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Abstract: The thermodynamic study of protein folding shows the generation of a narrow
range of ∆G◦ values, as a net result of large changes in the ∆H◦ and T∆S◦ values of the
folding process. The obvious consequence of this narrow range of values is that a linear
enthalpy–entropy relationship, showing apparent enthalpy–entropy compensation (EEC),
is clearly observed to be associated with the study of protein folding. Herein, we show
the ∆H◦, T∆S◦, and ∆G◦ values for a set of 583 data from protein folding processes, at
various temperatures, as calculated by using the Gibbs–Helmholtz equations. This set
of thermodynamic data was calculated from the melting temperature (Tm), the melting
enthalpy (∆Hm), and the change in heat capacity (∆Cp◦) values, all of them associated with
the heat-induced protein unfolding processes and included in the ProTherm Data Base. The
average values of enthalpy (∆H◦av), entropy (T∆S◦av), and free energy (∆G◦av) for the
folding process were calculated within the range of temperature from 0 ◦C to the average
value of Tm. The values and temperature dependency of T∆S◦av within this temperature
range are practically equal to those corresponding to ∆H◦av, while ∆G◦av remains small
and displaying a curve with a minimum at about 10 ◦C and a value of ∆G◦ = −30.9 kJ/mol
at the particular temperature of 25 ◦C. The large negative value of T∆S◦av, together with
the also large and negative value of ∆Cp◦av, suggests large conformational changes and
important EEC, thus causing the small average value of ∆G◦ for protein folding, which is
enough to guarantee both protein stability and molecular flexibility to allow for adaptation
to the chemical potentials of the environment. Our analysis suggests that EEC may be
the quantum-mechanical evolutive mechanism to make functional proteins adaptative to
environmental temperature and metabolite concentrations. The analysis of protein folding
data, compared with those of protein–ligand interaction, allows us to suggest strategies to
overcome EEC in the design of new drugs.

Keywords: enthalpy–entropy compensation; protein folding; thermodynamic parameters

1. Introduction
Studies aimed at the design of new drugs or the modification of known molecules to

increase their affinity for target molecules are generally faced with the difficulty that an
increase in the value of those thermodynamic parameters which are favorable to the interac-
tion is associated with other properties that oppose the positive effect. Isothermal Titration
Calorimetry (ITC) provides useful ∆H◦ values in experiments aimed to the optimization of
ligands. The strategy consists of using a panel of ligands constructed by modifying a lead
compound to make them interact with the target molecule. ITC experiments render ∆H◦

values that can give information concerning the kind of modification more convenient to
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gain affinity for the target molecule. Unfortunately, undesirable negative changes in the
entropy change associated with the binding usually oppose the intended gain in affinity.
Apparent enthalpy–entropy compensation (EEC) is frequently observed, thus preventing
the achievement of more negative values of Gibbs free energy [1–11].

This compensation between ∆H◦ and T∆S◦ has been repeatedly observed in studies
related to the binding of different structurally related ligands but also when considering
the binding of unrelated ligands to different macromolecules [12]. Particularly interest-
ing is the fact that EEC is much more clearly manifested in the thermodynamic study of
protein folding, thus emphasizing that it is a phenomenon closely related to the molec-
ular conformation of proteins. Differential Scanning Calorimetry has supplied plenty of
data concerning the enthalpy and heat capacity associated with the temperature-induced
denaturation of proteins. Herein, we report the results of a statistical analysis of the
melting temperature, melting enthalpy, and the corresponding Gibbs free energy for 583
temperature-induced protein unfolding processes from the ProThermDB Data Base [13].
EEC seems to be more extensive in protein folding than in protein–ligand interactions, as
deduced from the large decrease in T∆S◦ and heat capacity values found in the first process.
This suggests large conformational changes to achieve functional, folded proteins, resulting
in a small value of ∆G◦, enough to guarantee protein stability and also a molecular structure
flexible enough to allow for adaptation to the chemical potentials of the environment. The
EEC in protein–ligand interactions seems to result in much smaller T∆S◦ and ∆Cp◦ values,
suggesting small conformational changes giving as a result the ∆G◦ values according to
the chemical potential of the environmental metabolites. Our results may contribute to
explain the apparently small value of ∆G◦ associated with protein folding at environmental
temperature and to suggest some strategies to overcome EEC in the design of new drugs
with higher affinity for their protein targets.

2. Methods
Melting temperature (Tm), melting enthalpy (∆Hm), and the increment in heat ca-

pacity of melting (∆Cp◦), as obtained from the ProThermDB Data Base [13], were used to
calculate the ∆H◦(T), T∆S◦(T), and ∆G◦(T) of protein unfolding at different temperatures,
according to the Gibbs–Helmholtz equation, by using an Excel spreadsheet from Microsoft
365 (Microsoft Corporation ((1), (2), (3))):

∆H◦(T) = ∆Hm − ∆Cp◦(Tm − T) (1)

T∆S◦(T) = T∆Hm/Tm − T∆Cp◦ln(Tm/T) (2)

∆G◦(T) = ∆Hm − ∆Cp◦(Tm − T)− T∆Hm/Tm + T∆Cp◦ln(Tm/T) (3)

Gaussian distributions were obtained by using ORIGIN 2023, Origin Lab Corporation,
Northampton, MA, USA.

