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IS THERE A RELATIONSHIP BETWEEN PROTEIN THERMAL
STABILITY AND THE DENATURATION HEAT CAPACITY CHANGE?

. *
G. Graziano

Dipartimento di Scienze Biologiche ed Ambientali, Universita del Sannio, Via Port’Arsa 11, 82100 Benevento, Italy

It is shown the non-occurrence of a correlation between the values of the denaturation temperature and those of the denaturation
heat capacity change for a set of 13 proteins possessing the ‘SH3-type’ fold from both mesophilic and thermophilic microorgan-
isms. This seems to be a rather general result, because, fixed the size and the folding pattern, the denaturation heat capacity change
is a nearly constant quantity, within the uncertainty limits of experimental determinations, regardless of the thermal stability of the
protein. A precise definition of the thermodynamics of the hydrophobic effect is presented to clarify that the above finding does not
imply that the hydrophobic effect does not play a role in the extra-thermal stability of thermophilic and hyperthermophilic proteins.
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Introduction

It is widely recognized that the large and positive heat
capacity change associated with the thermal denatur-
ation of globular proteins, Ay4C,, is the thermodynamic
signature of the role played by the hydrophobic effect
for the stability of the native conformation of globular
proteins [1—4]. On this basis it would be predictable the
existence of a relationship between the values of the de-
naturation temperature, 7g, of a family of globular pro-
teins and the corresponding values of A4C,,. This rela-
tionship has also been invoked in order to try to explain
the origin of the extra-stability against temperature of
proteins from thermophilic and hyperthermophilic mi-
croorganisms [5]. Specifically, it has been suggested
that a lowering of A4C,, passing from a mesophilic pro-
tein to a thermophilic analogue may lead to a broader
stability curve and so to a larger 7, value [6].

Detailed analyses of available sequences and struc-
tures of mesophilic and thermophilic pairs have not suc-
ceeded in identifying a unique mechanism selected by
nature to enhance the thermal stability of globular pro-
teins [7—15]. It could be a better choice to analyze ex-
perimental data for a family of globular proteins pos-
sessing the same folding pattern but spanning a large
range of thermal stability. Baker found that topology de-
termines the folding mechanism: pairs of structurally re-
lated proteins with little or no sequence similarity have
very similar folding transition-state ensembles [16]. The
major features of the folding Gibbs energy landscape
appear to be dictated by the native structure topology
(i.e., the folding pattern).
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To this aim I have selected a set of 13 small globu-
lar proteins, including seven SH3 domains, four cold
shock proteins and the thermophilic Sac7d and Sso7d,
because they all possess a similar structure with
60-70 residues and no disulfide bridges. The common
fold consists of 5 anti-parallel B-strands, twisted into a
barrel comprising two B-sheets that pack against each
other in a nearly orthogonal manner [17-20]. It appears
that this fold ‘has survived in all kingdoms due to its
(thermal) stability and because it forms a suitably small
and stable platform for different functions in various or-
ganisms’ [19]. In addition, there is a lot of reliable ex-
perimental data on the thermodynamic stability of both
mesophilic and thermophilic representatives of this set.
The analysis shows that there is no correlation between
the A4C,, values and the Ty ones for the selected set of
globular proteins. This finding, however, does not imply
that the hydrophobic effect is not a fundamental factor
of protein stability. The matter is analyzed in detail:
(a) by assigning a precise meaning to the thermodynam-
ics of the hydrophobic effect; (b) by testing the thermo-
dynamics associated with point mutations in some of the
selected proteins. It emerges that the hydrophobic effect
is always a stabilizing factor, but it is often hidden in the
very intricate mix of enthalpic and entropic contribu-
tions determining the marginal thermodynamic stability
of the folded conformation of globular proteins.

