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THEEWODYNAMIC INVESTLGATIONS OF PRO’IEINS 

I. Standard functions for proteins with lysozyme as an example 

Received 16 Mzy 1975 
Revised manusctipt received 25 Xu@st 1975 

Adisect method is proposed for obtaining thermodynamic standard functions for native and denatured proteins using 
experimental data from sunning calorimetry. isothermal calorimetry and potentiomeuic titrations. The possibiliry of this 
approach is demons~ated on the example of iysozyme in the range of pH 15-7.0 and temperature 0-100°C. Tests for the 
validity of tke obtained functions of enthalpy and entropy are presenrcd in the form of cyclic pmcesses using experimental 
data obtained from thetmadynamicalIy different pathways. The Gibbs function is checked by comparison with results of 
an independent method. The methodic problems in determining and checking standard functions for proteins are discussed 
in detail. 

1-i. General 

Many problems concerning the physics of conform- 
ational transitions of proteins, the stabiIity of the spa- 
tial structure of biopolymers ar?d their participance 
in intermolecular interactiocs are too complicated to 
be treated thermodynamically. Proteins, in particular 
can exist in different states of biological significance 
such as in various conformational states, in l&and 
bonded forms, etc., and each of these states can de- 
pend on various states determ~ing various parameters 
Iike temperature, pN, activity of Iow and high moiecul- 
ar admixtures, etc. A description of biachemicaI sys- 
tems in terms of thermodynamic functions requires 
of course an adequate comprehensive treatment. 

Many efforts have been undertaken to determine 
the changes in enthalpy, entropy and Gibbs erterw 
especially upon unfolding of proteins (t-4]_ &for- 
tunately the thermodynamic parameters obtained un- 
der quite different conditions of temperature, pEi and 
denaturant are diftkult to compare and to use in prac- 
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tice. These difficulties result from limitations in know- 
ledge of the, functional dependences of AH, aS and 
LIG on external variables (c.f., for example, the data 
summarized for lysozyme [5]). Furthermore the most 
widely used, indirect methods for determining thermo- 
dynamic parameters (by means of the temperature 
dependence of ~e~odyn~ic equ~ibrium states) in- 
clude several principal a priori assumptions referring 
to distinct states and absence of intermediates. How- 
ever there is some doubt about the validity of these as- 
sumptions. 

These generaI problems in the thermodynamics of 
bioma~romo~ecutes competied an elaboration of ex- 
perimental procedures to obtain ffiermodynamic star& 
dard functions ofsfngle states of proteins in a wkIe 
parameter range without any t?.rf~ assumptions. Based 
on modern instrumentation evidence is given in this 
paper for the existence of distinct thermodynamic 
states using native and unfolded lysozyme as an exam- 
ple_ 

1.2. principles of the determination of thermodynamic 
standard fMncrions of proteins 

in~~it~~~~ changes of the enthalpy can be decom- 
posed in different terms representing variable parameters 
which influence the state of proteins: temperature, pH, 
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denaturant concentration, etc. (for simplicity other 
parameters are not considered): 

In this paper only temperature 3nd pH parameters 
are dealt with. The influence of the denaturant con- 
centration will be discussed in the followin paper 16). 

Taking the state of native protein at pH 8_ - 7.0, 
10 = 2S”C and the ionic strength P = 0.1 as st&&ard. 
we have for the thermodynamic functions ofnative 
protein: 

The temperature dependent term in eq. (2) con- 
tains the partial heat capacity of the native protein in 
solution at given pi-i, (CP$t, which is itself a temper- 
ature dependent function. This function is deterrnin- 
able experimentally even in diluted solutions using 
scanning microcatorimetry. The pH-dependent term 
&‘ugN(pH) describes the molar heat evolved on titra- 
tion of native protein with initial pHO 5 7.0 at 2S°C. 
Sir& titrations can be performed using isothermal mi- 
crocalorimetry. 