3. Results and Discussion
Figure 1 shows the scattering plots corresponding to the ∆H◦, T∆S◦, and ∆G◦ values

for a set of 583 protein unfolding processes, at 25 ◦C, as calculated by using the Gibbs–
Helmholtz equations described in Methods. This set of thermodynamic data was calculated
from the melting temperature (Tm), the melting enthalpy (∆Hm), and the change in heat
capacity (∆Cp◦) values, all of them associated with the heat-induced protein unfolding
processes and included in the ProTherm Data Base [13]. As can be observed, the range and
distribution of the ∆H◦ values are practically equal to those corresponding to T∆S◦, while
∆G◦ remains within a very narrow range of values, leading us to conclude that most of the
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heat experimentally detected in the unfolding process (∆H◦) is due to the heat involved in
the entropy changes, according to the equation ∆H◦ = T∆S◦ + ∆G◦.
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Figure 1. Scattering plots corresponding to the ∆H◦, T∆S◦, and ∆G◦ values for a set of 583 protein
unfolding processes, at 25 ◦C, as calculated by using the Gibbs–Helmholtz equations described
in Methods.

Figure 2 shows the linear relationship obtained from the plot of ∆H◦ versus T∆S◦

values of the same set of data, in agreement with the narrow range of ∆G◦ values. A
similar linear relationship has been previously reported for protein unfolding data [14]
and attributed to enthalpy–entropy compensation similar to that repeatedly reported in
experiments related to protein–ligand interactions.
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Figure 2. Enthalpy–entropy correlation for the same set of data obtained from ProThermDB, included
in Figure 1.

The Gaussian distribution of the thermodynamic properties corresponding to the
unfolding of the same set of proteins is shown in Figure 3. The average value obtained for
∆G◦ was 30.9 ± 0.9 kJ/mol. A larger set of ∆G◦ values obtained by including 342 additional
values at 25 ◦C from the data base showed a similar Gaussian distribution, with an average
value of ∆G◦ = 32 ± 0.9 kJ/mol.

The internal energy of a protein molecule is composed of electronic energy, Ue; vi-
brational energy, Uv; rotational energy, Ur; and translational energy, Ut. We assume an
ideal, diluted protein solution, ignoring intermolecular interactions. The change in internal
energy corresponding to a protein folding at constant pressure can be expressed accordingly
as

∆U◦ = (ΣUe)◦ + ∆Us (4)

and the corresponding change in enthalpy is

∆H◦ = (ΣUe)◦ + ∆Us◦ + p∆V (5)

(ΣUe)◦ stands for the stoichiometric sum of the electronic energies of unfolded and
folded active proteins: electronic energy of folded proteins minus electronic energy of
unfolded proteins, both of them at 0 K. Protein folding does not usually involve changes
in covalent bonds; therefore, (ΣUe)◦ includes all kind of weak interactions, such as those
derived from salt bridges, Cation-P or Van der Waals forces, and all weak intramolecu-
lar interaction contributing to the change in potential energy in the folding process. An
important contribution to (ΣUe)◦ is the energy derived from changes in water molecule re-
organization. A vast number of water–protein, water–water, and intramolecular hydrogen
bonds have to be involved in the water–protein reorganization associated with folding. All
these weak interactions play the same role in protein folding as covalent bonds play in a
chemical transformation. On the other hand, ∆Us◦ stands for the stoichiometric sums of
vibrational, rotational, and translational energy values, ΣUv + ΣUr + ΣUt, corresponding to
the difference between the folded and the unfolded forms of the protein. We have grouped
ΣUv + ΣUr + ΣUt in the term ∆Us◦ because, according to the Boltzmann Distribution Law,
at room temperature, the differences in energy values between different quantum levels of
vibrational, rotational, and translational energy, at room temperature, are small enough
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to allow for significant occupation of the different energy levels, thus contributing to the
change in the number of quantum states (or configurations) and therefore to the entropy
change associated with the protein folding process.
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Following the Gibbs free energy definition, G ≡ U + pV − TS, the value of ∆G at
constant values of pressure and temperature is given, under standard conditions, by

∆G◦ = ∆H◦ − T∆S◦ (6)

The substitution of Equation (5) into (6) yields

∆G◦ = (ΣUe)◦ + ∆Us◦ + p∆V − T∆S◦ (7)
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By defining ∆Hs◦ as
∆Hs◦ = ∆Us◦ + p∆V (8)

we have
∆G◦ = (ΣUe)◦ + ∆Hs◦ − T∆S◦ (9)

