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Abstract 

The 205-316 C-terminal fragment of thermolysin has been studied by differential scanning calorimetry at pH values 2.5, 3.0, 3.5, 4.0 
and 5.0 and at a constant ionic strength of 130 mM. The thermal unfolding of the fragment occurs at thermodynamic equilibrium under 
our experimental conditions. The effect of sample concentration at the different pH values on the calorimetric traces is consistent with a 
monomer-dimer equilibrium of the folded fragment, which undergoes thermal unfolding into individual fragments. Equilibrium 
sedimentation experiments at 10°C and different pH values confirm the presence of the association equilibrium and provide the value of 
the dimerization constants. The global analysis of the calorimetric, heat capacity curves has been carried out by a multidimensional fitting 
to the model N 2 ~ 2N ~ 2U. The analysis leads to a complete thermodynamic characterization of both the association and unfolding 
processes of the fragment. The resulting thermodynamic functions suggest a partially unfolded structure for both the monomeric and 
dimeric fragment, as well as a conformational change linked to the association process. Our results are discussed in terms of the structural 
information currently available and compared with the energetics of unfolding of the shorter 255-316 dimeric C-terminal fragment of 
thermolysin (Conejero-Lara.. F., De Filippis, V., Fontana, A. and Mateo, P.L. (1994) FEBS Lett. 344, 154-156). The presence of the 
additional 50 residues increases the relative population of the 205-316 monomeric fragment versus that of the 255-316 fragment. 
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1. Introduct ion 

Co-operative non-covalent interactions play the crucial 
role in both protein folding and protein-protein recogni- 
tion. The stability of  the folded protein or the protein 
complex thus comes from the interplay of  this interaction 
network, including the changes in the exposure of  polar 
and non-polar protein ,;urfaces to the solvent. In fact, 
protein associations are quite often coupled to modifica- 
tions in the folding content of  the interacting monomeric 
subunits [ 1 ]. 

Protein folding, stability and assembly is a central 
problem in present-day molecular biology, where the study 
of  peptide model compounds is a logical approach to 
rationalize some of  its structural and energetic aspects. 
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Peptide models are of particular interest when they corre- 
spond to isolated protein regions capable of  folding in 
solution, i.e., submolecular co-operative domains. Thus, it 
is known that proteins above a certain size (around 100 
amino-acid residues) are frequently composed of folding 
domains [2]. The thermodynamic study of  these coopera- 
tive units can be of  valuable interest to characterize the 
energetics of  both the early stages in protein folding and 
the possible association of  these units in solution when 
isolated from the rest of the protein. 

Thermolysin is a well-characterized metalloproteinase 
of  316 amino-acid residues from Bacillus thermoprote- 
olyticus rokko, which consist of  two similar structural 
domains, 1-157 and 158-316 [3,4]. Considerable work 
has been done on the isolation and definition of different 
submolecular domains of the enzyme, which are able to 
adopt a globular conformation in solution as well as to 
undergo cooperative unfolding transitions under the appro- 
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priate conditions [5-9]. We have recently reported a calori- 
metric study of the unfolding of the 255-316 C-terminal 
fragment of thermolysin [10]. This shorter fragment, which 
is a dimer at above 0.4 m g / m l  [11] with three native-like 
c~-helices per monomer, as shown by NMR studies [12], 
follows an N 2 ~ 2U two-state unfolding process. 

We have studied here the thermodynamics of the folded 
205-316 C-terminal fragment of thermolysin by differen- 
tial scanning calorimetry (DSC) at five pH values within 
the range 2.5-5.0. The thermal unfolding of this fragment, 
which contains a four c~-helix bundle in native ther- 
molysin, has proved to occur under equilibrium conditions. 
The effect of concentration on the DSC endotherms is 
consistent with a folded monomer-dimer equilibrium, 
which unfolds into individual monomers on increasing 
temperature. Equilibrium sedimentation experiments at 
10°C and different pH values have confirmed the dimeriza- 
tion equilibrium of the fragment and allowed us to obtain 
the association constants. We have made a global analysis 
of the experimental heat capacity curves, leading to a 
complete energetic characterization of the dissociation and 
unfolding processes. The thermodynamic parameters ob- 
tained are discussed in the light of the structural informa- 
tion available and compared with those previously ob- 
tained for the shorter C-terminal fragment 255-316 [10]. 