Similarly, for *&e standard entropy we obtain: 

fl*‘CT, PH) = &( $$jH dT* s”($$d PH 
PH* 

= T fC,& s 
TO T 

dT + SeWN (pH) . (3) 

Eq. (3) contaiins also the temperature dependent 
function of the partial heat capacity [C’]pNH. The pK- 
dependent term of the standard entropy S”pN(pH) can- 
not be obtained directly, but can be calculated if the 
standard enthalpy gTN(pH) and the standard Gibbs 
function GOpN(pH) are known for the given standard 
temperature of 25°C. The latter function can be ob- 
tained from potentiometric titrations [see subsection 
3.2, eqs. (9) and (IO)). Using these functions we have 
for the pH&pendeut term of the standard entropy: 

(4) 

Finally, for the Gibbs enera of native protein w.2 have: 

GovN(T, pH) = tiPN(Z-, pH) - TtiVN(T, pH). (5) 

Corresponding functions for the denatured state can 
be calculated using the standard functions of the native 
state and the denaturational changes in enthalpy, entrc;F 
py and Gibbs energy. As (&G,)T~ = 0 at the tempera- 
ture of denaturation (Td), we have OS, = eH,/T, for 
the denaturational change of entropy. AS, _ Thus for 
the denatured state: 

G’(I-, pH) =HD(T, pH) - ZXD(T, pH) . (8) 

Thus, ah the data needed for establishing the com- 
plete thermodynamic standard fucntions can be obtain- 
ed by a combination of the follorving experimental 
methods: scauning microcalorimetry, isothermal calori- 
metry and potentiometric titration. The methodic pro- 
blems of this approach using lysozyme as the object are 
considered in this paper. 

2. Afate&& and methods 

CammerciaI hen egg white lysozyme (Reaual CO., 
Hungary) was twice recrystallized and checked as de- 
scribed elsewhere 171. Stock solutions in 0.1 M Nail 
were extensively dialyzed at 4OC against 0.1 M NaCl 
adlusted with KCI to pH 4.8 to remove inorganic im- 
purities influencing the results of calorimetric and pu- 
Centiometric titrations. Protein concentrations were 



measured with a Hitachi 124 spectraphotometer taking 
the optical density of 1% sotutions at pH 7 and 280 
nm as 26-Q Es{_ The molecular weight was taken as 
14.307 daltons. All solutions were prepared from 
analytical grade reagents and glass bidistilled water. 

pH measurements and potentiometric titrations 
were performed with a Model 262 pH+meter (USSR) 
using electrodes type EsL43-07 and ESL 63-07 and 
thermos&ted cells, Calibrations were done with four 
standard buffer solutions in accordance with ref. [PI- 

Scanning calorimetric measurements were carried 
out with an automated differential calorimeter [lOI 
at a heating rate of 1 de&min and ar protein concen- 
trations from 0.1 to 0.5%. 

Far isothermal calorimetric measurements an i_KB 
1070@ 1 flow calorimeter was used in combination 
with 8 thermostated fIow cell for pH measurements 
at the outlet tube of the calorimeter. The temperature 
deviation of the pH measuring cefl was less than 
*O.iV from the calorimeter working temperature. 
The latter was checked with a Hewlett-Packard quarts 
thermometer inside the calorimeter themlustat.. The 
electricsl calibration af the calorimeter was checked 
by sucrose dilution heat measurements and the heat 
of neutr~~tion of 0.01 M HCl with carbonate free 
NaOH, 

isothermal calorimetric measurements were carried 
out in the usual manner (see, for example, refs. [ 11, 
121) using 0.1 hl NaCl salutions with an initiaf KE- 
2.0% concentrator of protein. No influence of the 
lysozyme concentration and fiow rate on the result 
was found. The pW change was re&tered at the caior- 
imeter outlet simultaneously with the heat effect. 

In titrations with a&dine solutions COz-free KOEi 
prepared according to Kotthoffwas used. The amount 
of protons in the reaction was calculated from poten- 
tiometric protein titration curves, the heat of neutral- 
ization being taken as MY= -13.34kcalImol 1131. 

Potentiometric titrations of lysozyme at 3 con- 
stant temperature were performed in a thermostated 
10.0 ml vessel by a rn~crorn~ter syclnge using O,S- 1.0% 
protein solution in 0.1 hi NaCl with initial pH 4.80 f 

cl.02 at 25°C. CO 2 was exsiuded in all experiments 
with pH hi&er than 5. Several titrations were made 
in each case_ 

Measurements of lysozyme protonization changes 
(Av ualues) at elevated temp~ratuses were made by 
the pEGstat methad; 10 ml protein solutions (W?- 

0.8%) In 3.1 M NaCt were adjusted to the predetermin- 
ed pH values at ZS”C. Xhe temperature was then raised 
in Steps Of 5°C (1°C in the range of Eransition). After 
each step, readjustment of the pW to the initial value 
was performed by titration_ Correction values were de- 
termined in parallel experiments under the same condi- 
tions, but in solutions without protein. 