The difference between the two last terms in Equation (9), ∆Hs◦ − T∆S◦, is the
contribution to ∆G◦ by the changes in the energy value of the quantum levels of vibrational,
rotational, and translational energies associated with the unfolded-to-folded transformation.
Finally, after defining,

∆Gs◦ ≡ ∆Hs◦ − T∆S (10)

we have
∆G◦ = (ΣUe)◦ + ∆Gs◦ (11)

Equation (11) may help to follow the hypothesis most frequently used to provide a
theoretical basis to EEC. The idea that governs most research on EEC is that whenever
(ΣUe)◦ is negative, as a consequence of weak interactions, the folded structure of the
protein becomes more tightened, thus increasing the value of the force constants of all kind
of bonds, in turn increasing the vibration frequencies of some of the thousands of vibration
modes of the full protein molecule and the corresponding values of the quantum energy
levels of those vibrational modes of the protein. Likewise, folding could also produce
a decrease in the moments of inertia with a corresponding increase in the value of the
rotational levels. Concisely, very negative values of (ΣUe)◦, which stabilize the molecule,
lead to positive values of ∆Gs◦, which can counteract the final stability supplied by (ΣUe)◦.
Everything can be even more complex if we consider the hydrophobic effect. Protein
folding causes a large loss of the water forming part of the protein surface solvation, thus
increasing the volume of water available as a solvent to the protein. The energy of the
translational levels decreases with the increase in volume, so that the hydrophobic effect
associated with protein folding is a negative contribution to ∆Gs◦ [15,16].

In summary, when considering the protein folding process, weak interactions con-
tribute negative values to ∆G◦ through the (ΣUe)◦ term, vibrational and rotational energies
contribute positive values to ∆G◦ through the ∆Gs◦ term, and finally, the hydrophobic
effect contributes negative values to ∆G◦ through the ∆Gs◦ term.

Figure 4 shows the results obtained for the average values of ∆G◦, ∆H◦, and T∆S◦, as
functions of temperature, corresponding to the 583 examples of protein folding included
in the previous figures. As can be observed in Figure 4, the average values of ∆G◦ form a
set of small and almost invariable negative values within the temperature range between
approximately 0 ◦C and 40 ◦C. At the particular temperature of 25 ◦C, ∆G◦ = −30.9 kJ/mol,
with a standard deviation of 21 kJ/mol. These values for ∆G◦ are extraordinarily small
compared with the hundreds or even thousands of water–protein and protein–protein
hydrogen bonds, van der Waals forces, Cation-P, salt bridges, and some other weak interac-
tions, as well as hydrophobic effects and vibrational–rotational energy changes, involved
in the folding of a protein. The energy value of each one of this type of weak interactions
ranges from about 0.1–2 kJ/mol for van der Waals forces to about 2–10 kJ/mol for hydro-
gen bond interactions [17–19]. Changes in medium polarity, caused by folding and the
nature of amino acid residues themselves, can affect the value of the enormous number
of weak interactions, as well as the vibration frequencies and moments of inertia. This
complex system, derived from the polymeric and quantum-mechanical nature of proteins,
constitutes an extraordinarily sensitive system of folding regulation, always resulting in a
value of ∆G◦ sufficient to maintain the functional structure of the protein in the range of
environmental temperature, as well as vibrational frequencies and inertia.
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T∆S◦ (o); ∆G◦ (•).

The value of ∆G◦ at a certain temperature depends on three parameters: the folding
temperature, Tm; the enthalpy of folding, ∆Hm; and the change in heat capacity, ∆Cp◦.
Simulation of the Gibbs–Helmholtz equations, using different sets of plausible values of Tm,
∆Hm, and ∆Cp◦, shows that proteins having much higher negative values of ∆G◦ could
have been found at different temperatures from those shown in Figure 4. It seems, however,
that evolutive stress has selected those sufficiently stable proteins, with the minimum
amount of free energy lost in folding, and in the temperature range of the environment. The
thermodynamic data included in Figure 4 are the average values for ∆G◦, ∆H◦, and T∆S◦

as calculated from the ∆Hm, Tm, and ∆Cp◦ values obtained from the ProTherm Data Base.
The thermodynamic behavior described by the curves in the figure seems to be similar to
that of every individual protein (see [20]).

