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The thermodynamic parametcrr of the dcnaturation of lywzyme are dctcrmined at various rcmpcraturcs Qi -6ifC) by 
izothermal ulorimetric titrations with guMdine hydrochloride (GuHC1) and by scanniq alocimctry in the presence of 
GuH~. An approscfi for the determination of the cntnalpy of prefcsentiat binding afGuHC1 is proposed. tr h;ls bern shown 

from Gukh3 denaturation e~~riments that the nef ent~alpies of dcnaturation and the denaturationat chancre in tke hertt 
apacity of protein mn be obtained if prefetentiat binding is taken into consideration. These results ;~le nearly the Qrnc as 
in the CSE of thcrmai-denat~tion in the absence of denaturants. It is mncltided that the states of both heat- and GuHCI- 
denatured iysozyme are rh~rmadyn~mi~~y iad~tia~~ishabt~. 

It is generally acceptert-that proteins on heat de- 
naturation undergo incomplete unfolding in contrast 
with denaturation in concentrated guanidine hydro- 
chloride (GuHCl) solutions [r, 21. The evidence for 
this suggestion is provided not ortry by a smaller vis- 
cosity [3] of the heat-denatured protein, but also by 
the additional changes ir. the optical properties of 
~e~tdenatur~d proteins with the addition of CuHCt 
[4], From rather complicated equ~Iib~um curves it 
was concluded that in ithe case af lysozyme the state 
of heat-denatured protein (state X) corresponds to 
70% of the fully unfolded state (state D) which is 
achieved in concentrated CuHc1 [2l_ “i%e major evi- 
dence for this conclusion was the apparent heatcapa- 
city change Acp which appeared as ACT = 0.950 kcal 
mol’l K-t for heat denaturation of lysozyme and 
dcp = 1.375 kcd mol -L K-I for complete unF&iing 

in GuHCi. 
The importance of this parameter (AC,) in disctrs- 
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sing the nature of the denaturation is obvious. Since it 
is commorrly assumed according to Kaurmann [5,6] 
that the heat capacity is strictly dependent on the or- 
dering of water molecules around exposed hydrophobic 
groups, it is evident that the change of the heat capa- 
city at denaturation should be connected with the dis- 
ruption of apolar contacts in protein. Thus, it was as- 
sumed that the remaining structurai elements must be 
maintained by the hydrophobic contacts in heat- 
denatured proteins_ This conception seemed quite prob- 
able, and therefore the experimental result that the 
real heat-capacity changes on heat denaturation meas- 
ured by direct calorimetric experiments f7,8] were 

greater (Llcp = I .ci kc3l mot -* K-l) than the apparent 
heatcapacity changes even on complete unfolding of 
iysozyme in GuHCl obtained by equilibrium treatment 
was very confusing. 

ft becomes evident that the ~nderst~d~ng of the 
denatured states and of the process of den~turation it- 
self is far from clear, Speculation on the nature of pro- 

tein d~naturation can be eliminated only by using di- 
rect experimental approaches to the problem, i.e.. by 
a direct calorimetric determination of the thermo- 
dynamical parameters. Some preliminaq investigations 
of cakimetricaUy technical possibilities have S~OWI 
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that modern precise instruments provide good pro- 
spects for helping to solve this problem *_ 

AIWP 
Kcdl-moP 

2. M:rterials and methods 
AIPFP 

KeaI.mol-’ 
Ihe reagents and the instrumentation used in these 

studies were the same as described in the preceding 
paper [9]. CuHCl (Reachim, USSR) was purified and 
checked according to ref. [ lo], but was twice recrys- 
tallized. Protein solutions were prepared by weighing 
lyophilized lysozyme and adding predetermined 
amounts of water or GuHCl solutions. Concentration 
determinations were performed optically (see ref. 
[9]) only in the absence of GuHCl. The protein con- 
centrations before mixing were in the range of 

