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Abstract  

A theoretical model is proposed for the prediction and analysis of the acid-base calorimetric titration of proteins. The model 
is based on the inclusion of the additive calorimetric contributions in a semi-empirical electrostatic method. Any electrostatic 
approach predicting pKa values can be used for the analysis of calorimetric titration curves. The first step in the treatment is to 
find relationships between the ionization enthalpies of titratable amino acid residues and the relative solvent accessibilities of 
their ionizing atoms (AAi). This is achieved on the basis of relations between the experimental values of enthalpies of the 
ionization of appropriate model compounds in aqueous organic solutions and their dielectric permeabilities. The predicted 
calorimetric titration curves of myoglobin, cytochrome c, ribonuclease A, lysozyme and ~-chymotrypsin are compared with 
the available experimental data. Our results describe qualitatively the calorimetric titration of the first four proteins, while 
assuming a possible artifact in an experimental lysozyme calorimetric titration and predict the titration curve of a- 
chymotrypsin. This paper also presents the development of an analysis of the differential calorimetric titration curves, which 
can describe the contributions of individual ionizable groups. Such an analysis is demonstrated for the case of ferri- or ferro- 
cytochrome c as an example. © 1997 Elsevier Science B.V. 
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1. In t roduc t ion  describe mainly the temperature-dependent properties 
obtained by the method of adiabatic scanning calori- 

Calorimetry is one of the most direct methods of metry, i.e. measuring the temperature-dependence of 
biophysical molecular studies in the thermodynamics heat capacity. This method usually evaluates the 
of biopolymers [1,2]. However, the integral character changes in protein stability with respect to pH [6], 
of calorimetric data restricts the amount of informa- which reflect changes in the electrostatic terms of 
tion that can be obtained at the atomic level. In order to the free energies. A simplification is possible when 
overcome this difficulty, a numberofmodels ,  based on measurements are carried out by this method in a 
the additivity of thermodynamic functions, have been narrow pH range. In this case, the heat capacity (Cp) 
developed [3-5]. However, most of these models is pH independent, which permits a unification of 

the Cp values. However, it is shown that the Cp values 

*Corresponding author. Fax: +359-2 700225; e-mail: mmite- of a number of models of ionizable groups are pH- 
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include a number of ionizable groups, have also between the measured and the calculated AHion(pH) 
pH-dependent heat capacities as an intrinsic of these proteins are analyzed. 
property. 

Meanwhile, numerous calorimetric titrations of 
proteins and their complexes have been performed 2. Methods 
using batch and flow calorimetry [7-12]. A new 
sensitive instrument has been built for calorimetric 2.1. Method of  electrostatic calculations 
measurements [13] specially adapted for any type of 
titration experiments, including acid-base titrations. The electrostatic calculations are based on a semi- 
In the case of acid-base calorimetric titration, an empirical approach described earlier [23,26]. As input 
apparent quantity is the pH-dependent enthalpy (heat data, the method requires: (1) the atomic coordinates 
of ionization, AHion). The measured AHio n values of protein molecules from the Brookhaven Protein 
consist of enthalpy contributions of all ionizations Data Bank (PDB) [27]; (2) the list of the intrinsic pKa 
in the given pH range. The structural dependence of (pKint) of all titratable groups [17]; and (3) the para- 
the ionization enthalpy requires knowledge of the meters ak of the empirical electrostatic potential func- 
electrostatic interactions in the investigated system, tion W(r o) of pair- interactions: 

In order to explain the electrostatic interactions in W(rij) = ak/(rij) ~ (1) 
proteins, a number of theoretical, microscopic and 
macroscopic approaches have been developed [14- where r 0 is the distance between the charges i andj.  
20]. Most of them describe the pH-dependent states or The values of the parameters at are chosen in such a 
processes and can predict the potentiometric titration way, that the potential function obtained should cor- 
curves or include them for parameterization. The respond to the experimental titration curve of the 
ionization of each acid-base group is accompanied protein [23]. 
by enthalpy changes which can be experimentally The effect of a charged multipole on the dissocia- 
measured by calorimetric titration. Consequently, both tion of a given ionogenic group i, is described using: 
potentiometric and calorimetric titration curves are 
naturally related, pKi ~ pKint,i + ApKi (2) 

The purpose of the present work is to develop an where 
appropriate model for the prediction and analysis of 