The value of ∆G◦ depends on temperature according to the equation

d∆G/dT = −∆S (12)

The temperature value for which ∆S◦ = 0 for the same set of data used above can be
obtained from Equation (2),

T(∆S◦ = 0) =
Tm

exp
(

∆Hm
∆Cp◦Tm

) = 283.4 K (13)

By using the average values Tm = 334.6 K, ∆Hm◦ = 432.6 k/mol, and ∆Cp◦m = 7.8 kJ/molK.
The second derivative of ∆G◦ is given by

d2∆G◦/dT2 = −∆Cp◦/T (14)
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The folding of proteins is associated with a negative value of ∆Cp, making the second
derivative of ∆G◦ positive. Consequently, the average values of ∆G◦ must reach a minimum
value at 283.4 K, as shown in Figure 4. From this temperature to the melting temperature,
Tm, ∆G◦ increases, and accordingly, T∆S◦ decreases, as shown in the same figure. This
large decrease in the T∆S◦ term on protein folding must be a consequence of the loss of
heat capacity and entropy (Equation (15)) associated with protein folding and due to the
increase in the energy values of the vibrational–rotational quantum levels:

dT∆S◦/dT = ∆Cp◦ + ∆S (15)

Protein folding is associated with changes in the quantum-mechanical structure of the
vibrational, rotational, and translational energies of the molecule. The weak intramolecular
forces causing the decrease in the potential energy responsible for the stability of the
folded protein induce the molecular structure to tighten. This tightening is associated
with a better-defined molecular structure, an increase in the intramolecular forces, and the
consequent increase in the vibrational frequencies of the thousands of modes of molecular
vibrations, thus rendering an increase in the energy value of the quantum vibrational levels,
which, as a consequence, become more separated, leading to a diminution in the number
of quantum states resulting from the distribution of molecules among the energy levels.
This is the statistical interpretation of a decrease in entropy. Folding may also cause a
decrease in the moment of inertia of the molecule, increasing the rotational energy levels.
This means less stacking of energy levels and correspondingly less entropy. Finally, the
third important consequence of folding is the hydrophobic effect. Protein folding increases
intramolecular protein–protein surface contacts, thus causing an increase in the volume
available for molecular translation, leading to lower values of translational energy levels
and higher stacking of those levels. This means an increase in entropy [15,16].

The dispersion plots of Figure 1 show how some positive unfolding values of T∆S◦

and ∆H◦ display significant deviations from the corresponding average values. Most of the
proteins included in the data base are globular in nature, and we have found no correlation
with any particular protein function or any class of protein. For example, a complex protein
such as Chitinase 40 [21], with a barrel-like fold forming the catalytic domain, displays ∆H◦

and T∆S◦ values as large as those corresponding to small molecules such as yeast Phospho-
glycerate kinase (about 45,000 MW) [22] or Ribonuclease A (13,700 MW) [23]. Although
most of the T∆S◦ and ∆H◦ values for the unfolding protein at 25 ◦C are positive values,
negative values can also be found for the unfolding process. Contributions to the change in
entropy come from changes in the translational, vibrational, and rotational energy levels.
In the unfolding process, the translational energy levels change in the opposite direction
to the vibrational–rotational energy levels. In the unfolding process, protein hydration
increases, and the available volume decreases, thus causing an increase in the value of trans-
lational energy levels with the corresponding decrease in entropy. On the other hand, the
unfolding process frequently causes a decrease in the vibrational–rotational energy levels
with the corresponding stacking of those levels and the corresponding increase in entropy.
According to the results of the scrutiny shown in Figure 1, in most cases, the increasing
entropy due to the stacking of the vibrational–rotational levels predominates. However,
when hydration is very important in maintaining the folded structure, a negative change in
entropy may appear associated with unfolding. This might be the case of Kumamolisin [24],
a very stable carboxyl protease displaying a high extent of folding. Positive contributions
to the unfolding process are the energies coming from weak interactions (ΣUe)◦ and those
coming from the reversal of the hydrophobic effect. The fact that most folding processes
are associated with negative values of (ΣUe)◦ (associated with weak interactions) and DUt
∆Ut (due to the hydrophobic effect) and, on the other hand, positive values of DUv ∆Uv
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and DUr ∆Ur reflects the importance of the former in determining the folding energy and
of the latter in exerting a compensation effect that determines the final value of ∆G◦.

As can be observed in Figure 4, most of the negative enthalpy change (∆H◦) involved
in protein folding is due to the heat lost in the negative change in entropy (T∆S◦) associated
with vast conformational changes in the folding process as reflected in the value of ∆Cp◦.
The average value of ∆G◦ = − 30.9 kJ/mol at 25 ◦C for the folding process is the result of
the compensation between the negative values included in (ΣUe)◦ and the positive values
corresponding to vibrational–rotational energy increases included in ∆Gs◦ (Equation (11)).
Within the range of temperatures showing the negative values of ∆G◦ for protein folding,
the content of entropy is much lower in the folded protein than in the unfolded one. This
loss of entropy is due to the large conformational changes induced by (ΣUe)◦, causing the
energy gain of the vibrational–rotational levels included in ∆G◦s and the corresponding
loss of entropy as a consequence of the loss of energy level stacking.