3. Experimenta 

3.1. Determitzatiorr of r&e renlperarure depettdetct terms 

Sc~ning calatimetry of protein s&tions allows one 
to determine the heat of confonnationai transitions and 
to measure partial heat capscities as a function of tem- 
perature before and after transition: It has been shown 
f4,71 that the heat capacities of native and denatured 
protein can be expressed by pi-independent, linear 
functions of temperature differing by a@ZJd values 
(see fig. I)_ The denaturational change of heat capacity 
al[C,l, was found to be independent of the pH and 
the denaturation temperature (7’J within the experi- 
mental error. The fallowing data (taken from refs. [4, 
71) were used for the c~cu~asion of the temperature- 
dependent terms in the standard functions of Iysozyme: 
a) Partial heat capacity of native Iysazyme in solution 

at 25°C and constant pressure, [C,]& = 4.57, 
tical molWLKW1 (pH independent). 

b) Temperature coefficient of partial heat capacity of 
native lysozyme in solution, dlCpl”JdT= 0.028, 
kcal mol-1 KW2 @H independent). 

c) Change in heat capacity due to denaturation, 

A&J, = 1.5’7 kcal mol-’ IS-’ (pH and tempera- 
ture independent)- 

T’E 

Fig. 1. Temperature d~p~~d~n~ of partiaI heat capacity of 
lysozyme at different pH of solution (15 and 4.5). 
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Fig. 2. Denaturation (half conversion) temperature versus pH 
at different experimental conditions. Curve a) o-o 0.04 hf buf- 
fer solution, curve b) 0-0 0.04 ht buffer plus 0.1 Al N&l. 
curve c) X -X 0.1 hI NaCl without buffer. 

d) blolar heat of denaturation as a function Of rd 

(“0 [A=%1 r, = 17.10 f I.5737 T, (kcal mol-I)_ 
e) The pH dependence of the denaturation tempera- 

ture Td (at which half the reaction iS observed) iS 

given for various experimental conditions in fig. 
2 representing the influence of the ionic strength 
and buffer content_ Curve (b) in fig. 2 is close to 
standard conditions and was used in all caicuIations 
except experiments performed without buffer (sub- 
sections 3.3 and 3.4 of this paper)_ 

Using these basic data we can obtain the tempera- 
ture dependent terms of the thermodynamic functions 
of the native and the denatured state of lysozyme sep 
arately as mentioned above [eqs. (2)-(8)]. 

3.2. Dererminuth of the pH_dependertr term 

The problem arises now to determine the terms 

pVN(pH) and Z?*N(pH) in eqs. (2)-(8). They repres- 
ent the change in enthaipy and entropy respectively 
for a molar protein solution when the pH is changed 
from pH” = 7.0 to any given value at fl = 29C. 

In the range of our measurements the lowest con- 
version temperature in unfolding of lysozyme is 48°C 
at pH 1.5 (figs. I and 2). The high thermal stability 
of lysozyme enables experimental investigation of 
native lysozyme in the whole pH range at 25”C, i.e. 
determination of the functions fl*N(pH) and 1 
G”sN(pH) without the influence of denaturation. 

PH 

Fig. 3. pH dependence of lysozyme enthalpy at 2S’C. meas- 
ured by calorimetry (solid circles: initial pH 4.80 r 0.02; open 
circles: initial pH 7.00 * 0.02). 

The pH dependence of the standard enthalpy of na- 

tive lysozyme was measured by isothermal calorimetric 
titrations at an ionic strength of p = 0.1 and at 10 = 

25Y. The results are given in fig. 3. The curve is stan- 

dardized to $$ = 0 (standard state) and corresponds 
to the negative integral heat of ionization of individual 
groups responsible for proton dissociation in the inves- 

tigated pH range. 
Determination of G”*N (pH) is possible by direct use 

of titration curves [ 14,15]. From the general equation 

G(x) = G(x,) •I- j (E/&x) & , (94 
X0 

follows the equation for the multiple equilibrium of 
protein ionization: 

G(a) = cons t. + 
s 
=/i(a) da: 

40 

= G(ao) - 2.303 RT 7 pH @or) da. 

40 

IW 
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Fig. 4. Net proton uptake of Iysozyme in potentiometric ti- 
tration (solid circles: back titration)_ 
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Fig. 5. pH dependesw of the sbndard free energy [curve (a)] 
and pH dependence of the standard entropy of lysozyme 
[curve WI - 
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Fig. 6. Frce-ener,g change of lysozyme in different treatments; 
AG’(pff), at change ofpH from the standard surte (S-S.) toe.5 at 
25°C: nG”@H), at change from 45 to 2.0 at 25OC; AC’(T). at 

change of temperature from 25°C at pH 4.5; aG”(T). at 
hange of iemperaturc from 25°C at pH 2.0. Dotted lines de- 
note the change for ffie denatured state. 