1 calorimetric titration curves of proteins. Different A p K i  = ( - - 2 . - g - ~ ) Z ~ r j g J ( P H ) [ W ( r i j ) -  C] 
electrostatic methods determining pH-dependences j¢i 
can be used for such analysis. However, the models × (1 -SAi j ) .  (3) 
utilizing microscopic and finite-difference approaches 
are very time consuming when a number of pH- In Eq. (3)aj = 1 for basic groups and crj = - 1  
dependent calculations are made. A comparison for acid groups; zj is the charge of the ionizable group; 

C is the Debye-Hfickel correction accounting for the between the semi-empirical and the conventional 
methods reveals approximately the same results ionic strength and SA 0 is the static average acces- 
[21,22]. A fast and adaptive semi-empirical approach sibility to the solvent as described by Lee and Richards 

has been chosen in this work [23]. Such an approach, [28]. 
and a model based on it, have been tested on a number An iterative procedure was applied to calculate pKi 
of proteins. Good correlation between the theoretical values for the titratable groups according to Refs. 
and experimental potentiometric titration curves was [23,26]. Following Ref. [15], the influence of the 
achieved for lysozyme, myoglobin, cytochrome c and solvation effects could be expressed as: 

ribonuclease A. Experimental calorimetric titrations pKPnt = PKiWt q- [AGX-p(x -)  
for these proteins have been reported elsewhere - AGw-p(XH)]/(2 .3RT)  (4) 
[7,8,10-12,24,25]. The pH-dependence of the heat 
of ionization of proteins can be reasonably predicted AGw-p(x - )  and AGsW-p(XH) are the differences 
by the model presented in this paper. The differences between the solvation energies in water and protein 
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mediums, of unprotonated and protonated forms, types of ionizable groups. On the basis of the pro- 
respectively. A linear relationship between AGs w-p, portionality between AHionj and pKj, Eq. (5) can be 
pKa, and normalized atomic accessibility (AAi) is multiplied by some constant k' giving: 

proposed [23]: Z~Hiond = A/-/~ion~/-- k'(1 - AAj) (7) 

pKPnt = pKWt - f f ik(1 - AAi) (5) 
where ,~Hionj is the enthalpy of ionization of the j th 

where k is a coefficient which is liable for type titratable group in a protein, A/-/~ion~/ is the 
parameterization and it is assumed to be 1 in this enthalpy of ionization of the same group in aqueous 

work. solution. Therefore: 

2.2. The  c a l o r i m e t r i c  m o d e l  -AHion j  = a . A A j  + b (8) 

where a = - U  and b =--A/~ion J + U. The linear 
The main assumption in the present model is the relationship obtained between AHionj and AAj, is a 

proportionality between the degree of ionization and reasonable assumption. Such linear relationships were 
the heat of ionization (z~hion,i)of each titratable group experimentally demonstrated for some atomic sur- 
i. A linear correlation has been found between the faces and their hydration energies [30]. 
enthalpy and free energy of ionization for some car- In order to obtain the values of the slopes in the 
boxylic acids [29]. It is assumed that such a linear Eq. (8)for  the different types of titratable amino acid 
relationship could be applied for each other type j of residues, we have used the experimental data from the 
ionizable groups in proteins in different solvents: literature (see references in Table 1) for the heat of 

z21Hionj = A × pKj  - B ,  (6) ionization of a number of model compounds in water 
organic solutions at different concentrations. The 

where A and B are different constants for the different values of Anion,/ of the model compounds depend 

Table 1 
Experimental data of ionization enthalpies of model compounds of amino acid residues 

Residue Model Organic Molar part of the organic solvent (xl) Reference R 
compound solvent 

0.0 0.2 0.4 0.6 0.8 1.0 

1 2 3 4 5 6 7 8 9 10 11 

Asp Acetic 
Glu acid CHaOH (7.5) a 1.7 - 1.2 - -  - -  - -  [41] 0.981 
CTR 

His Imidazole CH3OH (38.9) (35.9) 35.1 31.4 30.9 29.7 [42] 0.974 

Cys Glycodimercaptoacetate CH3OH (28.9) (23.8) (18 .0 )  (15.5) (13.0) (10.9) [43] 0.977 

Tyr Phenol CH3OH 23.0 22.6 20.9 19.7 18.8 18.0 [44,45] 0.990 

Lys n-Butyl CH3COCH3 58.6 36.4 25.1 19.7 12.6 10.5 [46] 0.942 
NTR amine 

Dielectric constant c of aqueous-organic solutions at corresponding molar parts of the organic solvent 
CH3OH 80 63 52 43 37 33 [47] 
CH3COCH 3 80 55 40 34 25 22 

