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Abstract 

Protein design requires a deep control of protein folding energetics, which can be determined 

experimentally on a case-by-case basis but is not understood in sufficient detail. Calorimetry, protein 

engineering and biophysical modeling have outlined the fundamentals of protein stability, but these 

approaches face difficulties in elucidating the specific contributions of the intervening molecules and 

elementary interactions to the folding energy balance. Recently, we showed that, using Molecular 

Dynamics (MD) simulations of native proteins and their unfolded ensembles, one can calculate, 

within experimental error, the enthalpy and heat capacity changes of the folding reaction. Analyzing 

MD simulations of four model proteins (CI2, barnase, SNase and apoflavodoxin) whose folding 

enthalpy and heat capacity changes have been successfully calculated, we dissect here the energetic 

contributions to protein stability made by the different molecular players (polypeptide and solvent 

molecules) and elementary interactions (electrostatic, van der Waals and bonded) involved. Although 

the proteins analyzed differ in length (65-168 amino acid residues), isoelectric point (4.0-8.99) and 

overall fold, their folding energetics is governed by the same quantitative pattern. Relative to the 

unfolded ensemble, the native conformation is enthalpically stabilized by comparable contributions 

from protein-protein and solvent-solvent interactions, and it is nearly equally destabilized by 

interactions between protein and solvent molecules. From the perspective of elementary physical 

interactions, the native conformation is stabilized by van de Waals and coulombic interactions and is 

destabilized by bonded interactions. Also common to the four proteins, the sign of the heat capacity 

change is set by protein-solvent interactions or, from the alternative perspective, by coulombic 

interactions. 

 

Keywords: protein stability, protein folding, protein thermodynamics, protein hydration, molecular 

dynamics, enthalpy change, heat capacity change 
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Introduction 

Most proteins perform their biological functions once they have adopted a specific conformation 

among an enormity of alternatives available. Such special conformation is known as the native state 

and constitutes the most stable spatial arrangement polypeptide atoms can adopt within biologically 

relevant times when they are immersed, typically, in an aqueous solution1. Understanding the 

interactions between polypeptide and water molecules that drive the transformation of the initially 

unfolded polypeptide into its native folded conformation and determine its greater stability is a 

fundamental objective of Structural Biology2. From a practical point of view, achieving a detailed, 

quantitative understanding of the protein folding equilibrium may transform protein design into a 

trustable routine tool, which is much needed to perfect a growing range of biotechnological processes, 

including the fabrication of biological drugs3. Not of minor importance, it may contribute to boosting 

personalized medicine by setting the interpretation of genetic variants and their impact on human 

disease on firmer grounds4. 

The stability of a protein native conformation is governed by the free energy difference (ΔG) of 

the equilibrium it establishes with the ensemble of unfolded conformations. While the experimental 

determination of ΔG is not usually complicated5, its interpretation in terms of specific atomic 

interactions6,7 remains a great challenge. Despite prolonged efforts by the biophysical community, the 

thermodynamic properties that determine protein forms cannot be calculated yet from first principles. 

Two such properties, the changes in enthalpy (ΔH) and in heat capacity (ΔCp) upon folding, can be 

measured directly from calorimetric experiments and are particularly amenable to interpretation7–9. As 

with purely biophysical approaches, protein engineering attempts to provide detailed knowledge of 

protein energetics at the molecular level have found difficulties in assigning differences in stability, or 

in the other thermodynamic magnitudes, to changes in specific elementary interactions (e.g. coulomb 

or van der Waals). This is because amino acid residue replacements characteristically summarize 

energy changes of several types6,8,10. On the other hand, Molecular Dynamics (MD) simulations have 

gained momentum in the study of protein energetics11–13. Improvements in force fields and water 

models, and continued increase in computation power have enabled a better sampling of the folding 

equilibrium, making atomistic MD simulation a well-suited approach to provide a precise dissection 

of protein folding energetics14–17. 

At present, after intense scrutiny of protein energetics through experiment and simulation of 

natural proteins and designed variants, no consensus has emerged on the relative contributions of 

protein-protein, protein-solvent and solvent-solvent interactions to the changes in enthalpy and heat 

capacity that make native proteins stable at physiological temperatures6,9,18,19. The same uncertainty 

applies to the relative contribution of van der Waals and electrostatic interactions to those 

fundamental thermodynamic magnitudes6,20. To address this problem, we have recently developed a 

method21,22 that calculates ΔH and ΔCp of the protein folding/unfolding reaction from MD 
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simulations of the native conformation and an ensemble of carefully generated unfolded ones21–23. 

This method, which circumvents the otherwise limited capability of MD approaches to simulate the 

protein folding time (from microseconds up to tens of seconds or beyond) as well as the structural 

overcompaction described for some classical MD force fields when combined with certain water 

models15,24–27, yields ΔH and ΔCp values in agreement with experiment21,22. Here, we provide a 

detailed dissection of four model proteins whose energetics have been successfully calculated using 

the indicated approach. The energy patterns derived from each of the four proteins coincide to reveal 

the long sought for signs and magnitudes of the chief contributions to protein folding energetics by 

the interacting molecules and elementary forces involved. 