5 X 10s4 to 5 X 10m3 moles 1 -I and the flow rate 
was about 1.4 X 10m3 ml set-I_ The mixing ratios of 
protein solutions with CuHCl solutions were 1: 1 and 
1:2.5. It was shown that the heat effect does not de- 
pend on the initial concentration_ 

Optimal pH and temperature conditions were chosen 
in the previous experiments to exclude limiting effects 
(e.g.. slow kinetics). Completeness of the reaction in 
the calorimetric system was checked using different 
flow rates (1.4 X 10m3 to 7 X 10m3 ml set-l) as well 
as by the stepwise attainment of given final concentra- 
tions. pH changes due to the influence of GuHCl on 

the hydrogen ion activity were found to be + 0.1 but 

in some cases (pH 4.5) up to + 0.2. 
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Pig. 1. Results of calorimetric titrations of lysozyme atgiven 

temperature. For results see also table 1. 

3. Results 

3.1. Cizlorintetric rirmims 
ear up to saturation. The slope in both linear parts is 
pH-independent but after the sigmoidal part it is, as a 
rule, steeper. 

Results of calorimetric titrations of lysozyme with 
GuHCl at various temperatures and pH values are re- 
presented in fig. 1. The experimental curves can be 
divided into three parts. At relatively low GuHCl con- 

centrations exothermal effects with a nearly linear 
concentration dependence are observed. At a higher 
concentration of CuHCl a sigmoidal curvature is seen, 
and in cases of high temperatures dominating endo- 
thermic characteristics are displayed. At a following 
increase of concentration, the curves again become lin- 

Comparing the calorimetric titration curves with 
the changes in the optical properties of lysozyme (see 
fig. 2 and also curves in ref. [I l]), it becomes evident 

that only the sigmoidal part of these curves corre- 
sponds to the denaturation of proteins. Thus, the slope 
before and after the sigmoidal part must be a manses- 
tation of the heat of progressive salvation of ,lative 
and denatured protein by GuHCl with an increase of 
its concentration. This conclusion is in agreement with 
the results of ref. [ 121 showing that native protein is 
also able to interact with GuHCl. 

l See. for example, the review papers. ret?. [34-361. The apparent heats (AEIaW) given in table 1 were 
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.- ml-e- GufW 90 kcal mol-t [16]. 

Fig. 2. Comprrrison of the normatid conversion curve of 
lysozyme in GuHCl (top) with the heat evolved in atorim- 
etric measurements at 25°C and pH 1.3. The wrrvanion cunre 
is taken from the difference spectral intensity at 301 nm. 

it should be mentioned that the predenaturational 
slope (SN) in the calorimetric titration curves is tem- 
perature dependent (fig. 3) indicating the temperature 
dependence of the solvation phenomena. 

obtained by using a Iinear extrapolation to the mid- 
point of the transition. They are in agreement with 
the data reported in the literature and obtained under 
comparable conditions but using other experimental 
techniques: at 2SeC in 3.0 M GuHCl the apparent 
heat was 29 i: 2 kcai mol- * fI3] and 36.1 kciil m01-~ 
[14] ; at 58°C in 2.0 hl GuHCl it was 85 and 89 
kcal mol- i [15];at60°Cin 1.6MGuHCiA.W’~= 

Using high temperatures and low pH values we can 
also perform calorimetric titrations of thermally de- 
natured lysoqme with GuHCl. The results, represented 
in fig. 4, show a strong interaction of GuHCI with 
thermally unfolded lysozyme reaching about - 120 
kcai mol-* in 6.0 hrf GuHCl at 59.i”C. Thus, it is evi- 
dent that the salvation enthafpies in thermodynamic 
considerations can no longer be negiected. The shape 
of the curve in fig. 4 corresponds to the usual mono- 

Table I 
Results of isothermal cnthalpimetric titrations of lysozynte withGuHCf 

OI., 
ZD 30 40 50 60 70 

- f”C 

Fig. 3. Predenaturational slope of the caIorimetric titration 
CUSVBS. 