Columns 4-9 show values with opposite sign of the ionization enthalpies (kJ mol l) of the model compounds at given molar parts (0.0-1.0) of 
the organic solvent in aqueous-organic solution. 
R - correlation coefficient obtained by linear regression analysis on the shown experimental values. 

a - -  the values in parenthesis are averaged on the basis of the precise experimental values by linear regression analysis. 
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on the effective dielectric permeabilities (e) of  the Table 2 
Ionization enthalpies and parameters of the correlation lines local surroundings. The value of e is frequently pre- 

sented as a function e(R), where R is the radius-vector -AH~o,j = a AAj+b for titratable amino acid residues 

of  the given charge to the centre of  the molecule. Residue _AH0io" c Parameters 
Another approach, based on static accessibility (SAi), a b 

can be applied to improve this approximate evalua- 
Asp 7.5 21.75 14.25 

tion. Such an approach describes the relative exposure 
of  the ionizable group to the solvent. The specificity of Glu 1.7 21.75 20.05 
acid-base equilibria requires the use of more precise CTR 
values, i.e. the relative atomic accessibilities (AAi )  of 

His 29.7 9.24 20.46 
the ith proton binding site of  each ionizable group. The 
contact of  water molecules with the proton binding Cys 28.9 17.84 11.06 
sites, rather than the entire amino acid residue, is 
important for the ionization process. The empirical Tyr 25.1 5.37 19.73 
correlations between the AHionj of  the jth type of 
model compounds of  ionizable groups in proteins and Lys 53.6 45.33 8.27 

AAj are computed in two consecutive steps: NTR 43.9 45.33 1.43 

1. The experimental values of  AHionj for a model Arg 56.9 0.00 56.9 
compound are plotted against the values of  molar 
part (Xl) of organic solvents (mainly methanol) in a and b - The parameters from Eqs. (8) and (9). 

c - Ionization enthalpies (kJ mol 1) of amino acids in aqueous 
aqueous-organic solutions (Table 1). The values of  solution [48-53]. 
e corresponding to the molar parts x~ for the 
solutions are also taken from the literature (see 

values in Table 1). The correlation between The model combines the pH dependent degree of  
AHionj and e was obtained by excluding x~ dissociation, c~i, with AHio, values with a negative 
values. 

2. A relationship between AAj and of  e the surround- sign at deprotonation [8]. Thus, the ionization 
enthalpy which depends on the AAj of  each ionogenic 

ings of  the jth group, assumed on the basis of  the amino acid residue (Ahion,i), is calculated as a function 
reverse Bjerum plot [15], was used in the range of  pH using: 
AAj=0.3-1 .0  which corresponds to e = 35 - 80. 

The values of  the parameter a in Eq. (8) w e r e  Ahion,i = -o~i(pH)(aAAj + b). (9) 

obtained by linear regression analysis of the experi- The AHion(pH) values for the whole protein are 
mental calorimetric data (shown in Table 1) as a obtained as a sum of the ionization enthalpies 
function of  AAj. The correlation coefficients Ahion,i(oLi) of each titratable group i in the computing 
obtained for the linear dependencies corresponding process. 
to Eq. (8) are also presented in Table 1. The values of  The model described here consists of  two parts: 
the parameter b in Eq. (8) were calculated on the basis 'electrostatic' and 'calorimetric'. It should be noted 
of  parameters a and the experimental values of AH°on that the first one can be derived from any appropriate 
of  amino acids in water (Table 2). The values of the method capable of  producing correct pKa values. The 
numerical parameters a and b are presented in total accuracy is mainly determined by the precision of  
Table 2. The pKa values of  all arginine residues are the o~ i values, as well as the uncertainty in the experi- 
very high and they have pH-dependent contributions mental AHionj values (see Table 1). The errors due to 
in the highly alkaline pH range (usually > 12). In this the uncertainty of  the degree of dissociation are up to 
pH range, the described model is not applicable. In 5%. The errors arising from the transformation of  the 
such a case, a constant value of  the ionization enthalpy experimental data for Z~Hionj(e) to AHion j (AAj ) ,  