Methods 

Proteins Simulated and Structural Models Used 

Four proteins for which extensive reliable thermodynamic data of their folding/unfolding equilibrium 

are available have been simulated, namely: the ribonuclease from Bacillus amiloliquefaciens 

(barnase)28, the Staphylococcus aureus nuclease (SNase)29, the apoflavodoxin from Anabaena PCC 

7119 (apoFld)30 and the chymotrypsin inhibitor 2 from barley (CI2)31. Their native ensembles have 

been represented by X-ray structures (PDB IDs: 1A2P32, 2SNS33, 1FTG34 and 2CI235, respectively) 

with crystallographic resolutions of 1.5, 1.5, 2.0 and 2.0 Å, respectively. Their unfolded ensembles 

have been obtained by means of the ProtSA server23 that generates from an input sequence a large 

ensemble of unfolded conformations consistent with NMR and SAXS properties of fully unfolded 

proteins. Unfolded ensembles of over 2000 conformations have been generated for each of those 

proteins. To facilitate subsequent computation, the most elongated unfolded structures (around 10 %) 

have been discarded and 100 conformations of each model proteins have been randomly selected to 

represent their unfolded ensembles. 

MD Simulation Setup and Sampling of Folding Energetics 

The analysis here presented relies on all-atom MD simulations reported recently22, wherein folded and 

unfolded structures were simulated in explicit water (Tip3p model36). A summary of the simulation 

setup and solvating conditions is given in SI Table 1. Charmm22 with CMAP correction version 2.037 

(Charmm, for simplicity) was used to simulate the proteins with Gromacs 2020 package38. The 

energetics of the folded state was obtained from averages of 40 replicas of each folded protein 

whereas that of the unfolded state from averages of 100 different unfolded conformations simulated. 

To avoid the compacting effect exerted by most force fields, the simulation approach relied on short 

(2-ns) trajectories, which ensures efficient sampling while avoids structural overcompaction21,22. 

From the simulations of the folded and unfolded conformations of a given protein, ΔH of folding 

(ΔHfol) is calculated21,22 as the ensemble-averaged enthalpy of the simulated boxes containing folded 
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protein minus that of the boxes containing unfolded conformations. For this ΔHfol calculation to hold, 

boxes with folded protein must contain the same number of water molecules and counterions that the 

corresponding boxes with unfolded protein (Figure 1). For each protein, ΔHfol is calculated at three 

temperatures and ΔCpfol values are obtained as the slope of a representation of calculated ΔHfol versus 

simulation temperature. Importantly, for the four proteins here considered, the calculated ΔHfol and 

ΔCpfol values agree with those determined experimentally, and the ΔGfol values obtained from the 

calculated ΔHfol and ΔCpfol values plus the experimental melting temperature39 also agrees with the 

experimentally determined conformational stabilities22. 

Holonomic constraints on all the bonds have been applied through the MD simulations. A test 

aimed to assess the importance of the application of bond constraints in the analysis of the different 

energy terms evaluated here was performed for barnase by imposing constraints only on bonds 

involving hydrogen atoms. Besides, and for the sake of comparison, barnase energetics has been 

additionally calculated from simulations of folded and unfolded conformations using Amber99SB-

ILDN40 (Amber for simplicity) combined with the same water model (Tip3p36) used with Charmm. In 

this case 10 replicas of the folded state and 40 unfolded structures were simulated21. 

Energy Partitions Provided by the Force Fields and Terminology Used for 

Grouped Terms 

Charmm force field uses five energy terms to model the energy arising from the covalent structure, 

namely: bonds, angles with a Urey-Bradley correction, proper dihedral, CMAP-dihedral correction, 

and improper dihedral. In this work we will report the energies of all those terms grouped in a single 

energy term named ‘Bonded’ (Table 1). In our simulation approach, all bond distances have been 

restrained. Therefore, the value of the bonds energy term does not change with time nor it differs 

between the folded and unfolded conformations. To assess the influence of restraining bond energy on 

the values obtained for the other energy terms in the force field, we have compared barnase 

simulations wherein holonomic constraints have been applied to all bonds (Table 2) with barnase 

simulations where constraints have been only applied on bonds involving hydrogen atoms (Table S2). 

The comparison makes clear that, applying either of these two constraints configurations, the 

calculated contribution to folding enthalpy of the different bonded and non-bonded terms is not 

significantly altered (Table 2 and SI Table 2). 

Charmm models the non-bonded interactions established between protein atoms, between solvent 

molecules and between protein and solvent molecules by means of Lennard-Jones (LJ) and Coulomb 

(Coul) energy terms. Non-bonded interactions are computed distributed in six terms, namely, LJ-14, 

Coul-14, LJ-SR, Coul-SR, Disp-corr and Coul-recip (see detailed descriptions in Table 1). We will 

report them grouped in two terms: LJ (encompassing LJ-14, LJ-SR and Disp-corr) and Coulomb 

(encompassing Coul-14, Coul-SR and Coul-recip) (Table 1). In either force field, the time-averaged 

enthalpy (H) of a simulated trajectory containing protein and explicit water is obtained by summing 
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up the Bonded, the LJ and Coul terms (together making up the potential energy, E), the kinetic energy 

(Ekin) and the pV term (p = pressure, V = volume). The change in ΔHfol can be then obtained as the 

enthalpy corresponding to the boxes containing folded protein (averaged over the simulated replicas) 

minus that of boxes containing unfolded protein (averaged in the same way)21,22, provided the number 

of water molecules and ions is the same in all boxes. 