Figure 5 shows the scattering plots corresponding to the ∆H◦, T∆S◦, and ∆G◦ values
for a set of 42 protein–ligand interactions reported in a previous publication from our
laboratory [9,25–42]. The data of protein folding in Figure 1 have also been included for
comparative purposes. As can be observed, the dispersion of the T∆S◦ and ∆H◦ values for
protein folding is much wider than that for protein–ligand interaction. The average value
of the Gibbs free energy of the protein–ligand complex formation of this set of 42 protein–
ligand interactions, ∆G◦ = −29.8 kJ/mol, is surprisingly similar to that reported here for
protein folding. The average value for T∆S◦, however, is about ten times smaller than that
corresponding to protein folding, suggesting that the conformational changes induced by
ligand binding are much less significant than those caused by the folding of proteins. This
suggestion is confirmed by the much lower value reported for the change in heat capacity
for the formation of protein–ligand complexes, ∆Cp◦ = −1.5 kJ/K mol, as the average value
of a set of sixteen values of ∆Cp for the formation of protein–ligand complexes [43,44]. This
∆Cp◦ value is

∆Cp◦ = [Cp◦(PL)− Cp◦(P)]− Cp◦(L) = −1.5
Cp◦(PL)− Cp◦(P) = −1.5 + Cp◦(L)

(16)

where Cp◦ (PL), Cp◦ (P), and Cp◦ (L) stand for the heat capacities of the protein–ligand
complex (PL), the protein (P), and the ligand (L). The heat capacities of ligands of small
molecular weight are almost linearly dependent on their molecular weight. Up to a value of
about 300 g/mol, the heat capacity values go linearly up to about 0.4 kJ/K mol. According
to (16), protein–ligand complex formation is associated with a very small decrease in
heat capacity compared with the average value for the change in heat capacity associated
with protein folding, ∆Cp◦ = −7.8 kJ/K mol. This observation, together with the small
diminution in T∆S◦, leads us to conclude that protein–ligand complex formation causes, in
general, very small changes in protein conformation and that most of the energy involved in
∆G◦ comes from (ΣUe)◦, while the compensation contributed by ∆G◦s must be very small.

A different hypothesis has been proposed to provide a theoretical basis to explain
the EEC causing the narrow range of unfolding ∆G◦ values. It has been suggested that
these ∆G◦ values may have an evolutionary origin, although no adaptive goal has been
clearly argued [2,7]. Water reorganization, along with some evolutive suggestions, has been
considered for years to be associated with EEC [1,14,45–47]. However, these theoretical
approaches ignore the quantum-mechanical structure of proteins—the vibrational, rota-
tional, and translational energy levels—to evaluate the entropy changes associated with
protein unfolding. According to Dragan [48], the increase in entropy associated with the
hydrophobic effect might compensate for the enthalpy under the assumption of tightly
bound water. By using a model composed of two opposite-charged polymers, Chen and
Wang [8] concluded by molecular dynamic calculations that changes in the thermodynam-
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ics of water might explain enthalpy–entropy compensation. They argue, however, that the
model is too simple and the extent of biomolecular interactions is currently beyond our
computational possibilities.
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Closer to our proposition here is the idea proposed by Dunitz [49] that the constraints
imposed by weak interactions with the consequent tightening of the protein molecule must
cause a decrease in T∆S◦. This idea could be tested by using a simple model composed
of a water molecule bound to a large molecule and a Morse potential. The theoretical
calculations proved that the idea was correct whenever low energy values were involved.

We show in this paper that enthalpy–entropy compensation seems to be involved in
the narrow range of ∆G◦ values that guarantees the functionality and stability of folded
proteins, as it has been previously suggested [12,49]. Each of these ∆G◦ values, the average
of which is −30.9 kJ/mol, is the net result of a number of contributions of different signs,
beside water reorganization, included in Equation (11): (a) A plausibly large number of
van der Waals forces, Cation-P, and salt bridges, together with any other weak interaction,
contribute negative values to ∆G◦ through the (ΣUe)◦ term. (b) Protein folding increases
intramolecular protein–protein surface contacts, thus eliminating water molecules from the
solvation sphere and causing an increase in the volume available for molecular translation,
leading to lower values of translational energy levels and thus contributing negative values
to ∆G◦ through the ∆G◦s term [15,16]. (c) The large number of breaking and forming
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intermolecular and intramolecular hydrogen bonds involved in water reorganization to
form the hydration sphere (or spheres) of both the unfolded and the folded protein molecule
contribute a net value to ∆G◦ through (ΣUe)◦; in this last case, however, the net sign of
the resultant is beyond our computational possibilities [8]. (d) The vast number of weak
interactions tightens the protein conformation, thus increasing the vibrational frequencies
of the thousands of normal modes of vibration and the corresponding value of the quantum
levels of vibrational energy. This contributes positive values to ∆G◦ through the ∆Gs◦ term.
Finally, (e) tightening the molecule can also decrease the moment of inertia of the protein
molecule, thus increasing the value of the rotational energy levels and contributing positive
values to ∆G◦ through ∆Gs◦.