of  arginine (AHion = - 5 6 . 9  kJ mol 1) was used. because of  the uncertainty of  the slopes of  correlation 
lines, are in the range of  6-8%. Thus, the total 
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inaccuracy of the model does not exceed 11-13%. It 3. Results 
should be noted that these errors lie in the pH range in 
which conformational changes of protein structure do The experimental acid-base calorimetric titration 
not occur and the model is acceptable. The main curves of myoglobin, cytochrome c, ribonuclease A, 
contribution to the calorimetrc titration curve is pro- lysozyme and cz-chymotrypsin have been published 
vided by the relation m h i o n , i ( o Q )  , (see Fig. 6A, curve elsewhere. These data were obtained at different 
2). The correction from AHionj(AAj) is relatively starting points (pH) of the titration procedure. In order 
small but includes the specificity of the protein struc- to compare all the theoretical and experimental 
ture (Fig. 6B, curve l). Different types of groups curves, the experimental data measured in the direc- 
participate with different relative errors, depending tion from basic to acidic pH were considered to have 
on the absolute values of their AHion,j. The relative an opposite sign compared to those obtained in the 
uncertainties in the measurements for carboxyl-con- direction from acidic to basic pH. So, the enthalpy 
taining residues (Asp, Glu, c~-COOH terminal group contributions of the deprotonation processes will be 
(CTR)) are high as their absolute calorimetric con- negative. The experimental calorimetric curves were 
tributions are small. In the cases of His, Tyr, Lys, and fitted to the calculated curves with optimal overlap- 
a-NH2 terminal group (NTR), the situation is ping in the acidic pH range. The acidic range was 
reversed. Therefore, the percentage of errors are chosen because the absolute error values were lower, 
smaller in the neutral and alkaline regions, since the enthalpy contributions of deprotonation of 

The developed model predicts both potentiometric the acidic groups were smaller than those of the basic 
Z(pH) and calorimetric AHion(pH)titration curves. In groups. All the experimental data are shown in the 
the case of Z(pH), all types of ionizable groups are figures as patterns of discrete circles. The predicted 
only distinguishable by the sign of the charge Z. calorimetric titrations are presented as solid lines. 
However, they have different group-specific contribu- 
tions to AHion (Table 2). Therefore, an independently 3.1. Myoglobin 
obtained acid-base calorimetric titration curve should 
be considered more informative with respect to the The theoretical curve of the ionization enthalpy of 
contributions of the individual residues than the poten- sperm whale myoglobin was calculated with the help 
tiometric titration curve, of its atomic coordinates (file "pdb4mbn.ent" [3 l] 

from PDB). The results are shown in Fig. 1 (curve 1). 
2.3. Analysis o f  the differential titration curves The experimental data for the ionization enthalpy of 

myoglobin [7] are also shown in Fig. 1 (curve 2). The 
The ionization of each ionizable group is theoretical and experimental curves show excellent 

represented by the logarithmic curve agreement in a wide pH range, viz. 2.0-10.5. In the 
(log(cz/1-c~) = f ( p H ) )  based on the Henderson- acid range, the enthalpy contributions are 
Hasselbach equation. The position of the maximum -145  kJ mol - l .  The AHion values in the neutral pH 
of 6Ahion, i in the pH scale appears at the middle of range vary from - 1 9 0  to - 7 5 0  kJ mo1-1, because of 
ApKaj. The value of 6mhion, i is proportional to ApKaj the large number of His. residues in myoglobin. The 
provided that - 1 < pKa,i _< 1 (which is the most usual magnitude of the enthalpy contribution is 
case). Beyond this interval, t~Ahion,i tends to reach a -125  kJ mo1-1 in the 10.0-11.5 pH range, respec- 
maximal, constant value of  Ahion, i. The pH-dependent tively. The alkaline denaturation is associated with 
contributions, ~Ahion,i, of the individual ionizable positive enthalpy contributions above pH 11.5 (curve 
groups with maximal Apga, i can be evaluated using 2). 
this model and then incorporated on the graph together 
with the total 6AHion(pH)-curve. The comparison 3.2. Cytochrome c 
between 6Ahio~(pH) of the individual group and 
6AHio~(pH) of whole protein gives information about The theoretical calorimetric curve of ferro-cyto- 
the residues, which are most influenced by change in chrome c was computed using the atomic coordinates 
pH. from X-ray structure of horse-heart cytochrome 
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Fig. 1. The pH-dependence of the ionization enthalpy of myoglobin: (1) (solid line) calculated results; and (2) experimental results [7]. 
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Fig. 2. The pH-dependence of the ionization enthalpy of horse heart ferro-cytochrome c: (1) (solid line) calculated results; and (2) 
experimental results [11]. 