Alternatively, the energy terms obtained from the simulations can be grouped in a different 

manner to highlight the separate contribution of intraproteic (protein-protein), intrasolvent (solvent-

solvent), and protein-solvent interactions. Indeed, GROMACS’s38 output provides the following 

terms: Coul-SR-PP, LJ-SR-PP, Coul-14-PP, LJ-14-PP, Coul-SR-PN, LJ-SR-PN, Coul-SR-NN, LJ-

SR-NN, where PP refers to interactions between protein atoms, PN to interactions between protein 

and non-protein atoms (water molecules and ions, as the simulated proteins contain no cofactors), and 

NN to intrasolvent interactions. We will report the different PP terms grouped as Coul-PP (Coul-SR-

PP + Coul-14-PP) and LJ-PP (LJ-SR-PP + LJ-14-PP). Thus, the potential energy due to intraproteic 

interactions (EPP) is obtained as Coul-PP + LJ-PP + Bonded, that corresponding to protein-solvent 

interactions (EPN) is Coul-SR-PN + LJ-SR-PN, and that related to solvent-solvent interactions (ENN) 

is, in principle, Coul-SR-NN + LJ-SR-NN (Table 1). However, two additional terms, Disp-corr and 

Coul-recip, also contribute to the potential energy of the simulated box. While these terms combine 

PP, PN and NN contributions, they essentially arise from solvent-solvent interactions, which represent 

>98 % of the pairwise interactions taking place in the simulated box. The contributions of the Disp-

corr and Coul-recip terms have been thus added to those of Coul-SR-NN + LJ-SR-NN to jointly 

describe ENN. We would like to indicate that ignoring the Disp-corr and Coul-recip terms in our 

analysis would make very little difference, as their contribution to the change in solvent-solvent 

interaction energy upon folding is very small. 

The Amber energy terms are quite similar to those in Charmm, which facilitates pair-wise 

comparisons of the values obtained for the same protein using either force field. The only difference is 

that Amber does not include CMAP dihedral correction, so that it uses four terms (bonds, angles, 

proper dihedral, and improper dihedral) to model the energy from the covalent structure. In the 

analysis of barnase simulations run with Amber, these four terms will be reported grouped in a single 

energy term named ‘Bonded’ (Table 1). 
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Results 

Accuracy of Folding Enthalpy and Heat Capacity Changes Computed from 

Atomistic MD Simulations 

In previous work21,22, we have shown that the changes in enthalpy and heat capacity associated to the 

folding/unfolding of several proteins can be accurately calculated from short atomistic MD 

simulations of the corresponding folded conformations and unfolded ensembles. The calculated 

enthalpy and heat capacity values (Table 2) correlate well with the experimental ones (SI Table 3). 

For the four proteins here analyzed, the correlation and slope of the linear plots are close to unity (for 

enthalpy changes: R2=0.99 and slope=0.98; for heat capacity changes: R2=0.99 and slope=0.86, SI 

Figure 1). We take this as a strong indication that the force field used here (Charmm22 with CMAP 

correction, version 2.037) describes well the energetics of the folding equilibrium despite its known 

compacting effect on protein conformations15,21,27 that we simply skip by sampling the simulated 

folded and unfolded states through short 2-ns simulations21,22. In our experience, newer force fields 

specifically tuned to avoid compaction may not maintain the accuracy of protein enthalpy change 

calculations by difference21. 

All the energy differences contributing to ∆Hfol that are defined in Table 1 have been calculated 

as time and replica average differences between enthalpy data pertaining to simulation boxes 

containing folded conformations and enthalpy data from boxes containing unfolded conformations. 

The primary “folded” and “unfolded” data corresponding to the four proteins here analyzed are shown 

in SI Tables 3-7. 

Contribution of Intraproteic and Solvation Interactions to ΔHfol 

The protein folding enthalpy change is a consequence of the rearrangement of interactions between 

protein and solvent. The relative contribution to ΔHfol of changes in intraproteic (ΔEPP), intrasolvent 

(ΔENN) and protein-solvent (ΔEPN) interactions has been determined for barnase using the Charmm22-

CMAP force field (Table 2). According to Charmm, the enthalpic stabilization of the barnase native 

conformation at 42 C (438 kJ/mol) is driven by a slightly larger stabilizing contribution of 

intraproteic interactions (ΔEPP = 2978 kJ/mol) which is opposed by the destabilizing combination of 

the two solvation contributions (ΔEPN + ΔENN = 2545 kJ/mol). An additional minor contribution of 

6 kJ/mol from the kinetic energy change completes the enthalpy balance. This contribution likely 

arises from a non-perfect cancelation of the theoretically identical but very large kinetic energies of 

the folded and unfolded simulation boxes. The indicated overall destabilizing effect of solvation 

contributions is composed of two opposing terms: a dominant, destabilizing term due to protein-

solvent interactions (ΔEPN = 4907 kJ/mol) and a stabilizing one due to intrasolvent interactions 

(ΔENN = 2362 kJ/mol, Figure 2a). Therefore, as barnase folds establishing new internal stabilizing 

interactions and loosing preexisting stabilizing interactions with solvent to a much larger extent, new 
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interactions are also formed among surrounding solvent molecules, which makes an important 

stabilizing contribution to the native conformation. This stabilizing contribution is almost as large as 

that of intraproteic interactions. 