Instead of the degree of ionization (ru) we can intro- 
duce the relative number of protons (v) which is meas- 
urabIe by potentiometric titrations. At standard con- 
ditions (v. E 0 at 25°C and pH 7.0) the integration 
constant, G”(vo), is equal to zero and we obtain the 
Gibbs function GoVN@): 

GoaN = -2.303 RT 1 pH (u) dv . (10) 

Transformation of G”‘(v) into G”*N(pH) can be done 
without difficulty using the experimental titration curve. 

The results of the potentiometric titrations under 
given conditions (10 = 0.1, fl = 2S°C) are represented 
in fig. 4. They arc very close to those of Sakakibara et 
d. 1161. Tbe pH function of the standard Gibbs energy 
of native Iysozyme obtained using eq. (10) is given in 
fig. 5, curve (a)_ Moreover, knowledge of GoSN(pH) 
and gBN(pH) allows to obtain sOvN(pH) according to 
eq. (4) [see fig. 5, curve (b)]. 

Using the r&l@. of scanning calorimetry, isothermal 
calorimetry and potentiometdc titration we can obttin 
a picPltc of the Gibbs function of native and denatured 
lysozyme at any pH and temperature (fig. 6). The arrows 
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show the pathways for obtaining these functions by 
moving from the standard state (S.S.) and changing 
the pH [AG’(pH) and AG”(pH) in fig. 61 or the tem- 
perature @G’(r) and AG”(T) in fig. 61. Dotted lines 
denote the denatured state. 

3.3. Control of validity of the thermodynamic state 
functions 

A test of validity of the obtained state functions 
can be carried out by comparing the thermodynamic 
functions obrained by independent methods (see be- 
low) or by using different pathways according to the 
scheme ir. fig. 7. 

T 

T, “i_ step4 , F 
step5 

1 
PHZ P’H, - pn 

Fig_ 7. Scheme of different pathways from state I (native to)’ 
state II (denatured) for fysozyme. 
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PM 

Fig_ 8. Heat of transfer of lysozyme from pH 4.8 to a given 
pH at constant temperature. 

-9al I J 
1 2 3 4 5 6 

PH 
Fig. 9. Protonation of lysozyme versus pH at different temper- 
atures. 

The usual experimental procedure in denaturation 
studies commences from the native state of proteins 
(state I) expressed in terms of pH 1 and T,. Adjust- 
ment of pH, at constant temperature (step 1) is ac- 
companied by ionization effects and gives a second 
native state. With a rise in temperature (step 2), the 
denatured state I1 of protein can be reached (expres- 
sed in terms of pHZ and TZ)_ An independent way to 
reach state 11 lies in firstly adjusting the temperature 
(step 3) and then the pH (step 4). 

The curves in fig. 8 indicate the heat measured by 
isotherm4 caIorimetry on transfer of protein from 
pH 4.80 t 0.02 to a given pH at constant temperature 
(SO” and 59.1”C). The corresponding enthalpy change 
of native Iysozyme at 25” (see also fig. 3) is given for 
comparison. Free-energy changes for step 4 were de- 
termined by eq. (10) using the results of potentiome- 
tric titration at high temperature (fig. 9). The changes 
in enthalpy and entropy for each step of the given 
cycle are summarized in table 1. They indicate agree- 
ment within the experimenti error with functions ob- 

tained by moving along different pathways to the. 
same point. 



IV_ pfeil. P_ L. RivaCov~l7temmdynnmics of proreins, purr I 29 

Table 1 

Comparison of thermodynamic values for lyrozyme denaturatian obtained using independent pathways (T, = 25.00 + O.OS"C. 
pH, = 4.80 + 0.02, pHz = 1.50 L 0.02). 