c (files "pdb2pcb.ent"  [32] and "pdblhrc .ent"  [33] residues is two. There is an obvious difference 
from PDB). Fig. 2 presents the obtained theoretical between the experimental  and theoretical curves 
results (curve 1) compared with the experimental data above pH 8.5, which is significantly more than the 
[11,12] (curve 2). There is a good agreement between uncertainties of the model. The values of AHion 
the theoretical and experimental  results in the pH 3.0-  changed from - 125 to - 6 7 0  kJ m o l i  in the pH 9 -  
8.5 range. The values of  AHion change from 45 to 12 range. The results obtained for ferri-cytochrome c 
- 1 4 5  kJ r n o l i  in the pH 2.0-8.5 range. The changes were similar to that obtained for ferro-cytochrome c. 
in the neutral range are minor, since the number of  His. The analysis of  the ionization changes for the different 
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groups resulting from the appearance of  a positive [8,10]. The theoretical curves, 1 and 3, are in relatively 
charge on the heme, Fe, in the ferro-ferri redox good accordance with the experimental data obtained 
transition and the differential curves, calculated from at an ionic strength I=0.15 (curve 2) [8], although they 
the differences of  calorimetric titrations of  ferro- and are not in agreement with the experimental data at a 
ferri-cytochrome c (theoretical and experimental low ionic strength, •=0.05 (curve 4) [10]. The theo- 
data), are presented in the discussion, retical curves, 1 and 3, differ significantly for pH>10. 

The experimental data at the higher ionic strength 
3.3. R i b o n u c l e a s e  A (curve 2) are in relatively good accordance with curve 

1. However, curve 4 significantly differs from curve 3 
Two sets of  experimental data for calorimetric for pH>6. This difference is more than the expected 

titration of  ribonuclease A have been previously uncertainty. Obviously, pH-dependent processes occur 
reported [8,10]. The coordinates of ribonuclease A in this range. 
(file "pdb7rsa.ent" [34] from PDB) were used in 
calculations of  theoretical pH-dependent AHion 3.4. L y s o z y m e  

values. The results are presented in Fig. 3, where 
curve 1 corresponds to an ionic strength I=0.1 and The calorimetric titration curve of  lysozyme is also 
curve 3 corresponds to I=0.  The curves of  the ioniza- theoretically predicted. The crystallographic coordi- 
tion enthalpy of  ribonuclease A can be divided into nates of lysozyme (file "pdb71yz.ent" [35] from PDB) 
three parts. The first one is located in the acid pH 2-5 were used in the calculations. The results are shown in 
range and is characterized by relatively small changes Fig. 4 (curve 1). The values of  AHion change from 
in the Anio n values. In the pH 5.5-8.0 range (where - 3 8  to - 9 2  kJ mol 1 in the acid range, with pKapp 
the titration of  His. residues was carried out), the about 4. The changes in the neutral pH range are minor 
Anio  n values decreased from - 146 to - 2 3 0  kJ mo1-1, because the lysozyme has only one His. residue. There 
The values of  AHio n reached - 5 4 5  kJ mol 1 in the is a - 5 4 5  kJ mo1-1 enthalpy contribution with pKapp: 
9.5-12.0 basic pH range. The corresponding experi- 11.8 in the basic range. The experimental data [24,25] 
mental data are shown as curves 2 and 4, respectively are also shown in Fig. 5, curves 3 and 2, respectively. 
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80 
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3 5 7 9 11 13 

pH 
Fig. 3. The pH-dependence of the ionization enthalpy of ribonuclease A: (1) (solid line) calculated results, 0.15 M ionic strength; (2) 
experimental results [8], 0.15 M ionic strength; (3) (dotted line) calculated results, 0.05 M ionic strength; and (4) experimental results [ 10], 
0.05 M ionic strength. 
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Fig. 4. The pH-dependence of the ionization enthalpy of lysozyme: (1) (solid line) calculated results; (2) experimental results [25]; and (3) 
experimental results [24]. 
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Fig. 5. The pH-dependence of the ionization enthalpy of c~-chimotrypsin: (1) (solid line) calculated results; and (2) experimental results [9]. 