It is surprising that this huge group of weak interactions of opposite sign results in an
average value of ∆G◦ as small as −30.9 kJ/mol, which is quite similar to that reported for a
set of protein–ligand interactions [12]. In a recent publication [9], we found a similar average
value for Gibbs free energy, ∆G◦ = −36.5 kJ/mol, for a set of more than three thousands
protein–ligand interactions. The agreement of this value with the average value for the
chemical potential of more than 2500 physiological concentrations of human metabolites
led us to suggest that enthalpy–entropy compensation may be the quantum-mechanical
mechanism that may have acted over evolution to produce the present functional proteins
having the maximal regulatory capacity. Likewise, the average value of −30.9 kJ/mol
may be the result of evolutive stress rendering proteins stable with minimal production
of free energy, within the current temperature range of liquid water in the environment.
The results of the statistical analysis of thermodynamic properties concerning protein
folding and protein–ligand interactions suggest that in both processes, enthalpy–entropy
compensation is the quantum-mechanical evolutive mechanism to make functional proteins
adaptative to environmental temperature and metabolite concentrations. The narrow range
of ∆G◦ values found for protein folding seems to be a consequence of the enthalpy–entropy
compensation derived from the intrinsic nature of protein structure. Some mutant forms
from the same wild-type protein also form part of the same set of values included in the
Gaussian distribution in Figure 3. The set of 583 unfolding data shown here corresponds to
different proteins and different mutant forms under different environmental conditions of
pH and ionic strength, thus emphasizing the idea that the quantum-mechanical protein
structure underlies their evolutionary capacity.

4. Conclusions
Herein, we report the results of a statistical analysis of the melting temperature,

melting enthalpy, and the corresponding Gibbs free energy for 583 temperature-induced
protein unfolding processes from the ProThermDB data base [13]. We compare the results
with those obtained for protein–ligand interactions, reaching the following conclusions:
(a) Protein folding renders ∆H◦ and T∆S◦ values, as well as heat capacity changes, much
higher than those corresponding to protein–ligand interactions. (b) The ∆G◦ values in both
cases are quite similar, equivalent to the energy of about two to three hydrogen bonds.
(c) Conformational changes in protein folding are much more extensive than in protein–
ligand interactions. (d) The vast number of weak interactions contributing negatively to
∆G◦, along with the negative contribution derived from the hydrophobic effect, is strongly
compensated by the positive contribution of increasing vibrational and rotational energies
derived from the conformational changes associated with the folding process, resulting
in the small value of ∆G = −30.9 k/mol; this value is enough, however, to guarantee
the folded functional structure of the protein. (e) As deduced from the small values
of T∆S◦, ∆H◦, and ∆Cp◦, enthalpy–entropy compensation in protein–ligand interaction
induces conformational changes much less relevant than those observed in protein folding.
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Therefore, the free energy of binding (∆G◦ = −36.5 kJ/mol) comes mostly directly from the
decreasing potential energy contributed by weak interactions. This last observation points
to the plausibility that ligands modifications capable of increasing the number and extent
of weak interactions with a target protein—for example, hydrogen bonds—may cause a
∆G◦ decrease without significantly affecting the protein conformation, the vibrational and
rotational energy levels, and the corresponding entropic penalty. (f) Our analysis suggests
that EEC may be the quantum-mechanical evolutive mechanism to make functional proteins
adaptative to environmental temperature and metabolite concentrations.

Author Contributions: Conceptualization, J.S.J. and M.J.B.; methodology, J.S.J.; data curation, M.J.B.
and J.S.J.; writing, J.S.J. All authors have read and agreed to the published version of the manuscript.

Funding: Financial support was provided by Ministerio de Ciencia e Innovación. Project
PRPPID2021-123859OB-I00.

Data Availability Statement: All data and their sources are included in Section 2 and references.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lumry, R. Uses of enthalpy-entropy compensation in protein research. Biophys. Chem. 2003, 105, 545–557. [CrossRef]
2. Cooper, A. Thermodynamic analysis of biomolecular interactions. Curr. Opin. Chem. Biol. 1999, 3, 557–563. [CrossRef] [PubMed]
3. Sharp, K. Entropy-Enthalpy compensation: Fact or artifact? Protein Sci. 2001, 10, 661–667. [CrossRef]
4. Martin, S.F.; Clements, J.H. Correlating Structure and Energetics in Protein-Ligand Interactions: Paradigms and Paradoxes. Annu.

Rev. Biochem. 2013, 82, 267–293. [CrossRef]
5. Pan, A.; Kar, T.; Rakshit, A.K.; Moulik, S.P. Enthalpy–Entropy Compensation (EEC) Effect: Decisive Role of Free Energy. J. Phys.