T c0.s 
ea (mot I-’ CuHclf 

W=Pp 

(kcal Inor-E) 
-Mpsef 
(kcal mol-‘1 

AM = AWPP-aHprcf 
(kul mol-“1 

25 
40 
50 
50 
59.1 
59.1 
59.r 

1.9 <pH 1.3) 
2.2 (pki 2.5) 
2.0 @H 3.0) 
25 (PH 4.5) 
1.8 IpH 4.51 
1.8 (pH 4.5) 

32 h 2 21.8 + 2 5424 
56 * 2 L9.8 c- 2 76~4 
75 L 2 i6.5 5 l-5 92c4 
7352 20.7 = 2 94i4 
87c5 x4.9 * 1.5 lO2i6 
87f5 15.s cl* iO3”6 

106 f 5 +* 

* using the init.ial Sk&w SD fW-iI the expeftmenti carve in fig_ 4 ins&ad of from eq. (3b). 
pL Taken from the extrapohth represented in fig. 6. 
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Fig_ 4. titration heat-denatured at 
1.5 59.1’C. 

saturation An exotharmal 
in range of 1 to 4 mol 1 -I GUI-ICI 

which was determined from optical measurements [4 j 
can neither be confirmed nor excluded due to the 
curvature in this region, but, even if it exists, its en- 
thaIpy must be less than -4 kcal mol-I- 

From the calorimetric titration data an average 
value of the interaction enthalpy of one mole of 
GuHCl with lysozyme can be estimated, knowing that 
in a 6 molar GuN(71 solution at 25°C lysozyme binds 
67 moles of GuHCl [ 12J _ The corresponding M can 
be taken from fig. 1 when the postdenaturational slope 
is extrapolated to zero CuHCl concentration to ex- 
clude the denaturation enthalpy. Thisgives an average 
2Jfof 

AH= (-160 5 5)/67 = -(2_4 + 0.1) k&/mole 

of GuHCl bound to Iysozyme at 25°C. 
Before further conclusions are drawn it has to be 

shown that the transition observed in otir denatura- 
tion experiments really corresponds to thermodynam- 
icaiIy defied states. This can be verified if it is shown 
that the enthalpy of stare is not dependent on the 
pathway_ AXI example for reaching the new state by 
different pathways is given in fig. 5. Here step 1 COP 
responds to denaturation in the absence of GuHCl. 

+ -(5.5 z0.5)Kd-mOt1 

15 4.5 

[102.3 +2)KcaLmal-’ 

Fig. 5. Apparent enthalpy chqes of IysDzyme in different 
pathways of state changes. 

Step 2 is the subsequent reaction of the denatured 
lysoqme with GLJX!~. Step 1’ represents the process 
of denaturation and salvation under the influence of 
GuHCl. Step 2’ is the subsequent pH change of de- 
natured lysozyme in GuHCl. It can be easily seen that 
the enthalpies on pathways 1 f 2 are equal to the en- 
thalpies on pathways 1’ l 2’. Thus in both cares iden- 
tical enthalpy changes were observed within the ex- 
perimental error. 

3.2. Heat effects of preferenthl binding 

When a protein undergoes denaturation, additionat 

binding sites become available for the interaction with 
denaturant molecules due to disruption of the struc- 
ture_ This change in the preferential binding of de- 
naturants is usually expressed by the parameter AP re- 
presenting the amount of denaturant bond per mole 
protein at given conditions, whereas An is the differ- 
ence between two states in the number of binding sites 
per molecule. The term preferential binding is used 
here in a broad sense (see also ref.% [l, 17,18]), i-e- 
including changes in hydration, binding of counter 
ions, etc. 

Having in mind the heat effects shown in fig. 4, it 
is obvious that the change in preferential binding must 
also be accompanied by large negative heat effects. 
Therefore this binding effect is not negligible at all. 
But the question is, how can we introduce a correction 
to this preferential binding heat to obtain just the net 
enthalpy of conformational transition from the appar- 
ent enthalpy of denaturation? 

