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Differential scanning calorimetry was used to study the thermal unfolding of hevein, a 43-residue 
disulfide-rich protein whose three-dimensional structure has been determined by X-ray diffraction. In the 
range pH 2.0-3.7 this process was approximately 75 % reversible as judged by repeated scans on the 
same sample. The ratios of van't Hoff to calorimetric enthalpies were considerably larger than one, 
suggesting that intermolecular cooperation is involved in the unfolding of this protein. Alternatively, it is 
possible that the partial irreversibility of this process may cause distortions of the endotherm that affect 
the calculation of the van't Hoff enthalpy. Experimental changes in heat capacity and enthalpy were 
compared with those calculated from polar and nonpolar surface areas buried in the native state. It was 
found that when the unfolded state is represented as an extended chain without disulfide cross-links, 
experimental and calculated parameters agree well. However, if the unfolded protein is modeled with the 
presence of disulfide bridges, the agreement between the two sets of parameters is lost. The entropy 
changekesidue at 112 "C is considerably smaller than the average value for globular proteins, thus suggest- 
ing that, as expected, disulfide bonds strongly influence the entropy of the unfolded state of this protein. 
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During the last two decades, many efforts have been devoted 
to the study of the relationship between protein structure and 
stability. From these studies, important conclusions have re- 
cently emerged that seem to be generally applicable to the pro- 
tein unfolding process [I, 21. It is now accepted, for example, 
that thermodynamic parameters for unfolding can be parame- 
terized in terms of the polar and apolar surface areas that are 
buried in the native state of the macromolecule and become ex- 
posed to the solvent in the unfolded state [I, 31. According to 
this approach, hydrogen bonds, van der Waals' interactions, and 
the hydrophobic effect are considered as the main forces that 
contribute to protein stability [I, 3,4]. It is recognized, however, 
that other factors like electrostatic interactions and disulfide 
bridges may have an important but less well understood role 
IS, 61. 

In this study, we carried out a calorimetric investigation of 
hevein, a small disulfide-rich protein form Hevea brasiliensis 
[7]. The folding of the 43-residue polypeptide chain of this pro- 
tein has been determined by X-ray diffraction [8]. It is remark- 
able that this molecule lacks a hydrophobic core, suggesting that 
its four disulfide bridges may play an important role in the stabi- 
lization of the native state. These molecular characteristics of 
hevein led us to study its thermal unfolding in order to test some 
of the current ideas about protein stability. 
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Abbreviations. AH,,, calorimetric enthalpy ; AH,,, van't Hoff en- 

thalpy ; AC,, change in heat capacity upon protein unfolding; T,, temper- 
ature at the maximum of the calorimetric curve; Av, change in the 
number of protons bound upon protein unfolding; A, and A,,, change in 
the solvent-accessible polar and apolar areas due to denaturation, respec- 
tively; AS,, unfolding entropy at T,. 

MATERIALS AND METHODS 
Hevein was purified from the latex of rubber (H.  bra- 

siliensis) trees by the method described previously by Rodriguez 
et al. [9]. The concentration of hevein was determined by means 
of its molar absorption coefficient at 278 nm ( E  = 12032 MA' . 
cm-') [lo]. Care was taken to assure that this value does not 
change significantly within the pH range employed in this study. 
For the calculation of molar quantities, a molecular mass of 
4700 Da [7] was used. Polyacrylamide gel electrophoresis ex- 
periments were carried out in a PhastSystem instrument (Phar- 
macia) using the running conditions suggested by the manufac- 
turer. 

Differential scanning calorimetry measurements were per- 
formed with a MicroCal MC-2 instrument (MicroCal, North- 
ampton MA, USA). Experiments were conducted at several pH 
values in the range 1.8-4.5. Hevein solutions of 3.3-4.7 mg/ 
ml were dialyzed against 0.05 M glycine at the appropriate pH. 
Solutions were degassed under vacuum for 15 min, after which 
the protein concentration and pH were confirmed, and samples 
were then loaded into the calorimeter. In all cases, the scanning 
rate was 60°C/h, and a total pressure of 2.2 kg . cm-* was ap- 
plied to the cell compartments. Bufferhuffer base lines were 
obtained under the same conditions and subtracted from sample 
tracings. Calorimetric, AH,,, and van't Hoff, AH,,, enthalpies 
were calculated by using the DA-2 software package (Micro- 
Call. 