Step Thermodynamic 
(see fig. 7) expression 

Methods used Results for Results for 

T* = SOT T= = 59.1°C 

(kcal mol-’ ) (kczd mol-t ) 

1 

2 

sum (I +2) 

3 

4 

sum (3 +4) 

Isothermal calorimetry at 25°C 

Scmning calorimetry @Ffd. C,) 

Sunning calorimetry (C,) 

Isothxmd calorimetry at T2 

-6., -6_7 

218x, 289-z 

21L2 28X5 

123.6 178.8 

81.5 103.7 

205.3 282.5 

Deviation 3.3sc - 

Step Thermodynamic 
expression 

Methods used Results for Results for 
72 = 50°C T2 = 59.1-C 
(cd mol-’ K-’ ) (cal mol-’ K’) 

1 

2 

sum Cl+ 2) 

3 

4 

sum (3 +4) 

Isothermat calorimetry and potentio- 78.* 78., 
metric titmtions zt 2S5”C 
%anning c~orimetry (As,, CD ) 694.* 908., 

772.4 986.4 

Scanning calorimetry (Cp j 397.9 563.s 

Isothermal caIorimetry and potentio- 379.2 4x, 

metric titration at T2 

777.1 1017.8 

Deviation 0.65 3.1% 

3.4. Detemaimrion of AGd(pH, T) in an independenf 

CY 

The pH-dependent equilibrium of denaturation can 
be expressed by the general equation (see [ 17,181): 

and thus 

haH 

AGd(inaH) = AG: + RT $ b&h-H) dlna,-(l3) 
In& 

Having in mind that AG: is zero at proton activity 

=2,-z, _ (11) 

Denoting the differences in protonation stages (Z) of 
the denatured and native forms as AZJ~ it follows that 

a&) of the midpoint of transition we obtain: 

AGd(haH) = RT “,“” Az~,(inQd InaH . (14) 
h +.&3 

=b&s (12) 

Here &d can be determined in several ways (see aiso 

[191): 
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Fig. 11. Change of protonation at unfolding of Iysozyme with 
change of pH at different temperatures. The symbols used COI- 
respond to the methods described in subsection 3.4 as follows: 
a, method: a). temp.: 60°C; X, method: c), temp.: 60°C; 0, 
method: titration (compare ftg. 9). temp.: 60°C; A, method: 
b). temp.: 25°C; l t method: titration, temp.: 25°C. 

a) By use of eq. (I 1) with the assumption that the 
dependence of Av,, on In aH is small and *Aat influen- 

ces of hydration [ 181 can be neglected. 
b) By use of measured or calculated potentiometric 

titration curves for both the native and denatured pra- 

42 

40 

-2 

-3 . 
I I I I * 
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Fig. 12. Gibbs free cnerw of denaturation versus pH. Results 
obtained from eq. (14) are represented by circles. Results ob- 
tained by eqs. (2)-(S) are represented by lines. 

tein at the same temperature. 

c) By use of the pH-dependence of scanning calori- 
metric data [ 14,201. 

All these methods suffer experknental and principal 
difficulties_ Therefore we used a fourth, direct difference 
titration method. 

Unbuffered protein solutions of determined pH 
were heated in steps and the temperature-induced pH 

changes were compensated by titration. Typical exam- 
ples of measured curves are given in fig. 10 representing 
the temperature dependence of the net proton uptake 

of Iysozyme. 
The results for &d obtained by various methods are 

summarized in fig. I 1. The differences in the protonized 
state of native and denatured lysozyme were found to 
be pH and temperature dependent. 

In fig. 12 the denaturational Gibbs energy changes 
obtained by eq. (14) are compared with those ca.Iculat- 

ed by means of eqs. (2)-(S). The data used in eqs. (2)- 
(8) have already been given in subsection 3.1. Since the 
experiments for the determination of dyd were perform- 
ed in the absence of a buffer, the corresponding pH- 
dependence of Td [curve (c) in fig. 21 was used in this 
Case in contrast with all other calculations. 
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As seen in fig. 12 the results of both independent 
approaches are in agreement. The maximum observed 
difference in AC, is of the order of 0.5 kcal mol-t 
and probably pertains to uncertainties in the determin- 
ation of LIv,, (about C 0.2. mole protons per mole lyso- 

zyme). The determination of AC, of lysozyme by 
eq. (14) at temperatures lower than 48°C is impossible 
due to its high thermal stability. The use of eq. (14) is 
limited by the lowest half conversion temperature in 
the range of investigations (see above) since the inte- 

grationconstant in eq. (13) is unknown. 
It should be added that the temperature depend- 

ence of the proton uptake of lysozyme at denatura- 
tion (as shown in fig. 10) treated by the Van’t Hoff 
equation also enables *&e determination of the de- 
naturation enthalpies. The results will be given in the 
following paper ([6], fig. 8) in a review of the dena- 
turation enthalpies of Lysozyme obtained by vairous 
experimental approaches. 