We can exclude the preferential bind@ effect by 
extrapolalion of the enthalpies of the native and de- 



natured state to zero concentration using the function- 
al dependence obtained for the denatured protein 
(see fig. 4) assuming that we do not have any transi- 
tion here, and that this curve does not change with 
PH. In this way we obtain Md = 106 kcal mol-t for 
the enthalpy of conformational transition at zero 
concentration of GuHCl in contrast to the apparent 
heat AlPW = 87 kcal mol-L (see fig. 6). Generally 
the use of such an extrapolation procedure is limited 
because a titration of both the native and the denatured 
protein at the same temperature is not possible in 
every case. Therefore a different procedure must be 
found for calculating the enthalpy of preferentia! 
binding. 

Having in mind that the number of binding sites 
for a denaturant molecute in denatured proteins (a& 

is greater in comparison with the native ones (a~), 
then it is obvious from experimental observation that 
the slope of the titration curves of these forms 
(sN. so) is also different: 

(1) 

Assuming that the binding sites have identical binding 
constants and enthalpies, it then follows that for 

CGuKa~=pmt& 

-4.Q 1 I 

0 1 2 3 4 5 6 

moW%uHCe 

Fg. 6_ Estimdion of the heat of denaturation at 59.i’C by 
wious extrapolation procedures (see the text). 

At ihe midpoint of transition (denaturant concentra- 
tion ~0.5) the correction value, AEfPmf, is given by 

MH,r& = SDC05-sNC0.S W 

(3b) 

Here the AEI of preferential binding is expressed in ex- 

perimentally observable parameters. In addition to 
the terms explained above, An can be obtained from 
equilibrium measurements [ 1,171 and aD from iso- 
piestic methods or density measurements [ 121. 

It should be mentioned here that the actual mech- 
anism of GuHCl binding is still under discussion. From 
studies on model compounds it was assumed that one 
molecule of GuHCl binds with two peptide bonds 
[19]. Besides this, contac’s with aromatic residues 
[ 1,70] and ionic groups are possible. This model is 
consistent with recently obtained results from equilib- 
rium measurements and has been characterized as the 
most likely form of GuHCl binding [3_, t 3,20,21] _ 
Inthispaper,&=21.5 1171 andaD= [I?] was 
used for lysozyme denaturation in GuHCI. 

If peptide bonds are the main binding sites for 
GuHCl then the parameter An should be correlated 
with the amount of sIowIy exchanging peptide bonds 
in hydrogen exchange experiments. If one GuHCl 
molecule binds indeed to two peptide bonds [ 191 
then we should have 

&l u- $ X (amount of slowly exchanging 

peptide bonds) _ (4) 

From hydrogen exchange experiments it was con- 
cluded that lysozyme possesses 44 slowly exchanging 
peptide groups 122 ] _ in this case drz = 22 which is in 

excellent agreement with the experimental value 
dn = 21.5 for lysozyme [17). 

The experimental results of the isothermal calorim- 
etric titrations and corrections for preferential binding 
obtained by eq. (3b) are listed in table 1. From the 
temperature dependence of A& the corresponding 
A[cP] ,, = I.5 t 0.2 kcal mol-l K-t is obtained 
(fig_ 7). 
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3.3. Determination of thermodynamic parameters 

ffom scanning experiments 

As mentioned above, changes in heat capacities are 
correlated with disruption (and salvation) of apolar 
contac:s. These AcP values correspond to the temper- 
ature dependence of the reaction enthalpies 
(d A?f/dT) according to Kirchhoff s law. But here we 
must have in mind that all variable parameters except 
temperature are assumed to be constant. In GuHCI 
denaturation experiments, where not only the temper- 
ature but also the denaturant concentration is varia- 
bie, the use of Kirchhoff s law leads to an erroneous 
ACHE since the APw already represents a sum. 
Denoting the observed reaction enthalpics by AEWP, 
the true denaturation enthalpies by AHd and the heat 
of additional reaction by AW, then the corresponding 
te-ms in AcP are given by 

=A[c& +A$;. (5) 

Substituting here eq. (3b) which describes the relation- 
ships in the Gul-Ki denaturation experiments, it fol- 
lows that 

The difference arising in A$l’p and Arc, Id is therefore 

ml - 

PH 
KcaLmoL-' _ 

i 

So- 

7U- 

60- 

x 
30 I I I 8 I 

20 30 40 50 60 70 

- T”C 

Fig_ 7. Graphical determination of A[c&. 

dependent on the second term containing the denatur- 
ant concentrations used in each experiment, the tem- 
perature dependent differential quotient and the in- 
dividual values of a,-, and An for the given protein. 