For the sake of comparison and to discard that the folding pattern provided by Charmm could be 

force field specific rather than intrinsic to the protein simulated, we have performed the same energy 

dissection of barnase folding using data obtained from simulations performed with Amber99SB-ILDN 

in otherwise identical conditions. Clearly, Amber captures the same pattern. According to Amber, the 

contribution of intraproteic interactions is 2715 kJ/mol and those of the two solvation terms are 

4181 and 1833 kJ/mol, respectively (Table 2). Thus, two independent force fields, Charmm and 

Amber, coincide in revealing an important stabilizing contribution of intrasolvent interactions.  

To assess whether the above pattern describing barnase folding energetics generally accounts for 

the relative contribution of intraproteic, protein-solvent and intrasolvent interactions to the folding 

enthalpy change of globular proteins, MD simulations have been carried out in the same temperature 

range for SNase (at 44 C), apoFld (at 47 C) and CI2 (at 47 C) using Charmm (Table 2). Indeed, the 

same pattern is found in these three additional proteins, the factor describing the relative stabilizing 

contribution of intrasolvent and intraproteic interactions to ΔHfol being 0.75 for SNase, 0.80 for 

apoFld and 0.72 for CI2, all of them very similar to the factor of 0.79 previously found for barnase. 

Moreover, a large cancellation of those stabilizing contributions is observed in the four proteins, 

which comes from destabilizing protein-solvent interactions. Namely, protein-solvent destabilizing 

interactions (ΔEPN) are, in absolute value, 0.92 (barnase), 0.97 (SNase), 0.96 (apoFld) or 0.94 (CI2) 

times as high as the combined stabilizing interactions, i.e. ΔEPP + ΔENN,  of the corresponding protein 

(SI Figure 2a). 

Contribution of Bonded, Coulomb and Lennard-Jones interactions to ΔHfol 

The folding enthalpy change of a protein can be partitioned differently attending to the elementary 

forces governing the reaction, rather to the participating molecules. At the indicated temperature of 42 

C, and under the Charmm force field, the barnase enthalpy change (ΔHfol = 438 kJ/mol) arises from 

stabilizing energy contributions of coulombic (ΔECoul = 216 kJ/mol) and Lennard-Jones (ΔELJ = 278 

kJ/mol) interactions, which are partly opposed by moderately destabilizing bonded interactions 

(ΔEBonded = 61 kJ/mol, Table 2 and Figure 2b). It seems that, as barnase folds, LJ interactions −and 

to a lower extent coulombic interactions− strengthen at the expense of introducing some strain in the 

native conformation. The Amber force field reveals the same pattern for barnase folding as it also 

reports stabilizing contributions from coulombic and LJ interactions of 66 and 346 kJ/mol, 

respectively, and a moderate destabilizing contribution from bonded ones of 47 kJ/mol (Table 2). In 

agreement with this, analysis of the folding pathway of peptides or mini proteins (from 10 to 35 

residues) using other force fields of the Amber family41 also showed a destabilizing contribution from 

bonded interactions.  
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To assess whether this is a general pattern characteristic of the protein folding reaction of globular 

proteins, the ΔHfol values calculated for SNase, apoFld and CI2 at similar temperatures using Charmm 

(see above) has also been partitioned into coulombic, LJ and bonded contributions. As in the case of 

barnase, the major stabilization for all these proteins comes from LJ interactions and there is a clear 

destabilizing contribution from bonded ones. The contribution of coulombic interactions to ΔHfol is 

more variable in the four proteins, as it is clearly stabilizing in barnase, apoFld and CI2 but it is close 

to negligible for SNase at the temperature of comparison (Table 2 and Figure 2b). 

Temperature Dependence of Intraproteic and Solvation Interactions: 

contributions to ΔCpfol 

The folding enthalpies (ΔHfol) of barnase, SNase, apoFld and CI2 have been determined at three 

temperatures using the Charmm force field and their corresponding ΔEPP, ΔEPN and ΔENN components 

have been obtained at each temperature. Then, their individual contributions to the heat capacity of 

folding (ΔCpfol) have been calculated as the slopes of the corresponding linear plots of ΔE terms 

versus simulation temperature. These plots have shown excellent correlation coefficients (R2) of  1.00 

for barnase, 0.88-0.96 for SNase, 0.95-1.00 for apoFld and 0.97-0.99 for CI2 (Table 2). In barnase, 

the contribution of intraproteic interactions (ΔCpPP) to ΔCpfol is 6.48 kJ/mol∙K (Table 2), indicating 

that intraproteic interactions reduce their stabilizing effect on the folded conformation as the 

temperature is raised. On the other hand, the overall contribution of the solvation terms (ΔCpPN + 

ΔCpNN) is 10.85 kJ/mol∙K (Table 2), which means that solvation destabilizes the folded 

conformation less and less as the temperature raises. As this decrease in solvation destabilization with 

temperature is more steep than the concomitant decrease of intraproteic stabilization, the overall 

enthalpy change stabilizes the folded state more as the temperature rises, which is reflected in the 

calculated ΔCpfol of 4.40 kJ/mol∙K (Table 2). The two solvation terms make opposite contributions 

to this global negative value of ΔCpfol, namely, that of protein-solvent interactions is negative (ΔCpPN 

= 16.93 kJ/mol∙K), while that of intrasolvent interactions is positive (ΔCpNN = 6.08 kJ/mol∙K), 