Accessible surface areas were estimated with the program 
ACCESS (Scott R. Presnell, University of California, San Fran- 
cisco), an implementation of the Lee and Richard's algorithm 
[Ill, using a probe radius of 0.14 nm and a slice width of 
0.025 nm. Accessible surface areas in the native state were cal- 
culated from the crystal structure of hevein [8], whereas two 
different denatured structures were modeled using BIOGRAF, 
version 3.1 (Molecular Simulations, Inc., Waltham MA) in order 
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Fig. 1. Differential scanning calorimetry curves of hevein after 
subtraction of bufferbuffer baseline. Experiments were performed at 
pH 2.10 (......) and 3.54 (-), with a scan rate of 60"Ch. The pro- 
tein concentration was approximately 4 mglml. 
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to estimate their accessible surface areas. The first model of the 
denatured molecule did not consider the presence of disulfide 
bonds and consisted of a fully extended polypeptide chain with 
4, iy and w angles of 180" and x, (i = 1-4) equal to 60". How- 
ever, the second representation of the denatured state retained 
all four cystine residues joined by polypeptide single loops with 
proper amino acid sequence; the conformation of those loops 
was interactively oriented to achieve maximal solvent exposure 
in both main and side chains, and the geometry was relaxed by 
energy minimization. In all accessible surface areas calculations, 
nitrogen and oxygen atoms were considered polar whilst the 
solvent accessible surface of carbon and sulfur atoms determined 
the apolar areas. 
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RESULTS AND DISCUSSION 

Fig. 1 shows the differential scanning calorimery curves for 
hevein at pH 2.10 and 3.54, after subtraction of the correspond- 
ing bufferbuffer tracings. In the pH range 1.82-3.67, denatur- 
ation endotherms were approximately 75 % reversible, as judged 
by repeated scans of samples that were previously subjected to 
a first heating and cooling cycle. Above pH 4.0, the reversibility 
drastically decreased and calorimetric curves showed a notable 
exothermic effect in the region of high temperature (data not 
shown), suggesting that aggregation of the unfolded molecules 
was taking place under these conditions [12, 131. 

As can be seen in Fig. 1, the calorimetric curves for hevein 
indicate that there is a positive change in heat capacity upon 
unfolding of the macromolecule, AC,, in agreement with obser- 
vations made on other proteins [14, 151. This parameter was 
determined by linearly extrapolating the predenaturation and 
postdenaturation parts of each calorimetric recording and evalu- 
ating the difference between these parts at T,,, (the temperature 
corresponding to the maximum of the curve) [15]. The average 
value found for AC, was 1.91 20 .33  kJ . K-' . mol-' 
(0.41 20.07 J . K-' . g-I). In order to determine unfolding en- 
thalpies, the calorimetric curves were corrected for heat capacity 
changes by subtraction of a straight line connecting initial and 
final temperatures of the transition. In this way, we constructed 
an excess heat capacity function from which AH,,, and AH,, 
were evaluated by means of the DA-2 software. The results ob- 
tained are summarized in Table 1, where one can observe that 
at all pH values studied AH,, > AH,, This finding suggests 
that intermolecular cooperation is invoIved in the unfolding pro- 

Table 1. Unfolding parameters of hevein. Calorimetric and van't Hoff 
enthalpies are referred to t = t,. 