Selected literature data

For Btk-SH3, Itk-SH3 and Tec-SH3, experimental
data come from the calorimetric and spectroscopic
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study of Ladenstein et al. [21]; for Abl-SH3, Fyn-SH3
and Spc-SH3, experimental data come from the calo-
rimetric investigation of Mateo et al. [22]. For
Sem5-SH3 experimental data come from the spectro-
scopic study of Richards et al. [23], but the A4C,, was
not determined and it has been assigned on the basis
of the values of the other SH3 domains. For Sso7d,
extracted from the hyperthermophilic archaeon
Sulfolobus solfataricus, 1 have used data from both
the study of Ladenstein et al. [21, 24], and the study
of Shriver et al. [25]. For Sac7d, extracted from the
hyperthermophilic archaeon Sulfolobus
acidocaldarius, 1 have selected two sets of data both
coming from the calorimetric and spectroscopic stud-
ies of Shriver et al. [25, 26]. For Ec-CspA data come
from the study of Petrosian and Makhatadze [27]; for
Bs-CspB and Bc-CspB data are from the spectro-
scopic study of Schmid et al. [28]. For Tm-Csp, ex-
tracted from the hyperthermophilic microorganism
Thermotoga maritima, I have used data from the calo-
rimetric study of Jaenicke et al. [29]; in particular, I
have selected both the values at pH 4.8 and 6.0 be-
cause there is a large difference in the AyH(Ty) num-
bers, and I have considered two AyC, values: the ex-
perimental one for Tm-Csp, 4.6 kJ K~ mol™' [29], and
that determined for several variants of Bs-CspB and
Be-CspB, 4.0 kJ K™ mol™ [30]. The set contains only

wild-type proteins, to avoid the occurrence of arti-
facts due to point mutations, in the conditions of
maximal thermal stability measured by the Ty value.
The temperature-induced denaturation of all of
these proteins is a reversible process well represented
by the two-state N<>D transition model [31, 32]. In
the assumption that A4C, is a constant quantity, the
temperature dependence of A4G is given by [1, 33]:

AG(T)=AH(T)[1—(T/ T) |+ AaC[ T-TaTIn(T/Ty)] (1)

The plot of AyG vs. T has a parabola-like shape
and is called the stability curve of the protein [34].
Since A4C, is a large and positive quantity, the dena-
turation enthalpy and entropy changes vanish at two
temperatures, Ty and T, respectively [34]. If AyC, is a
constant quantity, it results:

Ty=To[AdH(T4)/ AdCy) 2
hlTszlan*[AdH(Td)/TAde] (3)

Experimental data, Ty, AaH(Ty) and A4C,, to-
gether with the calculated values of Ty, Ts=Tpnax
(i.e., the temperature at which A4S is zero corresponds
to the temperature where AyG achieves the maxi-
mum), and AyG(T5s) are collected in Table 1.

Table 1 Parameters characterizing the maximal thermal stability, at pH around neutrality, of a family of small globular pro-
teins, all possessing the ‘SH3-type’ fold. Values of Ty, AsH(Ty) and A4C,;, are directly obtained from DSC or CD mea-
surements; those of Ty, Ts and A4G(Ts) are calculated by means of Eqs (1)—(3)

Protein Nres T/K ﬁﬁgﬁ){ kJ I(A’d'crrlyq/ol’l Tk Ik ﬁ}igﬁ){
Btk-SH3 [21] 64 353 196 3.1 289.8 295.1 16.4
Itk-SH3 [21] 57 342 178 34 289.6 293.5 133
Tec-SH3 [21] 63 344 169 2.9 285.7 290.4 13.6
ADbI-SH3 [22] 63 342 194 33 282.7 288.0 17.5
Fyn-SH3 [22] 64 344 233 33 273.0 280.2 23.8
Spc-SH3 [22] 62 339 197 34 281.0 285.7 16.0
Sem5-SH3 [23] 60 352 271 33 270.2 278.8 28.4
Sso7d [21, 24] 62 372 274 2.7 270.5 283.2 343
Sso7d [25] 62 372 272 3.1 284.3 293.8 29.5
Sac7d [26] 66 364 275 3.6 287.5 295.1 27.4
Sac7d [25] 66 363 245 3.0 282.3 290.8 25.5
Ec-CspA [27] 70 330 181 33 275.4 279.5 13.5
Bs-CspB [28] 67 327 193 4.0 278.4 282.1 14.8
Be-Csp [28] 66 350 245 4.0 288.8 293.8 20.0
Tin-Cp 29) ” ! 7 B0 w2 e 2l
mopm %W ma wmownm

"pH 4.8; °pH 6.0
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Analysis of literature data