Table 2 and Figure 2c). Thus, as the temperature rises, the two stabilizing contributions of the native 

conformation (intraproteic and intrasolvent interactions) are reduced but the destabilizing protein-

solvent interactions are reduced to a greater extent. The combined effect makes the enthalpic 

stabilization of the folded state increase with temperature. This pattern is also revealed when barnase 

is simulated using the Amber force field (Table 2). Importantly, analysis of the SNase, apoFld and 

CI2 simulations performed with Charmm (Table 2) indicates that the partition of their ΔCpfol values 

into contributions from intraproteic, protein-solvent and intrasolvent interactions is basically the same 

as that described for barnase (Figure 2c). In the four proteins, positive and similarly large intraproteic 

and intrasolvent contributions appear counterbalanced by a negative, larger contribution of protein-

solvent interactions, which exceeds the positive contributions by a factor ranging from 1.29 to 1.36 

(SI Figure 2b).  
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Temperature Dependence of Bonded, Coulomb and Lennard-Jones Interactions: 

Contributions to ΔCpfol 

The calculated ΔCpfol values of the four proteins can also be partitioned into specific contributions 

associated to elementary interactions: LJ, Coulomb and bonded. For the four proteins, the energy 

versus temperature linear plots of those contributions allow us to calculate the coulombic and bonded 

contributions to ΔCpfol, which show high correlation coefficients (R2) ranging from 0.94 to 0.99 for 

coulombic, and from 0.81 to 1.00 for bonded. In contrast, the LJ contribution to ΔCpfol is calculated 

with lower R2 coefficients (from 0.47 to 0.81). This LJ contribution to ΔCpfol is consistently small for 

the four proteins (0.18, 0.20, 0.47 and 0.20 kJ/mol∙K), which indicates that the LJ balance of 

their folding reactions is rather insensitive to temperature. The ΔCpfol associated to coulombic 

interactions makes by far the larger contribution in the four proteins, and there is also a significant 

contribution from bonded interactions in all cases (Figure 2d). The coulombic and bonded 

contributions to ΔCpfol are both negative, which indicates that the stabilizing effect of coulombic 

interactions increases with temperature while the destabilizing effect of bonded interactions decreases. 

As the strong stabilizing effect of the native conformation exerted by LJ interactions appears to be 

rather temperature insensitive, the larger enthalpic stabilization of the native conformation at high 

temperatures compared to lower temperatures does not arise from LJ interactions. It arises from a 

strengthening of stabilizing coulombic interactions combined with a reduction of destabilizing bonded 

ones. 

Correlation of ΔHfol with Protein Length and Changes in Solvent Exposure 

There has been significant efforts to correlate folding enthalpy and heat capacity changes to simple 

properties of polypeptides such as protein size or solvent exposure9,19. Our analyses of the barnase, 

SNase, apoFld and CI2 MD simulations (Table 3) show (Figure 3a) that correlations between 

individual ΔEPP, ΔEPN and ΔENN contributions to ΔHfol and protein length (SI Table 8) are impressive 

(R2=0.97-0.99), yet the correlation of ΔE (which combines the three energy terms) with protein length 

is poor (R2=0.16). This is so because, for each protein, the individual ΔEPP, ΔEPN and ΔENN 

contributions are one order of magnitude higher than their added value (ΔE), and small errors in their 

calculated values can translate into a big error in ΔE. As ΔE only differs from ΔHfol by a rather small 

kinetic energy term, it follows that the correlation observed between calculated ΔHfol and protein 

length is similarly poor (R2=0.16, Figure 3e). This agrees with the fact that the experimental ΔHfol 

values for these proteins (SI Table 8) do not correlate with protein length any better (R2=0.06, Figure 

3e). Considering the alternative partition of enthalpy changes attending to elementary forces, both 

stabilizing LJ and destabilizing bonded interactions correlate with protein length (R2=0.94 and 0.96, 

respectively) but coulombic interactions do not (R2=0.04, Figure 3c), which also explains from this 

angle the poor correlation of calculated ΔHfol with protein length (R2=0.16, Figure 3e). 

On the other hand, the folding change in SASA (ΔSASA), and its polar and apolar components 

(ΔSASApol and ΔSASAapol) have been calculated for each of these proteins (SI Table 8)23. Individual 
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ΔEPP, ΔEPN and ΔENN energy contributions to ΔE correlate best (Table 3) with ΔSASApol (R2 from 

0.97 to 0.99), then with ΔSASA (R2 from 0.92 to 0.94, Figure 3b), and then with ΔSASAapol (R2 from 

0.84 to 0.88). However, as seen above for the correlations with protein length and likely for the same 

reason, ΔE does not correlate with either total, polar or apolar changes in SASA (R2 from 0.11 to 

0.18). Consequently, calculated ΔHfol values do not correlate either with any of the SASA changes (R2 

from 0.10 to 0.17) (Table 3 and Figure 3f). This agrees with the lack of correlation between SASA 

changes and experimental ΔHfol values (R2 from 0.02 to 0.08). For the alternative partition of enthalpy 

changes into elementary contributions, both the bonded and LJ terms correlate either strongly or 

moderately with ΔSASA (R2=0.93 and 0.87, respectively, Figure 3d) and its polar and apolar 

components (R2 values from 0.78 to 0.99, Table 3). In contrast, the Coulomb term does not correlate 

with the different ΔSASAs (R2 from 0.01 to 0.10, Table 3 and Figure 3d). 