2. Materials and methods 

Thermolysin was bought from Sigma as a crystallized 
and lyophilized powder. The C-terminal 255-316 fragment 
was obtained by autolytic cleavage of the enzyme in the 
presence of EDTA as described elsewhere [13]. The frag- 
ment thus obtained was further purified by reverse-phase 
HPLC. The homogeneity of the fragment was at least 98%, 
as checked by SDS-electrophoresis. The concentration of 
the 205-316 fragment was determined using the E °~% 
coefficient 0.86 at 280 nm [11]. The concentration of the 
buffers used (glycine, formiate and acetate) was 20 mM 
and the ionic strength, 0.13 M, was kept constant by the 
addition of appropriate amounts of NaC1 at each pH. All 
chemicals were of the highest purity available, and dis- 
tilled, deionized Milli-Q water was used throughout. 

Calorimetric experiments were carried out in a DASM-4 
instrument with cell volumes of 0.47 ml, under a constant 
pressure of 2.5 atm, and at heating rates of 0.5, 1.0 and 2.0 
K/min .  Before being put into the cell the samples were 
extensively dialyzed against the appropriate buffer solu- 
tions. They were routinely heated up to 90-100°C and then 
cooled inside the calorimeter cell and reheated once more 
to check for the reversibility of the unfolding. Fragment 
concentration in DSC experiments was within the range of 
0.5 to 4.0 mg/ml .  After subtracting the instrumental base 
line from the original DSC recording, the resulting en- 
dotherms were corrected for the effect of the time response 
of the instrument [14]. The apparent molar partial heat 

capacity traces were obtained as shown by Privalov and 
Potekhin [15], using the partial specific volume of the 
fragment, 0.73 ml /g ,  calculated from the known sequence 
of the fragment, and the data of Makhatadze et al. [16]. 
Thermodynamic molar quantities were obtained using a 
molecular mass for the fragment of 11 978 Da. The uncer- 
tainties in the unfolding temperatures and in the enthalpy 
values were about 0.1°C and _+ 5%, respectively. 

Sedimentation equilibrium experiments were performed 
at 10°C using a Beckman XL-A analytical ultracentrifuge, 
with six-channel 12 mm centrepieces of epon-charcoal. 
Samples of the 205-316 thermolysin fragment at different 
concentrations (0.1, 0.5 and 1.0 mg /ml )  at each of the 
three pH values, 2.5, 4.0 and 5.0, were equilibrated at 
various rotor speeds (20, 25 and 32 krpm). After sedimen- 
tation equilibrium was reached radial scans were taken at 
280-300 nm. 

Relative molecular masses, M r, were obtained by ana- 
lyzing the experimental data with programs XLAEQ and 
EQASSOC supplied by Beckman [17]. The partial specific 
volume of the fragment was obtained as described above 
and was corrected for the temperature effect according to 
Durchschlag [18]. Experimental data at each pH were 
globally fitted to a monomer-dimer equilibrium model (Eq. 
(1)), using the ORIGIN version [19] of the NONLIN algorithm 
[20] supplied by Beckman, with the standard deviation of 
the absorbance readings as a weighting factor: 

A ( r )  = A( ro)eXp[ HMI(  r 2 - -  ro z)] 