The existence of a correlation between A¢C, and Ty
can be tested by constructing a plot of these two quan-
tities. The plot of the A4C,, values vs. the Ty values for
the 13 selected proteins is shown in Fig. 1 (i.e., 16 en-
tries because I considered two A4C, values for the
three hyperthermophilic proteins; values at pH 6.0 for
Tm-Csp have not been taken into account because
they would practically duplicate those at pH 4.8).
Data do not show any correlation: the linear correla-
tion coefficient 7=—0.035 for 16 points. The latter
number indicates that there is no relationship between
A4C, and Ty for the present set of globular proteins
possessing the ‘SH3-type’ fold and spanning a large
range of T values (i.e., from 327 up to 372 K). Also

considering solely the three proteins from
hyperthermophilic sources, Sso7d, Sac7d and
Tm-Csp, the A4C, values of 2.7, 3.6 and

4.6kIK 'mol (or3.1,3.0 and 4.0 kJ K ' mol ' using
the second set of values reported in Table 1 for these
three proteins) do not correlate with the 7y values of
372,364 and 367 K, respectively. This suggests that,
fixed the size and the folding pattern of a set of globu-
lar proteins, the A4C, value remains practically con-
stant within the uncertainty limits of experimental de-
terminations. In fact, the experimental A4C, values of
the 13 selected proteins are in line with those ex-
pected on the basis of the proposed empirical relation-
ships between the buried accessible surface area, 454
(that is determined by the size and the folding pattern)
and A4C,, [3, 4, 35, 36]. For instance, according to the
simple relationship provided by Robertson and
Murphy [35], AqCp=0.058Nye, so that A4C, would
amount to 3.5 and 4.1 kJ K™' mol ™ for proteins of 60
and 70 residues, respectively. Another simple rela-
tionship is the following [36]:
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Fig. 1 Plot of A4C, vs. Ty for the 13 proteins collected in Ta-
ble 1; two different values of A¢C, have been consid-
ered for Sso7d, Sac7d and Tm-Csp (i.e., 16 points).
There is no correlation between these two quantities
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Aq Cp: [Acp,CONPIﬁJ,pol+A Cp,CHﬁJ,np<N i Nees  (4)

where one uses information derived from small mole-
cule studies for the heat capacity contribution of a
CONH group and a CH group (i.e., a hydrogen atom
bonded to a carbon atom, regardless of whether it is
aliphatic or aromatic, and considering that, for in-
stance, a methyl group corresponds to 3CH groups),
together with the average value of the buried fraction
of polar and non-polar 4S54 of the protein, f; o and

Jo.np> respectively, and the mean number of CH groups

in the protein residues, <Ncp>. By using Eq. (4) with
<Ncp>=6, that is an average value for globular pro-
teins, one obtains A4Cp,=2.5 and 3.2 kJ K" mol ™! for
Nies=60 and 70, respectively [36]. It is worth noting
that quantitative failure of empirical relations be-
tween Ay4C, and buried 454 has been reported [37].

Davidson et al. [38] found that for Fyn-SH3 do-
main and 48 hydrophobic core single point mutants
the A4H(T,) and T4 values correlate well and the slope
of the linear fit gives A4C,=2.8 kJ K'' mol . These
49 proteins, even though they show 7y values ranging
from 36 up to 82°C, are characterized by the same
A4C, value. This robust datum confirms the non-oc-
currence of a correlation between 74 and AyC,, values
for a family of structurally similar globular proteins.
Forman-Kay et al. [39] found that for drkN-SH3 and
9 point mutants a A,C, value of 3.0 kJ K™ mol ™ is
able to fit all the thermal unfolding curves character-
ized by Ty values ranging from 58 up to 89°C.
Makhatadze et al. found that A¢C,=3.5 kJ K" mol'
for both Bs-CspB having 74=52.9°C, and its
thermostable variant form having 74=71.6°C [40].
These data suggest that: (a) the observed lack of cor-
relation between A4C,, and 74 should be biologically
significant; (b) the relationship between the hydro-
phobic effect and A4C,, should be more subtle than it
is usually believed. It is worth noting that a lack of
correlation between A¢C, and 73 was originally
pointed out by Nussinov et al. [41], even though par-
tially retracted in subsequent analyses [42—44] and by
Ragone [45].