The theoretical curve (curve 1) is in good accordance transition with pKapp: 5.2 in the pH 4-7  range. The 
with curve 2 and the part of  curve 3 in the pH 2.0-4.4 large discrepancy observed between the experimental 
range. However, there is a large difference between the data from elsewhere [24] (curve 3) and the theoretical 
curves 1 and 3 in the 4 .5-12 pH range. The experi- curve cannot be explained by the dimerization of  the 
mental curve (curve 3) reveals a complex sigmoidal molecules of  lysozyme in the pH 4-7  range. 
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3.5. ot-Chymotrypsin number and orientation of water dipoles, especially in 
the first hydration shells. Thus, a detailed analysis of 

The theoretical curve AHion=f(pH) of c~-chymo- the AHion(pH) curve gives an additional tool to under- 
trypsin was computed using the structure presented by stand the hydration reactions in proteins. Finally, it is 
atomic coordinates (file "pdb2cha.ent" [36] from obviously related to other more sensitive character- 
PDB). The theoretical curve (curve 1) and experimen- istics of the pH-dependent pre-hydration of charged 
tal calorimetric data (curve 2) [9] are shown in Fig. 5. protein surfaces, e.g. pH-dependent adiabatic com- 
The calculated curve 1 consists of three regions. In the pressibility. 
first, pH 1-4 range, the enthalpy contribution is The exploitation of the simplified relation 
65 kJ mol 1. In the second, pH 4.5-8 range, AHion pK = pg~int --  ~rk(1 - A A j )  (see Eq. (5)) and its trans- 
values change from -145  to - 2 5 0  kJ mo1-1. In the formation into A H i o n j  = A/-/~ion J - - k ' ( 1  - A A j )  (see 
basic, pH 8.5-12.0 range, AHion values reach below Eq. (7)) can be taken as an appropriate approximation. 
- 6 7 0  kJ mo1-1. Thus, the results obtained can be used The results obtained from the described model and 
for predicting experimental data. their comparison with the experimental data justifies 

this suggestion. If the hydration of an ionizable group 
is important for AHio~ production, there is a physical 

4. Discussion reason for the validity of such a simple relationship. 
Using the relationship between AHionj and AAj 

The potentiometric titration curve Z(pH) is widely introduces some details of the molecular structure 
used as an integral characteristic of the electrostatic into the model. Accounting for the protein structure 
interactions in proteins. It can be predicted by a by use of atomic accessibilities is very important, 
number of approaches based on finite difference tech- especially in the pH 2-6 and 9-11 ranges, where a 
niques [ 19,20] or by utilizing semi-empirical methods number of groups with very close values of pKa are 
[16]. However, the use of Z(pH) provides an insuffi- being titrated. This was shown for ribonuclease A 
cient basis of data for construction of reasonable using two different theoretical models. Fig. 6A shows 
models for large complex systems such as protein the theoretical calorimetric titration curve obtained 
molecules with multiple charges. Therefore, other from the proposed model (curve 1) and curve 2 
integral characteristics are required for such purposes, calculated by the simple theoretical model, without 
In the present study, the acid-base calorimetric titra- the corrections of the AHio, values which depend on 
tion curve, AHio~(pH) is analyzed in the same manner the AAj and the individual pKa values. The differential 
as the potentiometric titration curve Z(pH). The values curve obtained from the differences of the curves 1 
of AHionj are specific for each type of groups j and and 2 is shown in the insertion (B). The nonlinearity of 
they have different sensitivities to the solvent exposure this differential curve shows that the corrections for 
of the ionizable sites. The introduction of a phase AAj values (based on the 3D structure) are not linear 
diagram, such as Z/AHio~ (excluding pH dependence and are significant for the accuracy of the model. The 
from both the foregoing functions) in the semi-empiri- greatest deviations occur in the pH 2-6 and 9-11 
cal calculations, will increase the accuracy of the ranges (Fig. 6B). These deviations are apparently 
developed electrostatic model, related to the ionization of the carboxylic and amino 

The proportionality between the AHion and pKa groups. 
(both determined independently) [29] for the process 
of ionization in a given solvent reflects the enthalpy- 4.1. Parameters and absolute scale o f  calorimetric 
entropy compensation phenomenon [37]. It is typical titration 

for processes in condensed phases (solute-solvent 
interaction) and is manifested very well in the case A number of studies have provided values of the 
of proteins. Most probably, this relationship reflects heats of ionization of amino acids in aqueous solution 
the correlation between the ionization state of a given (Table 2). The ionization enthalpies of amino acid 
group and its hydration. Obviously all changes in the residues were obtained from experimental data for 
ionization state of acid-basic groups will alter the appropriate amino acid derivatives and other model 
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Fig. 6. Comparison of the calculated calorimetric titration curves of ribonuclease A by two theoretical models. Model A, curve 1 : theoretical 
results of the model accounting for pKa values and AH~,,n with corrections for atomic accessibilities AAj of ionizable amino acid residues; and 
curve 2: theoretical results of the model accounting for pgintj and AHio, values of ionizable amino acid residues. Model B: differential curve 
obtained from the differences of the curves 1 and 2 in Fig. 6A. 