'~ A +a(ro)~Kzexp[ZHMl(r2-r2)]+~ (1) 

where A(r) stands for the total protein concentration in 
absorption units at a given radius, r,; r o is an arbitrary 
reference radial distance; H = (1 - c , p ) w 2 / 2 R T ,  where L, 
is the partial specific volume of the fragment, p is the 
solution density, w is the angular velocity of the rotor, R 
is the gas constant and T the absolute temperature; Mj is 
the monomer molecular mass, and 6 a baseline offset. The 
equilibrium constant for the dimer formation, K~, is trans- 
formed into the equivalent constant in molar units, K~,  by 
means of the equation K~  = KAel/2, where ~ is the 
molar absorption coefficient of the fragment and l the path 
length of the centrifuge cell [21]. The dimerization con- 
stants at pH 3.0 and 3.5 were obtained from interpolation 
of the very good straight fit of In K ~  versus pH (results 
not shown). 

3. Results 

Differential scanning calorimetry experiments of the 
205-316 thermolysin fragment were carried out at pH 
values 2.5, 3.0, 3.5, 4.0 and 5.0. Within this pH range the 
unfolding thermal transitions were highly reversible on 
reheating the samples ( >  90%) and independent of scan 
rate within the range 0.5-2.0 K/min ,  thus taking place 
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Fig. 1. (A) Temperature dependence of the apparent partial heat capacity 
of the 205-316 thermolysin fragment at the five pH values indicated in 
the thermograms: open circles refer to experimental DSC data and solid 
lines to their best fitting to the model of Eq. (2). (B) The solid bottom 
curve corresponds to the DSC result of the 255-316 fragment at pH 7.5 
(taken from Ref. [10]), wherea~ the dashed line shows the sum of this 
curve to the Cp of the unfolded polypeptide chain 205-254 (see text). 
Dotted lines show the heat capacity of the folded monomer, N, folded 
dimer, N z , and unfolded monomer, U, of the 205-316 fragment obtained 
as described in the text. Experimental solid Cp curves for this fragment at 
pH 3.0 and 4.0 are also included for purposes of comparison. 

under equilibrium conditions in the calorimeter cell. Fig. 1 
shows the apparent partial molar heat capacity of  the 
fragment as a function of  temperature for this acidic pH 
range, together with the heat capacity values of the folded 
dimer, N2, the folded monomer, N, and the unfolded 
monomer,  U, as well as the result of the fitting of  the DSC 
data according to the following equilibrium model 

K D  K u  

N 2 ~ 2N ~ 2U (2)  

where K D stands for the dissociation constant of the dimer 
and K u for the unfolding constant of the monomer (see 
below). The uncertainty in the absolute heat capacity val- 
ues of  the samples at 20°C has been found to be _ 2 kJ 
K 1 m o l - l .  It is evident that the thermal stability of  the 
fragment clearly increases with pH within the range 2.5 to 
5.0 (Fig. 1A). 

We have calculated the calorimetric parameters of  the 
reversible transitions, such as the calorimetric enthalpy, 

AH, i.e., the area under the DSC peak, using a sigmoidal, 
chemical base line as described elsewhere [22], and the 
van ' t  Hoff enthalpy calculated from the equation AH vH = 
4 R T 2 C p / A H ,  where C m stands for the excess Cp value 
at T m. In all cases, AH v~ > AH,  indicating that the transi- 
tion does not correspond to a monomeric two-state process 
and that there are intermolecular interactions in the folded 
monomer, i.e., monomer associations. This conclusion also 
agrees with the observed asymmetrical shape of the transi- 
tions [23]. The average value for all experiments of the 
A H / A H  vH ratio is equal to 0.81 + 0.03. This value is 
higher than 0.73, the value corresponding to a dimer that 
unfolds into monomers, as we have shown to be the case 
for the 255-316  thermolysin fragment [10], and much 
higher than the values expected for the two-state unfolding 
of  larger association states [15,23]. 