The very high correlations found between protein length or changes in SASA and the individual 

energy terms (ΔEPP, ΔEPN and ΔENN) totaling ΔE invite to calculate ΔHfol from simple linear 

relationships. Unfortunately, as explained above, once those individual terms are summed, the 

resulting ΔE values no longer correlate with either length or SASA changes. For the alternative 

energy partition, while LJ and bonded interactions correlate well with protein length and with the 

various changes in SASA considered, coulombic interactions do not, which also explains the lack of 

correlation here observed between protein length or SASA changes and ΔHfol. In practice, no accurate 

calculation of ΔHfol from protein length or from changes in SASA seems possible. 

Correlation of ΔCpfol with Protein Length and Changes in Solvent Exposure 

The correlation between ΔCpfol (and molecular or elementary contributions to it) and protein length 

has also been examined. Intraproteic (ΔCpPP), protein-solvent (ΔCpPN) or intrasolvent (ΔCpNN) 

contributions to ΔCpfol correlate well (R2 from 0.90 to 0.97) with protein length (Table 3 and Figure 

4a), and the combined calculated ΔCpfol also do so (R2=0.95, Table 3 and Figure 4e). In agreement 

with this, the correlation of experimental ΔCpfol values with protein length is also high (R2=0.97, 

Table 3 and Figure 4e). Considering the alternative energy partition, the contribution of bonded, LJ 

and coulombic interactions to ΔCpfol all correlate moderately well with protein length (R2 from 0.80 to 

0.83, Table 3 and Figure 4c). 

On the other hand, ΔCpPP, ΔCpPN and ΔCpNN contributions to ΔCpfol show high correlations with 

total ΔSASA (R2 from 0.96 to 0.99, Table 3 and Figure 4a), even better correlation with ΔSASAapol 

(R2 from 0.98 to 0.99, Table 3 and SI Figure 3a), and a clear but lower correlation with ΔSASApol 

(R2 from 0.77 to 0.89, Table 3 and SI Figure 3c). For the alternative partition, the three contributions 

(ΔCpBonded, ΔCpLJ and ΔCpCoul) correlate (R2 from 0.63 to 0.95, Table 3) with total ΔSASA (Figure 

4e) and apolar (SI Figure 3b) or polar SASA changes (SI Figure 3d). While the LJ contribution 

correlates similarly well with polar and apolar changes, the coulombic one correlates better with 

ΔSASAapol and the bonded contribution with ΔSASApol. Overall, the calculated ΔCpfol correlates best 
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with either ΔSASA or its apolar component (R2=0.99) and the experimental ΔCpfol is also highly 

correlated with either of these two changes (R2=0.98-0.99). 

In practice, ΔCpfol can be calculated accurately, at least for these proteins, with either of these 

linear equations: ΔCpfol = 3.53  0.0917 × Length (R2=0.97); ΔCpfol = 1252  73.1 × ΔSASA  

(R2=0.99), where Length is the number or amino acid residues in the protein and ΔSASA is the 

change in total SASA as calculated using ProtSA23. 

Discussion 

The Difficulty of Dissecting Protein Folding Energetics from Experiments 

Some basic facts of the protein folding equilibrium that have been known for a long while are: 1) 

proteins that fold into compact native conformations tend to be stable at physiological temperatures 

and to unfold as temperature increases; 2) relative to unfolded ensembles, native conformations are 

stabilized at physiological temperatures by enthalpy and destabilized by entropy; 3) enthalpy 

differences are due to a combination of intraproteic interactions, protein-solvent interactions and 

interactions between solvent molecules; 4) the main interactions established among protein and 

solvent atoms are driven by electrostatic and van der Waals forces. However, despite this consolidated 

knowledge, the relative contribution of the different players to the stabilization of the native 

conformation is controversial, since a myriad of concurrent interactions take place simultaneously in 

the protein folding equilibrium that cannot be measured independently. 

Before the advent and generalization of protein engineering, extensive efforts were done to model 

protein energetics based on thermodynamic data available for polar and apolar model compounds, 

analyses of protein composition, and estimations of the changes in SASA upon folding as a proxy for 

changes taking place in protein solvent interactions42–47. These studies were fostered by the 

development of precise calorimeters and led to proposals attributing a major contribution to ΔCpfol to 

hydration interactions. The rational for this proposal was that, in the unfolded state, the interactions 

between solvent molecules and apolar groups are more intense than in the folded one, which explains 

the sign of ΔCpfol
9,18,19,48,49. However, in spite of extensive analysis and modelling, the relative 

contributions to ΔCpfol of the two solvation terms involved (due to protein-solvent and intrasolvent 

interactions) and of protein-protein interactions has remained an open question18. Protein engineering 

has tried to clarify this problem by comparing the energetics of very similar protein variants usually 

differing in one amino acid residue. This approach has been hampered by limitations, which still 

exist50,51, on the chemical changes that could be engineered and, more fundamentally, by the fact that 

replacement of specific chemical groups often affects more than one type of interaction, as it has been 

discussed6. Besides, protein engineering has predominantly focused on determining free energy 

changes rather than enthalpy or heat capacity changes, which is not ideal for the purpose of 

performing a fine dissection of protein energetics. Altogether, despite the large number of mutational 
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experiments done, which keep feeding databases52,53 used to train protein stability predictors54,55, the 

relative contribution of the different elementary interactions to protein stability remains unclear.  