These findings indicate that the flattening of the
A4G vs. T parabola-like curve due to a A4C, decrease
passing from a mesophilic protein to the thermophilic
counterpart is not an operative mechanism to increase
the thermal stability of the ‘SH3-type’ fold. The other
two limiting thermodynamic mechanisms to increase
the thermal stability of globular proteins are [8, 46]:
(a) lifting up of the AyG vs. T parabola-like curve;
(b) shifting toward higher temperature of the AyG vs. T
parabola-like curve due to an increase of the tempera-
ture corresponding to the maximum of the parabola,
Tmax=Ts. The T values of the 13 selected proteins are re-
ported in the seventh column of Table 1, and fall within
the range determined by Rees and Robertson [47], over
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a large set of mesophilic proteins, 75=285+19 K (note
that the values of Ty, listed in the sixth column of Ta-
ble 1, are close to those of T, indicating the occurrence
of a large enthalpy—entropy compensation [48]). Even
though the latter range is wide, there is no clustering of
T values for thermophilic proteins in the high tempera-
ture side of the range. Therefore, also the shifting to-
ward higher temperature of the A4G vs. T parabola-like
curve does not seem to be operative for the selected pro-
teins. This implies that the lifting up of the AyG vs. T pa-
rabola-like curve is the preferred thermodynamic mech-
anism to increase the thermal stability of the ‘SH3-type’
fold. A linear regression of AyG(Ts) vs. Ty, reported in
Fig. 2, (18 entries, since all the values listed in the eighth
column of Table 1 have been considered), gives
r=0.7782, confirming the existence of a correlation be-
tween these two thermodynamic quantities. The sensi-
tivity of AqyG(T5s) estimates to differences in the values of
T4, AsH(Ty) and A4C, can be appreciated by looking at
the four entries reported for Tm-Csp.

The lifting up of the AyG vs. T parabola-like
curve has also been found by Razvi and Scholtz in an
experimental study of the conformational stability of
five histidine-containing phosphocarrier protein
homologues derived from microorganisms living in
very different environments [49] and in a general sur-
vey of available data [50].

This finding does appear to be in line with the
principle of ‘corresponding states’ advanced by
Somero [51] and Jaenicke [52]: the folded state of
thermophilic proteins should be characterized by
larger A4G values around room temperature
(i.e., around T.=Ts) than the folded state of
mesophilic counterparts in order to have a similar
flexibility at their respective physiological tempera-
tures to perform the biological function [53, 54]. It
would be a simple consequence of the basic fact that
the random thermal energy RT increases with temper-
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Fig. 2 Plot of AyG(T5s) vs. Ty for the 13 proteins collected in
Table 1; all the entries have been considered (i.e., 18
points). A linear least squares regression gives a corre-
lation coefficient =0.7782
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ature, amounting to 2.3 kJ mol™" at 0°C, 2.5 kJ mol ™
at 25°C and 3.1 kJ mol™" at 100°C. Note that water
molecules bombarding the protein surface possess an
average translational kinetic energy amounting to
3RT/2 per mole and that folded proteins should resist
to this bombardment.

Relationship with the hydrophobic effect

The absence of a relationship between 74 and A4C,
may appear strange because the large and positive
heat capacity change is considered to be the distinc-
tive signature of the fundamental role played by the
hydrophobic effect for the conformational stability of
globular proteins [1-4, 55]. However, the relationship
between the Gibbs energy change associated with the
hydrophobic effect, that, since the famous
Kauzmann’s analysis [56], should be the main stabi-
lizing factor of the native conformation, and A4C,
needs a closer scrutiny.

The hydrophobic effect may be quantified by the
changes in thermodynamic functions associated with
the transfer of nonpolar molecules from a nonpolar
organic liquid phase to water over a large temperature
range. This choice contrasts with the widespread use
of values at a single temperature, usually 25°C
[57-60], but is the right one because temperature is a
fundamental variable in this matter [55, 61]. In order
to provide specific numerical values, I use the transfer
from neat liquid phase to water of neopentane, cyclo-
hexane and benzene over the 5—-100°C temperature
range [61-63]. The experimental values of AC;, AH',
AS* and AG®, where the superscript filled circle indi-
cates that such quantities are referred to the so-called
Ben—Naim standard (i.e., transfer from a fixed posi-
tion in the non-polar liquid phase to a fixed position
in water [64]), are collected in Table 2. In addition,
the plots of AH®, -TAS* and AG" for the neat lig-
uid-to-water transfer of neopentane (panel a), cyclo-
hexane (panel b) and benzene (panel ¢) are shown in
Fig. 3. It is evident that AC for all the three hydro-
carbons is a large and positive quantity that decreases
by about 30% over the 5-100°C temperature range.
The functions AH® and AS® increase strongly with
temperature, whereas AG" is always large and posi-
tive, and shows a little temperature dependence due to
the occurrence of enthalpy—entropy compensation.
Thus, AG"® slightly increases with temperature while
AC; decreases: the two functions are anti-correlated
over a large temperature range (Table 2).