Fig. 2 shows the effect of fragment concentration on the 
T m values of the DSC endotherms within the pH range 
2.5-5.0.  At all pH values there is a clear concentration 
effect, that is to say the higher the concentration the higher 
the T m value. This result suggests once more the existence 
of a dissociation equilibrium of the fragment concomitant 
with its thermal unfolding. Nevertheless, a simple dimer 
dissociation-unfolding linked process, N 2 ~ 2U (where N 2 
and U stand for the folded dimer and the unfolded 
monomer, respectively), leads to a higher concentration 
effect than the one shown in Fig. 2 [22,23]. 

It is clear then that higher association states for the 
205-316  fragment at low temperatures would contradict 
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Fig. 2. Concentration dependence of the experimental T m values for the 
thermal unfolding of the 205-316 fragment at five pH values: 5.0 (D); 
4.0 (w); 3.5 (v);  3.0 (Q); 2.5 (©). Solid lines show the dependence at 
each pH according to the global analysis of the DSC results. 
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even more the above-mentioned enthalpy ratio, as well as 
the extent of the T m dependence on sample concentration. 
Therefore, the simplest plausible model to describe the 
thermal behaviour of the 205-316 fragment would be that 
described by a temperature-dependent, folded, monomer- 
dimer equilibrium which, on temperature increase, would 
give rise to unfolded monomers as the final state. Such a 
model is the one depicted in Eq. (2). In order to check 
whether this model is compatible with our DSC results 
and, if so, to obtain its characteristic thermodynamic pa- 
rameters, we have carried out a global, multidimensional 
fitting of the DSC traces as described below. 

The molar fractions, X, of the three species and the 
equilibrium constants included in Eq. (2), for a given total 
fragment concentration, C o, expressed per mol of monomer, 
can be written as 

XN2 = 2[N2]/Co; X h = [N] /Co;  X U = [U] /Co;  (3) 

K D = [ N ] 2 / [ N 2  ] = 2 X~ C o / X N 2  ; K U = X u / X  N . (4) 

Simple transformations of these equations lead to 

+ + + 8 oKo] 

/4Co;  X U = K u X  N (5) 

Taking the dimer, N 2, as the reference state, the excess 
heat capacity, ACp(T), over that of the reference state 
consists of two terms, the excess of the intrinsic Cp over 
the initial state, 8C) nt, and the excess heat absorption of 
the process(es), 6cee x [24]: 

ACp(T) = 6C)nt + 6C~ x (6) 

where in this case 

6 Cp "t = X N ACp.o/2 + ( ACp. u + aCp,n/2 ) X v (7) 

6c~ x = AHD(OXN/OT)/2 + (a/-/u + AHD/2) 

× [ K u ( d X N / d T  ) +XN(dKu/dT)]  (8) 

Here A H  D and ACp. D stand for the enthalpy and heat 
capacity changes of dissociation of the dimer, and AH U 
and ACp. U for the corresponding values of the monomer 
unfolding. Derivation of Eq. (5) leads to the value of 
dXN/dT,  which includes d K u / d T  and dKD/dT, that can 
be written as 

d K u / d T =  KuAHu/RT2;  d K o / d T =  2KDAHD/RT 2 
(9) 

The functions AH, AS and ACp for both the dissocia- 
tion (D) and the unfolding (U) processes can be repre- 
sented as: 

AH(T)  = AH(To) + fTITaCAT)dT; 
aS(T) = aS(To) + fT( Ac~(T) /T )dT  (10) 

JT~, 

Here T o is a reference temperature chosen to be 50°C as an 
approximate average of the experimental temperature 
range. The corresponding ACp values are defined by: 

JCp. D = 2[C,,(N) - Cp(N2) ] • ACp. o = Cp(U) - Cp(N) 

(ll) 

where Cp(N), Cp(N2) and Cp(U) stand for the molar heat 
capacities of the folded monomer, the folded dimer and the 
unfolded fragment, respectively, all expressed per mol of 
monomer. 