The contribution of these parameters can be demon- 
strated using the results of scanning calorimetric 
measurements which is a method allowing direct ob- 
servation of MPpp and A[c,],, at given GuHCl con- 
centrations. The data listed in table 2 for severaI con- 
centrations of CuHCl obtained by scanning expcri- 
ments demonstrate the difference which can arise in 
Acim and A [c,] d. After correcting AWW for pref- 

Results of scanning calorimetric invcsti@tions of lysozyrne in the presence of CuHCl at pH 2. 

CGUHCI 
(mot 1-l) 

*d 

eo 

pH”PP -Mpref Ma A[cpld + 

(kcal mol-‘) (k-1 mol-t) (kcal moi-‘) (kwl mol-’ K-*) 

z.25 52 55 102.5 e + 3.0 3.0 _ 9, 101.5 
92.5 94.5 

I.6 1.4 f: r 0.15 0.15 

I.0 45.5 80 * 4.0 .s 8.7 89 1.6 0.15 -i 

2.0 36 49 = 5.0 20.6 71 1.3 0.3 t 

Ax?pp = 2.5 P * 0.3 =* .hfCp]d = 1.6 + 0.2 - 

* Values obtained From direct sunning calorimetric recordings 
** Calcubted from the temperature dependence of apparent enttilpies without corrections for preferential binda. 

*** Calculated from the temperature dependence of Affd, i.e. after the corrections for preferential binding have been made. 
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erential binding, its temperature dependence 

(AkPL = I .6 + 0.2 kcal mol-’ K-l) corresponds to 
average A[cPld values from each calorimetric curve, 
indicating that the use of eq. (3b) is correct. 

4. Discussion 

The interaction of denaturant molecules with pro- 
teins is one of the limiting problems in the evaluation 

of thermodynamic data in denaturation studies. As 
shown in this work the heat of salvation of lysozyme 
in concentrated GuHCl is over -100 kcal mol-l and 
the partial enthalpy changes due to preferenti~ 
biding are considerable in comparison with the de- 
naturational enthalpy changes. 

For the calculation of MfPref an equation is pro- 
posed making use of the nearly linear initial siope of 
a saturation function in which different numbers of 
identical binding sites for the native and the denatured 
protein are iuciuded. The assumed mechanism for the 
action of GuHCl is discussed above, but further evi- 
dence for the correctness of the number of GuHCl 
molecules included in the unfolding process is given 
above in comparison with hydrogen exchange data. 

True AE& values can be obtained from isothermal 
calorimetric titrations with GuHCl if corrections are 
made with the help of eq. (3b). They are of the same 
order of magnitude as the denaturation enthalpies ob- 
tained in scanning calorimetric measurements per- 
formed in the absence of GuHCl f7-91 and emphasize 
the universal character of the temperature dependent 
function of AIQ (7,8] (fig. 8)_ Denaturational changes 
in molar heat capacities obtained in GuHCl denatura- 
tion studies were found to be Aft ] = l-5 + U-2 kcal 
mol-1 K-l in agreement with A cP 1 = 1.6 t 0.1 P 
kcal mot-’ K-l from scanning calorimetry without 
denaturants [7,Sl. This result is not consistent with 
assumptions considering an additional structure break- 
ing mechanism in GuHCl. Thus, the degree of unfotd- 
ing in thermal denaturation must be much greater than 
commonly expected. 