Even though the large and positive AC is a signa-
ture of the hydrophobic effect, the molecular mecha-
nism determining its magnitude is different from that
producing the large and positive AG" values [61, 65].

J. Therm. Anal. Cal., 93, 2008
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Fig. 3 Temperature dependence of the Ben-Naim standard
thermodynamic functions AG®, AH* and —TAS" associ-
ated with the transfer from neat liquid phase to water
of neopentane (panel a), c-hexane (panel b), and ben-
zene (panel ¢)

The large and positive AC; is mainly associated with
the reorganization energetics of water molecules around
the inserted non-polar molecule, as convincingly dem-
onstrated by the analysis of a lot of experimental data
[66—-68], and computer simulations in water models
[69-71]. The reorganization of water molecules in the
hydration shell of the nonpolar solute molecule is char-
acterized by enthalpy—entropy compensation and does
not affect the overall Gibbs energy change [72-75]. In
particular, a large and positive AC; seems to be a dis-
tinctive feature of the reorganization of H-bonded sys-
tems. Cooper underscored that the transition ice<>water
is characterized by a large and positive heat capacity
change associated with the disordering of the 3D
H-bonded network of ice [76, 77]. In fact, the AC, val-
ues associated with the hydration of nonpolar solutes
and their temperature dependence can be reproduced by
means of the Muller’s model [78-80], which is an ex-
tension of a two-state lattice model originally developed
by Angell [81]. The Muller’s model accounts for the re-
organization of H-bonds upon non-polar solute insertion
by distinguishing the hydration shell region from the
bulk water [78, 79]. In addition, it has been shown that
the H-bonds in the hydration shell should be more bro-
ken than those in bulk water in order to qualitatively re-
produce the decrease of AC, with temperature [82-85].
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In contrast, the large and positive AG" values,
measuring the poor solubility of hydrocarbons in wa-
ter, are determined by the balance between [61-63]:
(a) the work spent to create a suitable cavity in the
two liquid phases, AAG,, and (b) the work gained to
turn on attractive interactions between the inserted
solute and the surrounding molecules in the two lig-
uid phases, AAG,. The temperature dependence of
AG" for the neat liquid-to-water transfer mainly re-
flects the different temperature dependence of the
density of water and nonpolar organic liquids. Over
the 5-100°C temperature range the density of water
decreases slightly, whereas that of hydrocarbons de-
creases more (about 4% vs. about 10%, respectively
[86]). The work of cavity creation is always larger in
water than in nonpolar liquids, and the difference in-
creases with temperature due to the density effect
[87-91]. See the AAG, values listed in the last column
of Table 2, calculated by means of scaled particle the-
ory, SPT [92-95], using (a) the experimental liquid
densities over the 5—-100°C temperature range; (b) the
following, temperature-independent, hard-sphere di-
ameters: 2.80 A for water, 5.80 A for neopentane,
5.63 A for cyclohexane and 5.26 A for benzene. The
difference AG°—AAG,, that is a reliable estimate of
AAG,, is positive at room temperature, and decreases
with temperature due to the density effect. Non-polar
solute—solvent attractive interactions appear to be
stronger in non-polar liquids than in water around
room temperature, but the difference tends to vanish
with temperature and also to reverse its sign [61-63].
It is worth noting that the density effect reflects the
temperature dependence of the structural features of
the different liquids and is absolutely unrelated to sol-
vent reorganization upon the insertion of a nonpolar
solute molecule (i.e., in water it does not depend on
the reorganization of water—water H-bonds around
the inserted nonpolar solute).