Finally, the equilibrium constants are obtained by the 
following equations: 

AGo(T  ) = AHD(T ) -- TASD(T); 

AGu(T  ) = A H u ( T  ) - TASu(T ) (12) 

KD(T) = e x p [ - 2 A G t ~ ( T ) / R T ] ;  

K u ( T  ) = e x p [ - A G u ( T ) / R T  ] (13) 

To fit the experimental molar heat capacity curves to 
Eqs. (6)-(8), we have firstly obtained an analytical expres- 
sion for Cp(U) based on a second-order, least-squares 
regression through the heat capacity data of the elements 
of protein chemical structure, as reported at several tem- 
peratures [25] 

Cp(U) = -8 .9649  + 0.1851T 

- 0.000239T 2 ( k J / K '  mol) (14) 

whereas, as usual, we have used linear T functions for the 
heat capacities of both the folded monomer and the dimer, 
expressed per mol of monomer 

Cp(N2) = a + b T ;  C p ( N ) = c + d T  (15) 

Here we have assumed for the sake of simplicity that both 
straight lines intercept with that of Cp(U) at 140°C, the 
temperature at which the heat capacity of unfolding has 
been reported to become zero [26]. Therefore, both ACp. D 
and ACp, U functions (Eq. (11)) depend upon only two 
independent adjustable parameters. Finally, we have made 
the general assumption that neither the heat capacity val- 
ues, Cp(N2), Cp(N) and Cp(U), nor the enthalpy changes, 
AHD(T) and AHu(T), depend on pH but on temperature 
alone [27]. The effect of pH on the stability arises then 
solely from the different entropy changes at each pH and 
their influence on the AG and K values. 

To decrease the number of adjustable parameters in the 
overall curve fitting we have obtained independently the 
K D values at 10°C and different pH values by equilibrium 
sedimentation experiments (see below), which fix the AS D 
parameters. For each DSC curve the protein concentration, 
C O , is an experimental, known parameter, and, obviously, 
the more curves (i.e., more experimental information) we 
use simultaneously in the analysis, the more accurate the 
fitted parameters that can be obtained. In this way we have 
carried out a non-linear, multidimensional fitting of the 
DSC traces at different pH values to the model of Eq. (2), 
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Table 1 
Thermodynamic parameters 

AH D (kJ/mol)  AHtj (kJ/mol)  Cp(N) (kJ /K  • mol) Cp (N 2) ( k J / K .  mol) 

3.8 186 21.75 22.88 
( - 2 . 4  ~ 8.6) (183 ~ 189) (21.62 ~ 21.87) (22.81 ~ 22.95) 

pH AS U (kJ /K  • mol) 

5.0 0.548 (0.539 -~ 0.560) 
4.0 0.561 (0.552 ~ 0.573) 
3.5 0.572 (0.563 ~ 0.584) 
3.0 0.588 (0.579 ~ 0.600) 
2.5 0.601 (0.591 ~ 0.612) 

Thermodynamic parameters obtained from the multidimensional fitting of the partial molar heat capacity curves according to the model developed in the 
text (Eq. 2) for the 205-316 fragment of thermolysin. Parameters in the Table correspond to T o = 50°C. Values in parentheses show the error interval. 
Values of AS D were fixed in the analysis on the basis of the ultracentrifuge results (see text). All parameters are expressed per mol of monomer. 

where only four common parameters for all traces had to 
be fitted, Cp(N2), Ct,(N), AH D and AH U, in addition to 
another independent parameter at each of the 5 pH values, 
AS U, all of them at the reference temperature of 50°C. For 
the fitting analysis we have developed a specific software 
based on the optimization Simplex algorithm. We have 
also made an analysis of variance of the fitting parameters 
[28] to estimate of their uncertainty. The results of this 
global fitting are shown in Fig. 1A and Fig. 2 and the 
corresponding thermodynamic parameters are listed in 
Table 1. 