PH t, ACP AH,,, AHv, A H J  
AHv,  

"C kJ. K-' kJ . mol-' 
. mol-' 

1.82 73.0 1.54 121.2 181.4 0.67 
2.10 74.2 1.86 119.8 174.2 0.69 
2.42 74.1 1.71 126.6 186.0 0.68 
2.92 77.8 2.09 129.6 173.5 0.75 
3.20 83.6 2.60 142.3 174.1 0.81 
3.33 82.6 1.76 138.8 181.8 0.76 
3.54 84.5 1.84 152.6 174.0 0.88 
3.67 90.1 1.88 158.8 177.7 0.89 

Fig. 2. Temperature dependence of AH,, (A) and the effect of pH on 
t ,  (B) for hevein thermal unfolding. Data were taken from Table 1. 

cess of hevein [16]. It must be noted that X-ray studies of 
hevein, performed on crystals grown at pH 7.5, show no evi- 
dence of extensive intermolecular contacts [S]. Furthermore, gel- 
filtration experiments indicated that hevein behaves as a mono- 
mer in solution either at pH 7.0 or at pH 3.0 (unpublished results 
from our laboratories). Of course, it is possible to explain the 
calorimetric results by assuming that the unfolded state is oligo- 
meric. In this respect, it must be noted that the electrophoretic 
behavior of heat-denatured hevein in the presence of sodium 
dodecyl sulfate (but without reducing agents) showed that a con- 
siderable part of the protein is present as an oligomer of molecu- 
lar mass much higher than that of monomeric hevein. In control 
experiments, where a reducing agent was added, the amount of 
oligomer decreased somewhat. This evidence indicates that 
some intermolecular disulfide bonds can be formed in the un- 
folded state of hevein; however, other mechanisms of covalent 
oligomerization could also be taking place. 

A further explanation for the difference between AH,, and 
AH,, can be found in the lack of full reversibility. Indeed, it has 
been shown that when the unfolding of a protein is followed by 
a relatively slow irreversible step, which occurs with a negligible 
enthalpy change, the calorimetric curves can be distorted to 
some extent [17]. This effect may conduce to a small error in the 
determination of T,,,, but otherwise it can produce considerable 
variations in the height of the heat capacity curve at T,, which 
is the value employed to calculate AH,,. 

Fig. 2A shows the variation of the unfolding enthalpy with 
temperature. There is a good linear relationship between AH,,, 
and T,, as has been observed for several other proteins [14, 1.51. 
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Furthermore, it is generally accepted that the slope of a plot of 
AH,,, versus T, is equal to AC,, provided that the ionization 
enthalpy of protein groups is adequately compensated by the 
ionization enthalpy of the buffer [lSl. From Fig. 2A, a AC, of 
2.3450.23 W . K-' . mol-' was calculated for hevein, in good 
agreement with the value determined directly from the calori- 
metric curves (see above). However, pH had an important effect 
on the stability of hevein, as indicated by the variation of T,,, in 
the range pH 2.4-3.7 (Fig. 2B). This effect is a reflection of the 
change in the number of protons bound, Av, that occurs upon 
unfolding of the protein. For a two-state transition Av can be 
estimated by means of the equation [15, 181: 

2.303 RTZ, apH ' (1) 

Using the assumption that hevein denaturation is a two-state 
process, it would be found (from data in Fig. 2B and data in 
Table 1) that the unfolding of this protein results in the uptake 
of approximately one protodprotein molecule. This figure 
should be taken cautiously since deviations from a reversible 
two-state transition might lead to a different number of protons 
bound. Nevertheless, the value of Av obtained for hevein agrees 
with that reported in the case of bovine pancreatic trypsin inhibi- 
tor, another small disulfide-rich protein [19]. 

Comparison of hevein unfolding parameters with those for 
other proteins. Heat capacity and enthalpy changes. In order 
to compare the unfolding thermodynamics of hevein with results 
obtained for larger proteins, it is necessary to relate thermody- 
namic parameters to molecular properties such as the number of 
residues or changes in accessible surface areas. It is now recog- 
nized that the unfolding heat capacity change has both polar and 
apolar contributions [I, 31. It has been proposed that AC, (in J . 
K-' . mol-') can be calculated by the relationship [l] :  

a Tm . _ _  A H  
A v  = 

Cp,calc = 188 (A,,) - 109 (A,) > (2)  
where A, and A, are the apolar and polar surface areas buried 
in the folded state, respectively. Furthermore, A, is the main 
determinant of the enthalpy change when extrapolated to 1OO"C, 
the so-called convergence temperature [l]. At this temperature, 
the enthalpy change arises only from polar interactions and has 
an average value of 14.6 2 1.3 W . (mol . nm2)-' of buried polar 
surface for the vast majority of globular proteins studied so 
far [l]. 