The wvalidity of empirical relations such as
Eq. (4) implies that A4C,, is mainly determined by the
reorganization of water—water H-bonds around
nonpolar moieties exposed upon unfolding. Since this
water—water H-bond reorganization is a compensat-
ing process that does not affect the overall Gibbs en-
ergy change, the non-occurrence of a correlation be-
tween A4C, and T4 should not be surprising, and
should not be interpreted as an indication that the hy-
drophobic effect does not work. The strength of the
hydrophobic effect is measured by AG" values which
are always large and positive. Thus the hydrophobic
effect should be considered the non-specific glue that
drives the collapse of the polypeptide chain towards
the folded compact conformation. Moreover, since
the AG® magnitude increases over the 5-100°C tem-
perature range, the hydrophobic effect should provide
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Table 2 Ben-Naim standard thermodynamic quantities for the transfer of neopentane (a), cyclohexane (b) and benzene (c) from
pure liquid phase at equilibrium vapour pressure to water at 1 atm over the 5-100°C temperature range [61-63]. In the
last column are reported the values of the difference in the work of cavity creation to insert a molecule of neopentane
(a), cyclohexane (b), and benzene (c) in water and in the neat liquid phase, calculated by means of SPT,
AAG=AG(water)-AG, (neat liquid); see text for more details

7/ AC:/ AH'/ AS AG/ AAG/
°C JK ' mol™ kJ mol ™ JK "' mol™ kJ mol ™ kJ mol ™
a 5 394 -9.4 -107.5 20.5 17.6
25 372 -1.6 -80.8 22.5 21.5
50 315 7.0 -52.9 24.1 26.2
75 280 14.5 -30.4 25.0 30.3
100 264 213 -10.7 253 35.0
b 5 380 -6.5 -102.5 22.0 13.1
25 360 0.8 —-76.8 23.7 16.0
50 330 9.2 —49.8 253 19.2
75 295 17.1 -26.1 26.2 21.8
100 255 24.1 -7.0 26.7 243
c 5 270 23 —-60.1 14.4 8.9
25 243 2.8 —42.7 15.5 11.5
50 219 8.4 -244 16.3 14.2
75 199 13.7 -8.6 16.7 16.6
100 182 18.5 4.8 16.7 18.7
a positive and important contribution for the stability
of globular proteins from thermophilic and 10 'w
hyperthermophilic sources [96]. It is important to _ e
note that the T values of the hydrophobic effect occur R
above 100°C (Fig. 3), and so differ strongly from é AAH
those determined for globular proteins that are clus- ‘ d
tered around 20°C [42, 47]. This large difference _104
demonstrates the existence of a strongly destabilizing 304
entropic factor in the case of globular proteins, that ’ AAH
can reliably be identified with the loss of 204 AdG
conformational entropy wupon folding of the = 104
polypeptide chain, both backbone and side-chain E
degrees of freedom [2, 56, 97]. <0
—104 b ~TAA S
Effect of some point mutations 604 ]
. . . 304 —TAAdS
It may be of interest to try to verify if the thermody- T ANG
namic consequences of some point mutations in the g o
selected proteins qualitatively resemble the thermo- = ¢
dynamic features of the hydrophobic effect, consider- —309 AA H
ing that the destabilizing conformational entropy con- 604
tribution should be only marginally affected by a 0 2 £ 60 20 100

point mutation.

The side-chain of 1le30 is buried in the hydro-
phobic core of Sso7d (PDB entries 1SSO or 1JIC),
and the [30V mutation should lead to the creation of a
cavity in the core, causing a destabilization of the
folded conformation. Shriver and colleagues [25]
found that the 130V mutant has 7;=95.1°C with re-
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Temperature / °C

Fig. 4 Temperature dependence of AA(G, AAGH and —TAA4S
obtained by comparing the denaturation thermodynam-
ics of Sso7d and its mutant 130V (panel a), the same
wild-type protein and its mutant F31A (panel b),
Bs-CspB and its variant form TB-CspB (panel c)
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spect to 74=99°C of wild-type Sso7d (Table 3). By
considering the reverse process, one gains informa-
tion on the thermodynamic consequences of burying
Ile side-chain in substitution of Val side-chain at posi-
tion 30. The functions AAGX=AX(Ss07d)-A¢X(130V),
where X=H, § and G, are shown in panel a of Fig. 4
over the 0—100°C temperature range. It is evident
that, even though the stabilization is entirely entropic,
as expected for a process ruled by the hydrophobic ef-
fect, and enthalpy—entropy compensation is opera-
tive, the AA4H values are not qualitatively consistent
with those characterizing the liquid-to-water transfer
of neopentane, cyclohexane and benzene. From the
enthalpic point of view the V30l mutation is
destabilizing, but it is not possible to distinguish be-
tween strain introduced in the folded conformation or
energy gain in interacting with water.