compounds (Table 1). The published literature does the free-electron lone-pairs (two at the oxygen and one 
not offer a full set of  data for AHion values measured in at the nitrogen atoms). Thus, the carboxylic group 
the same aqueous organic solvent. An optimal set remains mainly as a proton-acceptor for four water 
characterized by a minimal number of  organic sol- molecules, before and after ionization. The amino 
vents (mainly methanol), is shown in Table 1. The group is a proton acceptor for one water molecule 
data can be divided into two groups, one with large and and proton-donor for two water molecules before 
another with small AHion values. The first group (Lys, ionization and donor for three water molecules after 
Arg, NTR, Tyr) is mainly titratable in the basic range, ionization. 
The second group (Asp, Glu, CTR) is titratable in the In the case when the model  compounds represent 
acid range. These differences are probably due to the amino acid residues in proteins, the structural 
different degrees of  hydration of  the sites, which surroundings can strongly influence the hydration of  
are the number of  water molecules directly hydro- a given group, mainly by decreasing it. This process 
gen-bonded to the proton-binding sites, and the can be simulated using a simple relationship between 
changes in the degree of  hydration during the process the dielectric constant in the aqueous-organic solvent 
of  ionization. In the case of  carboxylic groups, when and AHion (Table 1) and, alternatively, between the 
the changes of  ionization do not lead to change in dielectric constant and the atomic accessibili ty [17]. A 
hydration, the contributions of  enthalpy ionization are simple model  describing these relationships is asso- 
minor  (6+  1.5 kJ too l - l ) .  In the case of  amino groups, ciated with the contact area of ionizable groups and the 
the ionization enthalpy is higher because of  mutual polarizabil i ty of  the surrounding atoms. The linear 
changes of  ionization and hydration. Obviously, the relationship between the atomic/molecular  surfaces 
basic difference between the two types of group is due and free energy of  transfer from water to media with 
to a hydrogen-bonded capacity and to differences in 
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different dielectric constants is well known and widely 3.0-10.5 range (Fig. 3). The small difference in pH 
used [38]. (5-9) can be explained by taking into consideration 

The experimental data available on calorimetric pH-dependent changes between several conforma- 
titration show that many investigators use their own tional forms (which differ little in structure due to 
starting point of titration depending on sample pre- the presence of some histidyl residues). The measure- 
paration. In order to standardize the process, the origin ments at high ionic strength (curve 4) show a remark- 
of the scale may be taken as zero at very low values of able difference in the pH 7-8 range. This difference 
pH or extrapolated to zero pH. All the deprotonations cannot be explained as a salt-effect of the ionization, 
in this case will be accompanied by negative AHion since the theoretical curve (curve 3) is the same as 
values and all the calorimetric titration curves will be curve 1 in this region. If the experimental results are 
comparable. Such a choice of the origin of the scale is correct, this is evidence for possible ionic-strength- 
a matter of convention. The origin of the scale could dependent conformational changes in ribonuclease A. 
also be placed in the high pH range. This is not In the case of lysozyme (Fig. 4), excellent agree- 
convenient, however, for experimental measurements ment was found between the theoretical and experi- 
and their comparison with theoretical calculations, mental results [25] in the pH 1-7 range. This protein 
Since the calorimetric contributions are small in acidic was primarily used for testing the electrostatic model 
regions, the curves would be relatively pH-insensitive applied here and the coincidence between theory and 
and the deviations would be low. This is the reason experiment was expected. However, a great discre- 
why the origin of the calorimetric titration curves pancy (Fig. 4, curve 3) with the experimental data 
should be positioned at the most acidic pH. from another source [24] was observed. The only 

titratable group in the pH 4.5-6.0 range with sufficient 
4.2. Coincidence between the experimental and contribution to AHion is the single His 15. However its 

theoretical calorimetric titration data ionization cannot explain the difference of 
250 kJ mo1-1 (from curve 3). Nevertheless, it is well 

