corresponding to ?he disruption of one 
of the six helical regions. It is difficult to say, how- 
ever, which part of the observed heat effect reflects 
the conformation transition itself. Recently a similar 
heat effect has been reported jlS] for Ca’+ binding 
by troponin C. At the same time it has been shown 
that the heat effect per each binding site has the same 
magnitude of 32 kJ mol-’ , though detectable changes 
in protein structure as shown by a number of methods 
occur at calcium binding to only two of the four high 
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affinity sites. This fact could mean that the main part 
of the heat effect of Ca’+ -sinding either to the parval- 
bumin or to troponin C is connected with a change of 
Ca2+ environment, while the heat effect of secondary 
structure change is compensated essentially by heat of 
the rearrangement of the tertiary structure or protein- 
solvent interactions. 

Considering the thermodynamic properties of the 
calcium-free state, it should be noted that this struc- 
ture is under electrostatic strain due to the loss of four 
positive charges and the stabilizing effect of mono- 
valent cations can be explained by the screening of 
electrostatic repulsion in the negatively charged clus- 
ters which are bindicg sites. Since the interactions 
with monovalent ions are not usually accompanied by 
heat effects in absence of a conformation change, the 
observed dependence of A,,&(-Ca) on Ttr5 corre- 
sponds to the real dependence of the enthalpy of pro- 
tein structure stabilization on temperature, i-e_ to the 

real ACp value. According to the existing hypothesis, 
the heat capacity change at denaturation arises from 
the exposure of apolar groups to water. If this is so 
and all the heat effect as well as the increase of ACp 
at calcium release are bound with a conformation 
change, a larger number of apolar groups can be pro- 
tected from water in the calcium-free form in com- 
parison with the calcium-bound one. In any case, the 
interception of the enthalpy dependencies at 3 10°C 
must impiy a compensation of a possible loss in hy- 
drogen bond content by other interactions having a 
higher temperature dependence of the enthalpy. 

The knowledge of Gibbs energies of protein struc- 
ture stabilization in the presence and absence of cal- 
cium allow? us to estimate calcium binding constants 
for high affir.ity sites. To this end it is better to use 
the value of A,,G(+Ca) at lOA M CaC12, as the con- 
tribution of low affinity sites to AG can be neglected 
at this calcium acrivity [3] _ 

Assuming a noncooperative binding of two Ca2* 
ions [3,7] with equivalent binding constants Ka, the 
following equation can be written for the equilibrium 
constant K, for transition between calcium-free and 
calcium-bound states: 

A’ e = prCa,]/[Pr] = K* [Ca*+]* a 9 

which corresponds to AG, 

AG, = -RThK, = -2RTin (K-, [Ca2*]) _ (4) 

The total change in Gibbs energy in the process of 
denaturation of calcium bound protein can be pres- 
ented as a sum 

AtrsG(+Ca) = -AG, + A,,,G(-Ca) . 

Combining equations (4) and (5) we get for Ka 

(5) 

j&=-L 
At,,G(+Ca) - A,,,G(-Ca) 

[Ca2+] 
cxp ( 2RT )- (6) 

The substirution of numerical data at 25°C and Cazi = 
lo4 M (see fig. 5) gives the value of order 3 X lo7 
M-l for Ka. This value is in a reasonable agreement 
with those published for other parvalbumins [3]. 
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