Sedimentation equilibrium experiments at pH 2.5, 4.0 
and 5.0 show that the relative molecular mass of the 
205-316 fragment at 0.1 mg/ml  (Mr 19000-19800) is 
higher than that corresponding to the single monomer, 
11 978, and closer to the dimeric fragment (M~ 22000-  
24400 at the highest sample concentration employed, 1.0 
mg/ml)  (data not shown, taken from the low-speed sedi- 
mentation equilibrium mn~ at 20 000 rpm). This behaviour, 
where Mr increases concomitantly with sample concentra- 

tion, is characteristic of a self-association system [29]. The 
global analysis of the experimental data at each pH, corre- 
sponding to the monomer-dimer equilibrium model is sum- 
marized in Table 2 (see also Fig. 3). This analysis indi- 
cates that the 205-316 fragment associates with a moder- 
ate affinity in the 105 M -~ range and that the process has 
little dependence on pH, which would mean that ionizable 
groups are not likely to be involved in the association. 

The temperature dependence of the enthalpy and Gibbs 
energy changes between the different states of the frag- 
ment have been calculated from the set of parameters 
listed in Table l, and are shown in Fig. 4. The AH of 
unfolding of both the monomer and the dimer shows the 
expected positive temperature dependence according to 
their positive ACp unfolding values. Nevertheless, A H  D 

decreases with temperature, from positive values at low 
temperature to small negative ones above 50°C, due to the 
negative sign obtained for ACp, o. The ZIG of unfolding 
for the monomer and dimer attain their maximum values at 
around 0°C. The dimer has a higher AG than that of the 

0 ~ ~ 0o~. 0 0 
'10 O. 

aoc ~o o - ~  o o o  
e~ - I  

0,20 

.•¢ 0 , 1 2 "  

o 

0,04 

O. lmg/mL ~1 ~ 

o o o 

~ ~ °  

i t 

7,0 7.1 

Radius I cm]  

7 1 /  oo "O 

n / ~ z ~ r ~ # ~ ' o O  B ~  _ooP'~ o ~  • ~ 1 o o o o e o - % ° ° ~ % °  
p,,,¢~ = i  "-o'-~9o" c¢ tp'.,,:6%~COo~,,~",0 o - "-'.o" o 

| o = o  o o 
, . i t  " . oooo  ,% 

1,0 

~ 0 , 6  

0,2- 

0.Srng/rnL 

, .  . , , , , , • 

6,5 6,6 

1.0rng/mL 

0,6 

61o 6'.1 
Radius (era) Radius (era) 

Fig. 3. Radial distribution of concentration and residuals of the 205-316 fragment as a monomer-dimer equilibrium at pH 2.5. Open circles correspond to 
the experimental data obtained at 25 000 rpm, for three different concentrations (0.1, 0.5 and 1.0 mg/ml) .  The solid line is the best-fit curve of the global 
analysis to a monomer-dimer equilibrium as described in the text. The results of the fitting are given in Table 2. 
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Table 2 
Dependence on pH of the equilibrium dimerization constant of the 
205-316 C-terminal fragment of thermolysin " 

pH K2 A ( A - i ) b  rms(A)  c K~ (M - I )  

2.5 5.3 (5.0 ---> 5.8) 0.0095 6.2.105 
4.0 3.5 (3.3 ~ 3.7) 0.0180 4.1.105 
5.0 3.1 (2.9 ~ 3.3) 0.0131 3.5.105 

See Section 2 for details of the analysis. 
b Corrected to 1 cm path length. The values in parentheses correspond to 
95% confidence intervals. 
c Root mean square deviation of the fit in units of absorbance. 

est uncertainty. Nevertheless, the estimated error for ACp. D 
is relatively low (Table 1). In order to test the reliability of 
our ACp, D value, we have carried out exhaustive simula- 
tions of the Cp curves by using the equations of the model 
and the measured dissociation constants, and have checked 
the effect of different values and signs for AH D and ACp. D 
on the simulated Cp curves (results not shown). We should 
like to point out that a fixed positive, or even zero value 
for AC~,.D precludes any reasonable explanation for our 
overall DSC data. 

monomer at all temperatures, with a minimum difference 
at about 45°C, at which the dissociation constant is highest 
(Fig. 4B). 