Chem. B 2016, 120, 10531–10539. [CrossRef]
6. Fox, J.M.; Zhao, M.; Fink, M.J.; Kang, K.; Whitesides, G.M. The Molecular Origin of Enthalpy/Entropy Compensation in

Biomolecular Recognition. Annu. Rev. Biophys. 2018, 47, 223–250. [CrossRef] [PubMed]
7. Peccati, F.; Jiménez-Osés, G. Enthalpy–Entropy Compensation in Biomolecular Recognition: A Computational Perspective. ACS

Omega 2021, 6, 11122–11130. [CrossRef]
8. Chen, S.; Wang, Z.-G. Using Implicit-Solvent Potentials to Extract Water Contributions to Enthalpy-Entropy Compensation in

Biomolecular Associations. J. Phys. Chem. B 2023, 127, 6825–6832. [CrossRef]
9. Jiménez, J.S.; Benítez, M.J. Gibbs Free Energy and Enthalpy–Entropy Compensation in Protein–Ligand Interactions. Biophysica

2024, 4, 298–309. [CrossRef]
10. Kragelj, J.; Orand, T.; Delaforge, E.; Tengo, L.; Blackledge, M.; Palencia, A.; Jensen, M.R. Enthalpy-Entropy Compensation in the

Promiscuous Interaction of an Intrinsically Disordered Protein with Homologous Protein Partners. Biomolecules 2021, 11, 1204.
[CrossRef] [PubMed]

11. Cavalcanti, I.D.L.; Junior, F.H.X.; Magalhães, N.S.S.; Nogueira, M.C.d.B.L. Isothermal titration calorimetry (ITC) as a promising
tool in pharmaceutical nanotechnology. Int. J. Pharm. 2023, 641, 123063. [CrossRef] [PubMed]

12. Olsson, T.S.G.; Ladbury, J.E.; Pitt, W.R.; Williams, M.A. Extent of enthalpy–entropy compensation in protein–ligand interactions.
Protein Sci. 2011, 20, 1607–1618. [CrossRef] [PubMed]

13. Nikam, R.; Kulandaisamy, A.; Harini, K.; Sharma, D.; Gromiha, M.M. ProThermDB: Thermodynamic database for proteins and
mutants revisited after 15 years. Nucleic Acids Res. 2021, 49, D420–D424. [CrossRef] [PubMed]

14. Liu, L.; Yang, C.; Guo, Q.-X. A study on the enthalpy-entropy compensation in protein unfolding. Biophys. Chem. 2000, 84, 239–251.
[CrossRef] [PubMed]

15. Harano, Y.; Kinoshita, M. Translational-Entropy Gain of Solvent upon Protein Folding. Biophys. J. 2005, 89, 2701–2710. [CrossRef]
[PubMed]

16. Kinoshita, M. Importance of Translational Entropy of Water in Biological Self-Assembly Processes like Protein Folding. Int. J.
Mol.Sci. 2009, 10, 1064–1080. [CrossRef] [PubMed]

17. Levine, N. Physical Chemistry, 5th ed.; McGraw Hill: New York, NY, USA, 2002; p. 866.
18. Anderson, D.E.; Becktel, W.; Dahlquist, F.W. pH-induced denaturation of proteins: A single salt bridge contributes 3-5 kcal/mol

to the free energy of folding of T4 lysozyme. Biochemistry 1990, 29, 2403–2408. [CrossRef]
19. Gallivan, J.P.; Dougherty, D.A. Cation-pi interactions in structural biology. Proc. Natl. Acad. Sci. USA 1999, 96, 9459–9464.

[CrossRef]

https://doi.org/10.1016/S0301-4622(03)00065-6
https://doi.org/10.1016/S1367-5931(99)00008-3
https://www.ncbi.nlm.nih.gov/pubmed/10508661
https://doi.org/10.1110/ps.37801
https://doi.org/10.1146/annurev-biochem-060410-105819
https://doi.org/10.1021/acs.jpcb.6b05890
https://doi.org/10.1146/annurev-biophys-070816-033743
https://www.ncbi.nlm.nih.gov/pubmed/29505727
https://doi.org/10.1021/acsomega.1c00485
https://doi.org/10.1021/acs.jpcb.3c03799
https://doi.org/10.3390/biophysica4020021
https://doi.org/10.3390/biom11081204
https://www.ncbi.nlm.nih.gov/pubmed/34439869
https://doi.org/10.1016/j.ijpharm.2023.123063
https://www.ncbi.nlm.nih.gov/pubmed/37209790
https://doi.org/10.1002/pro.692
https://www.ncbi.nlm.nih.gov/pubmed/21739503
https://doi.org/10.1093/nar/gkaa1035
https://www.ncbi.nlm.nih.gov/pubmed/33196841
https://doi.org/10.1016/S0301-4622(00)00130-7
https://www.ncbi.nlm.nih.gov/pubmed/10852311
https://doi.org/10.1529/biophysj.104.057604
https://www.ncbi.nlm.nih.gov/pubmed/16055541
https://doi.org/10.3390/ijms10031064
https://www.ncbi.nlm.nih.gov/pubmed/19399238
https://doi.org/10.1021/bi00461a025
https://doi.org/10.1073/pnas.96.17.9459