More recently, atomistic simulation of proteins has opened a new window into detail. MD 

simulations, the most popular and suited simulation approach to study protein stability and folding6,56–

59, enables computing protein and solvent energetics using potential energy functions, force fields, 

whose individual terms are related to specific forces. It also uses integration procedures that can 

classify the interactions as involving only protein atoms, only solvent atoms or as taking place 

between atoms of both protein and solvent molecules. The force fields typically used in atomistic MD 

simulations contain multiple parameters primarily derived from experimental data or from quantum 

chemical calculations often obtained from small molecules60. Although it may be feared that this 

reductionist approach may lead to insufficiently accurate calculation of the properties of complex 

molecules, such as proteins, the approach has a positive side. Since the data used in the force field 

parameterization are not primarily obtained from the large simulated molecules (i.e. proteins), the 

values of properties calculated for them will not be merely returning information previously 

incorporated into the force field. We have recently shown that, using atomistic MD simulations, the 

changes in enthalpy that take place when a polypeptide that is dissolved in water folds to its native 

conformation can be calculated accurately21,22. In this approach, simulations of the folded structure 

and of a representative sample of the unfolded ensemble are performed and the enthalpy changes are 

obtained by subtracting the ensemble-averaged enthalpies of such states21,22. In addition, the 

temperature dependence of the enthalpy change, i.e. the heat capacity change of folding/unfolding, 

can also be calculated within experimental error. Accurate calculation of ΔHfol and ΔCpfol from MD 

simulations has opened the possibility to dissect −beyond experiment− the contribution of elementary 

forces to protein folding/unfolding energetics and to clarify the specific role played by protein and 

solvent inter and intramolecular interactions. A coherent view of protein folding energetics emerges 

from dissection of the different contributions to ΔHfol in four unrelated proteins whose MD-calculated 

and experimentally-determined ΔHfol values coincide within error (SI Figure 1)21,22. 

A Coherent View of Protein Folding Energetics from MD Simulation 

From the molecular perspective, folding enthalpy changes summarize rearrangements of internal 

protein (ΔEPP) and internal solvent (ΔENN) interactions, as well as rearrangement of the interactions 

established between protein and solvent molecules (ΔEPN). In the four proteins here dissected, at 

similar temperatures around 45 °C, the folding reaction takes place amid a strong cancelation of 

stabilizing and destabilizing contributions that can be quantitatively described by equations 1 and 2. 

The native conformation is stabilized by the strengthening of both protein internal and solvent internal 

interactions, their relative contributions to ΔHfol being similar and rather constant: 

ΔENN = 0.80 × ΔEPP (±0.05 SD)     (1). 
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Conversely, the native conformation is intensely destabilized by a reduction of protein-solvent 

interactions, which is almost as intense as the combination of the stabilizing contributions: 

ΔEPN = −0.98 × (ΔEPP + ΔENN) (±0.03 SD)     (2). 

In other words, as the polypeptide folds (Figure 5a), the interactions it forms internally do not 

compensate the interactions it loses with the solvent molecules. However, stabilizing interactions 

concomitantly formed among solvent molecules drive the overall balance in favor of the native 

conformation. In terms of energy, almost half of the protein-solvent interactions that are lost when the 

protein folds are compensated by the new interactions that are established between solvent molecules. 

From the perspective of elementary forces, a clear pattern, in this case qualitative, is also evident: 

i) the major stabilizing contribution to ΔHfol is done by van der Waals interactions; ii) coulombic 

interactions also contribute to stabilize the native conformations but to a lesser extent; iii) stabilizing 

van der Waals and coulombic contributions are moderately opposed by destabilizing bonded 

contributions. As it appears (Figure 5c), protein folding in water is driven by a strengthening of van 

der Waals and coulombic interactions, at the cost of introducing some strain in the folded polypeptide. 

In agreement with this, avoiding local backbone strain has been reported to be critical for success in 

protein design61.  

Why ΔCpfol is Negative? 

As dictated by the negative sign of ΔCpfol
18, raising temperature increases the enthalpic stabilization 

of proteins. From a molecular perspective, our analysis reveals a consistent cancellation of opposing 

contributions to ΔCpfol. On one hand, the contributions of both intraproteic and intrasolvent 

interactions (ΔCppp and ΔCpNN) are positive, meaning that, as temperature increases, both ΔEPP and 

ΔENN stabilize the native conformation less and less (Figure 5b). Their relative impact on ΔCpfol can 

be quantitatively described as: 

ΔCpNN = 0.90 × ΔCpPP (±0.11 SD)      (3). 

On the other hand, this weakening of the folded conformation as temperature increases is more 

than compensated by the negative and larger contribution of ΔCpPN, reflecting that the debilitation of 

the folded state by protein-solvent interactions, ΔEPN, is also markedly reduced at higher 

temperatures. As it appears (Figure 5b), increasing temperature weakens both the stabilizing and 

destabilizing molecular contributions to ΔHfol but it weakens more steeply the destabilizing protein-

solvent interactions: 

ΔCpPN
  = –1.37 × (ΔCpPP + ΔCpNN) (±0.01 SD)    (4). 

The overall consequence is that enthalpy stabilizes the folded state more at higher temperatures. 