Within the whole set of our dissociation and unfolding 
parameters, the unusual negative sign of ACp, D is note- 
worthy. According to the analysis of the experimental data 
under our DSC conditions, the folded monomer is the least 
populated species in equilibrium and, therefore, the ther- 
modynamic parameters related to this state have the high- 
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Fig. 4. Temperature dependence of enthalpy (A) and Gibbs energy (B) of 
dimer dissociation (1), unfolding of the monomer (2) and unfolding of the 
dimer (3) for the 205-316 fragment of thermolysin. The AG functions 
are shown for the same five pH values as in Figs. IA and 2, decreasing 
from top to bottom. The five Gibbs energy curves for the dissociation 
process appear practically superimposed. 

4. D i s c u s s i o n  

The 205-316 thermolysin fragment forms a 4 a-helix 
(233-246, 260-274, 281-296 and 301-313) bundle in 
native thermolysin, whereas the 255-316 fragment has lost 
the 233-246 helix and remains as a 3-helix subdomain in 
the crystal structure of the enzyme [3,4]. We have recently 
shown [10] that the 255-316 fragment behaves as a com- 
pact, globular dimer in solution at pH 7.5, in agreement 
with sedimentation and NMR studies [l 1,12], and under- 
goes a two-state thermal transition, giving rise to unfolded 
monomers. 

Our DSC investigation of the larger 205-316 ther- 
molysin fragment at acidic pH values shows the existence 
of an equilibrium between folded monomers and dimers, 
which unfold into isolated monomers. In fact, the experi- 
mental DSC traces are predicted quantitatively by the 
theoretical ones corresponding to the model depicted in 
Eq. (2). (Fig. 1A). The model also explains satisfactorily 
the concentration dependence of the T m values in the pH 
range 2.5-5.0 (Fig. 2). This has allowed us to obtain 
thermodynamic information about the monomer, which 
could not be accessible in the 255-316 fragment, the 
monomer of which was not significantly populated under 
the DSC experimental conditions [I0]. Vita et al. [11] 
reported a monomeric character for the 206-316 fragment 
of thermolysin at pH 7.5, with a significant decrease in the 
sedimentation coefficient at both acidic and alkaline pH. 
The difference between our results and those of Vita et al. 
[11] may be due to the effect of the hydrophobic Met-205 
residue, and the fact that they also used a 10-fold lower 
ionic strength. 

The heat capacity change of unfolding of both the 
folded monomer, Cp(U) - Cp(N), and folded dimer, Cp(U) 
-Cp(Nm), is positive as expected from the exposure of 
buried hydrophobic residues upon unfolding (see Fig. 1A, 
Table 1 and Eq. (11)), although with specific values lower 
than those of compact globular proteins [27]. This suggests 
that both conformations have a less compact and/or  exten- 
sive hydrophobic core in relation to the size of each 
species. At this point it is interesting to compare the Cp 
values of this fragment with those of the dimeric 255-316 
thermolysin fragment (Fig. 1B). Firstly, the molar Cp 
change of unfolding is similar for both dimers in spite of 
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their different size. Secondly, if we add the Cp function of 
the smaller fragment to the calculated Cp value of the 
205-254 difference chain, assuming that this chain is 
unfolded and using the above-mentioned Cp values [25], 
we obtain a Cp trace which coincides very well with the 
experimental one of the 205-316 fragment, both before 
(folded state) and after (unfolded state) the thermal transi- 
tion (Fig. 1B). Since the larger fragment is mostly dimeric 
before the transition, this result is consistent with a rather 
disordered state for the 205-254 peptide chain in the 
fragment. 