Also the side-chain of Phe31 is buried in the hy-
drophobic core of Sso7d participating in an aromatic
cluster (PDB entries 1SSO or 1JIC); the F31A muta-
tion causes a marked destabilization of the folded
conformation [98], with 7;=74.4°C with respect to
T4=99°C of wild-type Sso7d (Table 3). By consider-
ing the reverse process to gain information on the sta-
bilization caused by the burial of Phe aromatic
side-chain in the hydrophobic core, one obtains the
functions shown in panel b of Fig. 4. The stabilization
is both enthalpic and entropic up to temperatures just
below 50°C, and then becomes solely enthalpic, at
odds with dominance of the hydrophobic effect. How-
ever, it has been shown, by means of NMR structure
determination [99] (PDB entry 1B40), that the F31A
mutation causes a marked modification of the folded
conformation with the burial of Trp23 side-chain, sol-
vent exposed in wild-type Sso7d.

Charge-charge interactions seem to play the ma-
jor role in the extra-thermal stability of cold shock

proteins from thermophilic microorganisms [28]. On
this basis Makhatadze et al. [40] constructed a hybrid
protein, TB-CspB, having the same charge distribu-
tion of Csp from Thermotoga maritima (PDB entry
1G6P), and the rest of the sequence identical to that of
CspB from Bacillus subtilis (PDB entry 1CSP).
TB-CspB proved to be significantly more resistant to
temperature with 7,=71.6°C to be compared to
T4=52.9°C of Bs-CspB (Table 3). This marked stabili-
zation is entirely entropic since the AA4H values are
always large and negative, as shown in panel ¢ of
Fig. 4. Clearly, this entropy dominance cannot be at-
tributed to the hydrophobic effect since only
charge-charge interactions have been modified.

As a final system, I considered Fyn-SH3 domain
and three point mutants, namely F20A, [28A and W37A
[38]. The three residues Phe20, 1e28 and Trp37 are bur-
ied in the hydrophobic core of Fyn-SH3 (PDB entry
ISHF), and their mutation to Ala causes a marked
destabilization of the folded conformation, as indicated
by the values reported in Table 3. By considering the
stabilization gained in the reverse process, one obtains
that the stabilization is dominated by enthalpic factors,
at odds with expectation based on the thermodynamic
features of the hydrophobic effect. This result seems to
be in line with the proposal by Burley and Petsko [100]
on the energetic stabilization provided by aromatic/hy-
drophobic clusters in the protein core, and to contrast a
recent claim on the entropic stabilization provided by
aromatic clusters [101].

These examples clarify that, even though the hy-
drophobic effect is operative in stabilizing the folded
conformation, its role may be masked by other factors,
such as the solid-like packing of the protein core
[102-104], i.e., the crystal molecule model vs. the oil
drop model [56, 105, 106], the gain/loss of H-bonds and
charge-charge interactions on the protein surface

Table 3 Parameters characterizing the maximal thermal stability of three proteins of the selected set and some mutant forms.
Values of Ty, A¢H(T4) and AqC,, are directly obtained from DSC or CD measurements; those of Ts and AyG(T) are cal-
culated by means of Eqs (1) and (3). See text for further details

Protein Ty°C AH(Tg)/kI mol™' AyCy/kJ K" mol™ Ts/K AG(Ts)/kJ mol™
Sso7d [25] 99.0 272 3.1 293.8 29.5
130V [25] 95.1 262 3.0 290.6 28.7
Sso7d [24] 99.0 274 2.7 283.2 343
F31A [98] 74.4 186 25 280.6 18.6
Bs-CspB [40] 52.9 165 3.5 282.2 11.4
TB-CspB [40] 71.6 182 35 296.4 13.1
Fyn-SH3 [38] 80.1 215 2.8 284.2 21.8
F20A [38] 57.8 128 2.8 288.2 8.4
128A [38] 53.0 106 2.8 290.4 5.9
W37A [38] 58.5 105 2.8 296.2 5.7
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[11-14]. Such a complexity is because globular proteins
are heteropolymers, the twenty building blocks have
different chemical features [107], and so the core is a
heterogeneous matrix and the effects of a point mutation
are context-dependent [108]. The general occurrence of
enthalpy-entropy compensation as a consequence of
point mutations reflects the basic fact that any weaken-
ing (strengthening) of intramolecular interactions tends
to be counterbalanced by a gain (loss) of degrees of free-
dom [48, 109].