Comparing the enthalpy and heat-capacity changes 
for the different ways of denaturation, we cannot fmd 
evidence for the residual structural elements in heat 
denaturation and we conclude that the thermodynamic 

states of both heat- and GuH~~e~tured Iysozyme 
are identical as regards AE& and Afcp]d_ This result is 

ati* 

Kcal-mot-,’ 

Fig,. 8. Temperature function of the dcnaturation enthsllpy of 
Iysozymc using experimental rcsuits of various methods. 
whiteout GuHCf: l scmning calorimetry i71,o sunning wtori- 
Cletry fVan.f fioif) [71,X opticii methods [7]. + titrimetric 
method [9]_ In the prcscnce of GuHCI (this paper): 7 iso- 
thermal titmtions, A scanning calorimetry. 

coincident with conclusions drawn from NMR, hydro- 
gen exchange and Raman studies showing that in 
therm~Iy denatured Iysazyme at1 groups are exposed 
[23,24,3 I ] _ On the other hand, divergences in hydro- 

dynamic and optical parametets remain [3,4]. 
The most striking argument for incomplete unfold- 

ing in heat denaturation of lysozyme is the moderate 
increase in viscosity from about 3 cm3 g-t fot the 
native state at 25°C [ 1,3,27,28,30] to about 
4.7 cm3 g-t ( re uce d d _ viscosity 8,) for thermally de- 
natured lysozyme at 60-75°C 13,281. For compari- 
son, the intrinsic viscosity (rli) equals 6.5 cm3 g-' at 

25°C in 6 molar GuHCl [l]. The end-to-end distance 
of the polypeptide chain corresponding to the random 
coil state is only reached if the disulfide bonds in 

lysozyme are broken (qi about 17 cm3 g-’ fl, 26,301). 
Having in mind the position of the disulfide bridges 
in lysozyme, an explanation of the decrease of fli to 
about 6.5 cm3 g-I was found using a semiquantitative 
calculation; i.e., this value represents the makimum 
possible one at 25°C for cross-linked lysozyme if all 
other structural efements are broken [I 1. 

An often done, direct comparison of szoO =I 
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4.7$m3 g-l far heat-denatured Iysozyme with 
$= = 6.5 cm3 g- 1 after GuHCldenaturation is phys- 

ically not cbrrect without taking into account the 
temperature dependence of the viscosity of the poly- 

peptide chains. It was determined that the intrinsic 
viscosity decreases with increasing temperatures [ 1 J. 
On heating lysozyme in GuHCl from 25°C to 55°C 

pr drops from about 6.5 cm3 g-l to about 4.8 cm3g-[ 

at 55°C [76I and coincides with the results of heat- 
denatured lysozyme in the absence of GuHCl. There 

is no doubt that the structure breaking of proteins in 
6 molar GuHCI is complete, even at elevated temper- 

atures [I, 41_ The identity of 0, for cross-linked de- 
natured lysozyme after thermal transition with the re- 
sults for GuHCl denaturatjon at comparable temper- 
atures supports the suggested relationship of both 
thermodynamical states. 

It fol!ows that indirect conclusions on structure 
breaking in heat-denatured lysozyme by GuHCl as 
suggested earlier [41 must be seen in a new light. We 

should have in mind that the optical effects observed 
here have the sign opposite to that expected for rup- 
ture of structure [4] and this might be due to the 
preferential binding which was not taken into account. 
Anomalous optical effects due to the interaction of 
proteins with denaturants were found in studies with 
urea, GuHCl 132,331 and dodecylsulfate [ZS] - 

We conclude that the states of both heat- (state X) 

and GuHCl-denatured lysozyme (state D) are thermo- 
dynamically Indistinguishable as far as their denatura- 

tional ent%aIpy and rt%lar heat capacity change are 

concerned. A further manifestation of the thermo- 
dynamical identity of the considered denatured states 
is the coincidence of the values of the Gibbs energy of 
stabilization of the native structure obtained by quite 

different approaches, as will be shown in the follow- 
ing paper [29]_ 
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