According to the procedures described in the Materials and 
Methods section, we found that when the unfolded state is mod- 
eled as an extended chain with broken disulfides, native hevein 
buries 12.25 nm2 and 17.76nm2 of polar and apolar surface 
areas, respectively. Using these values in Eqn (2), ACp,calc 
amounts to 2.01 kJ . K-' . mol-', which is close to the experi- 
mental AC,. However, AH,,, extrapolated to 100°C is 183.9 kJ . 
mol-' (compare Fig. 2A) and when normalized by the polar bur- 
ied area the value of 15.0k.J . (mol . nm2)-' is obtained, in 
excellent agreement with the average value for other globular 
proteins. The coincidence between experimental and calculated 
parameters suggests that in the fraction of unfolded hevein mole- 
cules that occur as oligomers, the contact surface between mono- 
mers is rather minimal. In addition, the above results also sug- 
gest that disulfide bridges have only a minor influence on the 
unfolding enthalpy and heat capacity changes. It should be 
stressed that Eqn (2) was derived relating experimental A C ,  val- 
ues obtained from a set of proteins, with their A, and A, values 
estimated under the consideration of a fully extended chain with 
no disulfide bonds for the denatured state. This fact requires that 
any AC, prediction using Eqn (2) must be performed with the 
same conditions as the data-set proteins. However, it is reason- 

able to expect that the presence of cross-links might lead to a 
reduction of accessible surface area in the unfolded state and, 
therefore, to a diminution of the area buried in the native state. 
Since hevein is smaller and possesses more disulfide bonds than 
the proteins used to propose Eqn (2), it was considered interest- 
ing to compare the results obtained above with those estimated 
with a cross-linked denatured state model. Calculations per- 
formed in this way showed that A, and A,, are reduced to 
10.08 nmz and 8.26 nm2, respectively. If these latter values were 
employed in Eqn (2),  ACp,calc would be 0.46 kJ . K-' . mol-', 
in disagreement by a large amount with the experimental AC,. 
Similarly, the normalized enthalpy change at 100°C would be 
modified to 18.2 k.J . (mol . nm2)-', which is outside the range 
observed for larger globular proteins. The use of a cross-linked 
model for unfolded hevein thus gives results in contradiction 
with experimental parameters. A plausible explanation for these 
results is that the model of unfolded hevein with disulfide brid- 
ges is conformationally too rigid to adequately represent a dy- 
namic, real unfolded state, thus causing an underestimation of 
the surface area exposed in the unfolded state and, consequently, 
of A, and A,. 

Entropy change. For globular proteins, unfolding entropies/ 
residue have a common value of 18.0 5 0.4 J . K-' . (mol resi- 
due)-l when extrapolated to 112°C [l, 151. Since it is assumed 
that at this temperature entropy changes are primarily of config- 
urational origin [l], deviations from the average value that occur 
in particular cases may reflect the effect of disulfide cross-links 
on the unfolded state entropy. In this study, the unfolding en- 
tropy of hevein at 112°C (385.15 K) was calculated by using the 
known relationship : 

A S  = AS,, + dC,ln ( 3 y ) .  ___ (3) 

where T, is a reference temperature at which ASTrn = AH,,/T,. 
Experimental values of T, and AHTrn were chosen as those at 
pH values less than 2.42, because in this region ionization ef- 
fects are negligible (compare Fig. 2B). The unfolding entropy 
so obtained was 13.9 5 0.3 J . K-' . (mol residue)-', which is 
well below the average value mentioned above. This result indi- 
cates that disulfide bonds have a strong influence on the unfold- 
ing entropy of hevein. 
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