As shown in the results, the agreement between the known that lysozyme undergoes dimerization in the 
experimental and theoretical data for myoglobin is pH 5-7 range [39]. The hiding of ionizable groups 
best from pH 2.0 to 10.5 (Fig. 1). Some small differ- which could be buried at dimerization, will decrease 
ences in the pH 7.5-9.5 range may arise from the the apparent enthalpy (see Fig. 1). In such a case, the 
abnormal titration of the half of the buried histidyl final effect would be opposite to the results seen in 
residues (B5, EF4, C1, etc.). Large differences appear Fig. 4. Therefore, we can only assume that the dif- 
above pH 10.5, probably due to structural changes in ference in the pH 4.5-7.5 range arises from the non- 
the molecule, which are not taken into consideration in compensated neutralization and dilution of the titrant, 
the model, as previously mentioned [24]. Curve 3 (Fig. 3) is 

In the case of cytochrome c (Fig. 2), good agree- practically parallel to the theoretical curve at higher 
ment between theory and experiment is found in the pH, up to pH 9. 
pH 3-9 range. However, in alkaline pH, the experi- Finally, the limited experimental data for the calori- 
mental curve starts to deviate from the theoretical one. metric titration of a-chymotrypsin in Fig. 5 are in 
In this pH range, the main contribution is due to lysine accordance with the theoretical curve 1. 
titrations (19 Lys residues in cytochrome c), which are 
the most flexible charged groups clustered in one 4.3. Differential calorimetric titration of  
moiety of the molecule. It can be hypothesized that cytochrome c 
the Lys residues change their positions in such a way 
that they decrease the electrostatic interactions among In order to deduce the structure-function relation- 
themselves. Their pKa undergo greater shifts and the ships of proteins (enzymes) from the calorimetric 
result is that the whole basic part of the curve shifts to model presented, it is necessary to compare the pH- 
lower pH values, dependent heat of ionization in different states (bound/ 

The calorimetric titration of ribonuclease A is in unbound, oxidized/reduced, holo/apo-enzyme, etc.). 
good accordance with the predicted curve in a wide pH In fact, the 6AHion(pH) curves give the "pure spec- 
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Fig. 7. Differential calorimetric titration curves of cytochrome c. (1) Differential curve obtained from the differences of experimental 
calorimetric titration curves of ferro- and ferri-cytochrome c [11] (circles); (2) differential curve obtained from the theoretical calorimetric 
titration curves of ferro- and ferri-cytochrome c without including water molecule in the vicinity of Met80 (solid line); (3) differential curve 
obtained from the theoretical calorimetric titration curves of ferro- and ferri-cytochrome c including the water molecule (dashed line); and (4) 
individual contribution of His 26 to the differential curve obtained from theoretical calorimetric titration curves of ferro- and ferri-cytochrome 
c (dots). 

trum" of interactions of "state"-dependent changes of A detailed analysis can be accomplished by calcu- 
charged groups, widely distributed in the molecule. It lating the differential calorimetric titration curve of 
is possible to make structural assignments of some each individual titratable group of the protein. In the 
differential peaks with the specific Ahion,i contribu- case of ferri- or ferro-cytochrome c, the contribution 
tions of corresponding ionizable groups, of His 26, with pK]/E 5.7 in ferri-cytochrome c and 

In the present study, such an analysis for the ferro- pK]/E 5.9 in ferro-cytochrome c forms is the only 
or ferri-cytochrome c has been made. The results are difference compared to the other ionizable groups 
demonstrated in Fig. 7. Both differential curves - (Fig. 7, curve 2). The pH-dependence of the differ- 
experimental curve 1 and theoretical curve 2 - have ential calorimetric curve of His 26 is presented in 
the same qualitative shape, but they differ in their Fig. 7 (curve 4). 
absolute scale. The similarity confirms the participa- Itisexpectedthatthetitrationcalorimetrywillundergo 
tion of the same groups in their interaction with the an extensive development in the next few years and we 
"excessive" electron (reduced Fe in the heme). It can hope that this study will contribute to this process. 
be assumed that the difference between the curves 1 Undoubtedly, the experimental results of acid-base 
and 2 in the pH 7.5-9.5 range might be due to the calorimetric titration could be used in order to improve 
influence of one "unusual" water molecule with pK]/e the semi-empirical models for electrostatic analysis in 
9.8 in the ferri- and pK~/2 10.6 in the ferro- form. This proteins. Thus, the models have to comply with both 
water is buried in the vicinity of Met80 and Fe from proton titration and calorimetric titration curves. 
the heme [40]. The enthalpy contribution due to this 
water molecule was not included in curve 2. However, 
the inclusion of Ahion,i(pH) for this water molecule in Acknowledgements  
calorimetric calculations (shown as the differential 
theoretical curve 3 in Fig. 7) gives the opposite effect. This work was supported by Grant No. X-429 from 
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