The most striking result is the negative value found for 
ziCp.D. The ACt, of binding in protein-ligand interactions 
is usually negative [30-32]. This negative value is larger 
when binding is coupled to partial or complete protein 
folding than when binding refers to rigid body associations 
[1]. Therefore, the only reasonable explanation for our 
ACp, D value would be that of association coupled to a 
somewhat partial unfolding, since the burial of non polar 
surface seems to be the dominant term in the association 
AC e values versus the change in the polar surface area [1]. 
In fact, the 255-316, 5-helix fragment is a dimer in 
solution [10,11], where the interface between the two 
subunits, of a marked hydrophobic character, coincides 
topologically with that between the fragment and the rest 
of the protein in the intact enzyme [12]. Preliminary NMR 
studies at pH 4 and 5 show that the dimer of the 205-316 
fragment is also stabilized by the same favourable 3-helix 
interaction, leaving the first 233-246 helix and the N- 
terminal part of the chain close to random conformation 
(manuscript in preparation). The isolated 233-248 peptide 
in solution has also been shown by CD and 2-D NMR to 
have only a 13-17% propensity for helix formation [33]. 
The fact that the hydrophobic surfaces of about 50 residues 
are already exposed in the folded dimer would be responsi- 
ble for its above-mentiorLed low specific ACp of unfold- 
ing. The dissociation of the dimer could give rise to 
4-helix bundle monomer,; with a helix content similar to 
that of the fragment in native thermolysin. Although fur- 
ther structural studies of the monomeric and dimeric 205- 
316 fragment are still required, our tentative proposal 
would explain the negative ACe, D value since on dissocia- 
tion there would be net apolar surface buried as a result of 
the formation of the 233-246 a-helix and its docking onto 
the 3-helix surface that forms the dimer interface. 

Fig. 4A shows the temperature dependence of the ZIH 
values for the dissociation and unfolding processes as 
obtained from the data in Table 1. The unfolding ZIH of 
the monomer tends to 41)0 kJ /mol  (3.57 kJ /amino acid 
residue) at 140°C, whereas that of the dimer tends to 350 
kJ /mol  (3.12 kJ/residue), both values lower than the 
value proposed for compact globular proteins at 140°C, 
6.25 kJ/residue [26]. This contrasts with the higher AH 
value extrapolated for the 255-316 fragment, 5.80 k J / r e -  
sidue [10]. This result is again compatible with a partially 
unfolded or disordered structure for the 205-316 fragment. 

Fig. 4B shows the temperature dependence of the AG 
values for unfolding and dissociation of the fragment at 
different pH values. The stability of the monomer is very 
low, especially at low pH, which would allow the monomer 
to undergo cold denaturation at temperatures close to 0°C. 
Since these transitions would be rather broad because of 
their low enthalpy, they could be at least partially detected 
by DSC in the case of high monomer concentration. It is 
evident that this is not the case, however, because of the 
stabilizing effect of the fragment association (Fig. 3B). 
The pH dependence of the ziG values of dissociation is 
very low (see Fig. 4B) and can be fitted very well to a 
straight line (results not shown), according to the equation 
(OziG/OpH) r = 2.303RTu, where u stands for the number 
of protons taken on dissociation [34]. From the slope of the 
plot, v turns out to be only -0 .1 ,  which suggests that the 
process has very little electrostatic character. 

Finally, we have shown that the 205-316 thermolysin 
fragment undergoes a reversible co-operative thermal un- 
folding, as does the 255-316 fragment. Under DSC exper- 
imental conditions the latter seems to behave only as a 
dimer in solution, whereas the former behaves as 
monomer-dimer equilibrium. Thus, the presence of the 
additional 50 amino-acid polypeptide chain in the 205-316 
fragment, versus the 255-316 fragment, stabilizes to some 
extent the folded monomer population in the dissociation 
equilibrium; the fact that the monomer of the 255-316 
fragment is also folded in solution has been shown at very 
low sample concentration ( <  0.1 mg /ml )  [11]. We have 
also shown that the 205-316 fragment has a somewhat 
less compact conformation than that of the 255-316 frag- 
ment. Nevertheless, both fragments are clearly stabilized 
by their association into dimers in solution. 
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