4. Discussion 

The approach suggested in this paper corresponds 
to the usual practice in chemical thermodynamics, i.e. 
the thermodynamic functions for given states of a pro- 
tein are formulated separately. This gives the advan- 
tage of extending the description to any possible addi- 
tional states adding more partial differential terms 
[eq. (1)] corresponding to the additional variable param- 
e’ers. It is important that the terms in the integrals of 
eqs. (2)-(g) are determinable dire&y on the basis of 
modem instrumentation. The thermodynamic param- 
eters of transition between different states (in thii pa- 
per the denaturation parameters AC,, MHd and AS,) 
are given by algebraic differences between the corre- 

sponding standard functions at given conditions (pH, 
temperature, etc.). 

It is essential to note that the need of any extra 
assumptions in the proposed evaluation of the thermo- 
dynamic functions is excluded whereas the determin- 
ation of the enthalpy changes from the temperature 
dependence of the equilibrium constants includes the 
assumption of a simple transition between the distinct 
thermodynamic states. Thus, the calculated enthalpy 
changes will be correct only if the two-state model is 
valid. Therefore the more recently developed micro- 
calorimetric methods are not only more favourable 

in obtaining the thermodynamic parameters but also 
crucial for the validity of such models [4]. 

A similar problem is connected with the determin- 
ation of the pH-dependence of the Gibbs function of 
native protein, i.e., G”gN (pH). Alternatively to eq_ (10) 
the Gibbs function can be calculated using ionization 
data of individual groups. Such data are widely avail- 
able from analyses of titration experiments with the 

help of the Linderstrort-Lang equation. On the other 
hand, there are also serious arguments against the sim- 
plifications made in the Linderstrom-Lang model 
when it is used in calculations of the Gibbs energy [ 2 1, 

221. Therefore, the use of eq. (10) which is indepen- 
dent of any model seems to be more advantageous 
than the Linderstrom-Lang treatment_ 

As shown in subsections 3.1,3.2 and figs. 3-6 the 
methodic problems in calculating thermodynamic 
standard functions can be solved. Another problem is 

the reproducibility of the thermodynamic parameters 
of the investigated process (here the reversible unfold- 
ing) using thermodynamically independent approaches. 
This concludes Ute question of whether the considered 
states of lysozyme, the “native” and “denatured”, are 
valid from the point of view of thermodynamics. This 
is an important point in the approach used since inte- 
gration of the partial differential functions [as eq. (I)] 
is possible only if the state is unambiguously defined. 
But the definition of the thermodynamic states of pro- 
teins, both native and denatured, is still unclear. This 
affects also the problem of the self-organization of the 

native protein structure since theoretical considerations 
of protein folding mechanisms usually commence from 
the denatured state. 

The results presented here show that the denatura- 
tion of lysozyme by temperature-induced transitions 
(scanning calorimetry) as well as by pH-induced tran- 
sitions (isothermal calorimetry, potentiometric titra- 
tions) is accompanied by adequate enthalpy and en- 
tropy chances (fig. 7, table 1). It has been shown that 
there are unique enthalpy and entropy changes if the 
initial and the fmal states are unambiguously defined. 
This is a crucial test for the validity of the thermody- 
namic standard functions given above. 

The most important function determining the sta- 
bility of the structure of proteins is the denaturational 
change in the Gibbs energy. AC, can be determined as 
a pH and temperature dependent function by eqs. 
(2)-(S). The basic data for this evaluation are the de- 



naturational enthaipy, AHd. and the change in heat 
capacity, A[C,],, which are directly deterrninabIe 
by caIorimetric measurements_ An independent ap- 
proach to obtain AGd according to eq. (14) is based 
on the pH-dependence of protonation differences of 
both states, i.e., this approach is based on independent 
experimental parameters and on another principle in 
evaluation. Therefare the coincidence between the 
results of both approaches (fig. 12) does not only 
evidence the correctness of the data and functions 
used but also serves as a further argument for the 
existence of a reversible transition between true ther- 
modynamic states. 

Thus, the methodic suppositions for obtaining and 

checking thermodynamic standard functions of pi o- 
teins are given. 

There is some disagreement in the literature on the 

characterization of the thermodynamic states of de- 

natured proteins (especially of lysozyme) after heat 
denaturation and denaturation in guanidine hydro- 
chloride [24-261. Before giving a general picture of 
the thermodynamic state functions for protein 1271, 

we shall consider the denatured states of protein in 
the accompanying paper based on comparative calor- 
imetric investigations [6]. 
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