Discussion

It is shown the non-occurrence of a correlation be-
tween the Ty values and the A4C,, ones for a set of pro-
teins possessing the ‘SH3-type’ fold and spanning a
large range of thermal stability. This seems to be a
rather general result, obtained also by others [41, 45],
related to the fact that, fixed the size and the folding
pattern, AqC, proves to be a nearly constant quantity,
within the uncertainty limits of experimental determi-
nations, regardless of the thermal stability of the pro-
tein. Moreover, a precise definition of hydrophobic
effect is presented to clarify that the lack of correla-
tion between Ty and A¢C, does not imply that the hy-
drophobic effect does not play a role in the extra-ther-
mal stability of thermophilic and hyperthermophilic
proteins. The large and positive heat capacity change
associated with the hydrophobic effect is mainly
caused by the reorganization of water—water H-bonds
around the nonpolar molecule, a process that is char-
acterized by an almost complete enthalpy—entropy
compensation and cannot affect the Gibbs energy
change. The latter is always a large and positive quan-
tity increasing in magnitude with temperature. It is
determined by a balance between the work spent to
create a cavity in water and organic liquid, respec-
tively, suitable to host the nonpolar solute, and the
work gained to switch on attractive interactions be-
tween the nonpolar solute and the surrounding sol-
vent molecules in the two liquids.

Kumar and Nussinov [44], performing calcula-
tions by means of Eq. (1) with the constraint that 7§
has to be around room temperature (see above), found
evidence of an anti-correlation between 74 and A4C,,.
In other words, A4C,, should be lower for thermophilic
and especially hyperthermophilic proteins in compar-
ison to homologous mesophilic ones. Even though
such an anti-correlation would be expected if electro-
static interactions play a key role for the stability of
the folded structure at high temperature [5], one has to
remember that the calculations by Kumar and
Nussinov cannot be considered a demonstration.
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They are phenomenological in nature and cannot
provide any information at molecular level.

It should be important to try to shed light on the
relation between the solid-like nature of protein inte-
rior and the hydrophobic effect defined on the basis of
the non-polar liquid-to-water transfer thermodynam-
ics. Honig et al. emphasized that the enthalpic contri-
bution of van der Waals forces due to the solid-like
nature of the protein core should be substantial, but,
since it is counterbalanced to a large extent by the
freezing of side-chain degrees of freedom, the conse-
quences of the solid-like packing are expected to be
small for the stabilization Gibbs energy [110]. Due to
enthalpy-entropy compensation the solid-like pack-
ing should provide a second-order contribution with
respect to the hydrophobic effect.

On the other hand, one can assume that the fun-
damental step of folding is the collapse in water of the
polypeptide chain, i.e., the drastic change from a ran-
dom coil to a compact globule. Collapse thermody-
namics would be ruled by the difference in the work
of cavity creation in water associated with the
conformational transition. It is worth noting that,
even though, as a first approximation, one could con-
sider that the volume of the polypeptide chain does
not change upon collapse, the magnitude of the cavity
creation work in a liquid depends not only on the cav-
ity volume but also on the cavity shape. SPT-based
calculations indicate that the work to create a rod-like
cavity is larger than that to create a spherical cavity,
the two volumes being equal [111, 112]. The collapse
in water of the polypeptide chain would be guided by
a substantial reduction in the cavity creation work as-
sociated with the conformational transition from a
random coil to a compact globule. This approach
would be in line with the analysis by Chandler [113],
and would allow the explanation of some unexpected
results [114, 115]: the burial of polar side-chains, in-
volved in intramolecular H-bonds, stabilizes the
folded conformation more than the burial of nonpolar
ones. Simple additivity does not hold for protein fold-
ing thermodynamics (i.e., attractive interactions
among residues are not independent of polypeptide
collapse), and we have still to learn how to single out
the quantitative role of the different contributions.
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