Biophysica 2025, 5, 2 13 of 14

20. Griko, Y.V.; Privalov, P.L.; Sturtevant, J.M.; Venyaminov, S.Y. Cold denaturation of staphylococcal nuclease. Proc. Natl. Acad. Sci.
USA 1988, 85, 3343–3347. [CrossRef]

21. Pyrpassopoulos, S.; Vlassi, M.; Tsortos, A.; Papanikolau, Y.; Petratos, K.; Vorgias, C.E.; Nounesis, G. Equilibrium heat-induced
denaturation of chitinase 40 from Streptomyces thermoviolaceus. Proteins 2006, 64, 513–523. [CrossRef] [PubMed]

22. Hu, C.Q.; Sturtevant, J.M. Thermodynamic study of yeast phosphoglycerate kinase. Biocemistry 1987, 26, 178–182. [CrossRef]
[PubMed]

23. Mehta, R.; Kundu, A.; Kishore, N. 4-Chlorobutanol induces unusual reversible and irreversible thermal unfolding of ribonuclease
A: Thermodynamic, kinetic, and conformational characterization. Int. J. Biol. Macrimol. 2004, 34, 13–20. [CrossRef] [PubMed]

24. Fujimoto, Y.; Ikeuchi, H.; Tada, T.; Oyama, H.; Oda, K.; Kunugi, S. Synergetic effects of pressure and chemical denaturant
on protein unfolding: Stability of a serine-type carboxyl protease, kumamolisin. Biochim. Biophys. Acta 2006, 1764, 364–371.
[CrossRef] [PubMed]

25. Sun, W.; Zhang, B.; Zheng, H.; Zhuang, C.; Li, X.; Lu, X.; Quan, C.; Dong, Y.; Zheng, Z.; Xiu, Z. Trivaric acid, a new inhibitor of
PTP1b with potent beneficial effect on diabetes. Life Sci. 2017, 169, 52–64. [CrossRef] [PubMed]

26. Ylilauri, M.; Mattila, E.; Nurminen, E.M.; Käpylä, J.; Niinivehmas, S.P.; Määttä, J.A.; Pentikäinen, U.; Ivaska, J.; Pentikäinen, O.T.
Molecular mechanism of T-cell protein tyrosine phosphatase (TCPTP) activation by mitoxantrone. Biochim. Biophys. Acta 2013,
1834, 1988–1997. [CrossRef]

27. Aggarwal, S.; Tanwar, N.; Singh, A.; Munde, M. Formation of Protamine and Zn–Insulin Assembly: Exploring Biophysical
Consequences. ACS Omega 2022, 7, 41044–41057. [CrossRef] [PubMed]

28. Crisalli, A.M.; Cai, A.; Cho, B.P. Probing the Interactions of Perfluorocarboxylic Acids of Various Chain Lengths with Human
Serum Albumin: Calorimetric and Spectroscopic Investigations. Chem. Res. Toxicol. 2023, 36, 703–713. [CrossRef]

29. Ueda, I.; Yamanaka, M. Titration calorimetry of anesthetic-protein interaction: Negative enthalpy of binding and anesthetic
potency. Biophys. J. 1997, 72, 1812–1817. [CrossRef] [PubMed]

30. Hinz, H.J.; Steininger, G.; Schmid, F.; Jaenide, R. Studies on an energy structure-function relationship of dehydrogenases. II.
Calorimetric investigations on the interaction of coenzyme fragments with pig skeletal muscle lactate dehydrogenase. FEBS Lett.
1978, 87, 83–86. [CrossRef]

31. Mateo, P.L.; Baron, C.; Lopez-Mayorga, O.; Jimenez, J.S.; Cortijo, M. AMP and IMP binding to glycogen phosphorylase b. A
calorimetric and equilibrium dialysis study. J. Biol. Chem. 1984, 259, 9384–9389. [CrossRef]

32. Camero, S.; Benítez, M.J.; Cuadros, R.; Hernández, F.; Ávila, J.; Jiménez, J.S. Thermodynamics of the Interaction between
Alzheimer’s Disease Related Tau Protein and DNA. PLoS ONE 2014, 9, e104690. [CrossRef] [PubMed]

33. Fukada, H.; Sturtevant, J.M.; Quiocho, F.A. Thermodynamics of the binding of L-arabinose and of D-galactose to the L-arabinose-
binding protein of Escherichia coli. J. Biol. Chem. 1983, 258, 13193–13198. [CrossRef] [PubMed]
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