The joint contribution of the two solvation terms (negative ΔCpPN + positive ΔCpNN) to ΔCpfol is 

negative, but the sign of the heat capacity change is specifically determined by protein-solvent 

interactions. 
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From the perspective of the forces acting on protein folding (Figure 5b), the contributions of van der 

Waals, coulombic and bonded interactions to ΔCpfol are dissimilar. Van der Waals interactions show 

little dependence on temperature and, therefore, their contribution to ΔCpfol is very small. Clearly, the 

major contribution to the negative value of ΔCpfol comes from coulombic interactions, while bonded 

interactions also make a significant contribution. Thus, increasing temperature, markedly strengthens the 

stabilizing coulombic interactions and reduces the conformational strain of the folded conformation, 

which combines to produce a higher enthalpic stabilization of the native state. The sign of the folding 

heat capacity change is determined by coulombic interactions. 

Conclusions 

Atomistic MD simulations in explicit solvent of native globular proteins and their unfolded ensembles 

reveal a coherent pattern of enthalpy and heat capacity changes when a polypeptide folds. The native 

conformation is enthalpically stabilized by similarly intense contributions from internal protein-

protein and solvent-solvent interactions and destabilized by protein-solvent interactions. Van de 

Waals interactions mainly, but also coulombic interactions, stabilize the native conformation at the 

expense of introducing some conformational strain. The sign of the heat capacity change is set by the 

temperature dependence of protein-solvent interactions or, from the perspective of elementary 

contributions, by the temperature dependence of coulombic interactions. Changes in folding heat 

capacity but not in folding enthalpy appear to correlate well with protein length and with changes in 

protein solvent exposure upon folding. 
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Tables 

a Original terms of the force fields and of the energy partitions as provided by Gromacs. ‘U-B’ refers to the 

Urey-Bradley component (cross-term accounting for angle bending using 1,3 nonbonded interactions); ‘Coul’ 

refers to Coulombic interactions; ‘LJ’ refers to the 12-6 Lennard-Jones potential (van der Waals); ‘14’ 

accounts for interactions between 1-4 pairs; ‘SR’ accounts for short-range interactions; ‘Disp-corr’ refers to 

long range dispersion corrections applied on energy and pressure (configured with Gromacs’ mdp option 

EnerPres); ‘Coul-recip’ refers to the reciprocal space contribution (long-range Coulombic interactions); 

‘CMAP-Dih’ refers to the correction maps added to the dihedrals in Charmm22-CMAP force field. 
b Simulations carried out under constraints on all bonds. 
c In the main text and in other tables, the hyphens joining ‘P-N’, ‘P-N’, and ‘N-N’ in the force field terms are 

omitted for simplicity.  

Table 1. Energy inventories of the Charmm22-CMAP and Amber99SB-ILDN force fields, 

thermodynamic equivalences, and energy grouping used to discuss the contribution of specific 

elementary interactions (Bonded, Lennard-Jones or Coulomb) or specific molecular interactions: 

intraproteic (PP), protein-solvent (PN) or intrasolvent (NN) to protein folding ΔH and ΔCp 

Energy terms of the force fieldsa 

Bonded termsb:  

For Charmm22-CMAP:         Bonds, U-B, Proper-Dih, CMAP-Dih, Improper-Dih, 

For Amber99SB-ILDN:         Bonds, Angle, Proper-Dih, Improper-Dih 

Non-bonded terms:  

For both force fields:              LJ-14, Coul-14, LJ-SR, Disp-corr, Coul-SR, Coul-recip  

Energy grouping used in this article 

Bonded  terms: 

For Charmm22-CMAP:          Bonded = U-B + Proper-Dih + CMAP-Dih + Improper-Dih 

For Amber99SB-ILDN:          Bonded = Angle + Proper-Dih + Improper-Dih 

Non-bonded terms:  

For both force fields:               LJ = LJ-14 + LJ-SR + Disp-corr  

                                                 Coul = Coul-14 + Coul-SR + Coul-recip 

Energy terms of the force fields  

in a secondary partition provided by Gromacs, based on interacting moleculesa,c 

For both force fields:               Coul-SR-P-P, LJ-SR-P-P, Coul-14-P-P, LJ-14-P-P, Coul-SR-P-N,  

                                                 LJ-SR-P-N, Coul-SR-N-N, LJ-SR-N-N 

Energy grouping used in this articlec 

CoulPP = Coul-SR-P-P + Coul-14-P-P 

LJPP = LJ-SR-P-P + LJ-14-P-P  

EPP = CoulPP + LJPP + Bonded 

EPN = Coul-SR-P-N + LJ-SR-P-N  

ENN = Coul-SR-N-N + Coul-recip + LJ-SR-N-N + Disp-Corr  

Equivalences with thermodynamic terms 

Potential Energy (E) = Bonded + LJ + Coul = EPP + EPN + ENN 

Enthalpy (H) = E + Ekin + pV 
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Table 2. Contributions to ΔH and ΔCp of folding 

Protein Contributora Folding Energy Change ΔCpb R2 

 
 

Temperature  
 

  295 K 315 K 335 K   

Barnasec ΔEPP −3,109 −2,978 −2,850 6.48 1.00 

 ΔEPN 5,261 4,907 4,584 −16.93 1.00 

 ΔENN −2,481 −2,362 −2,238 6.08 1.00 

 ΔECoul −138 −216 −268 −3.23 0.99 

 ΔELJ −278 −278 −286 −0.18 0.66 

 ΔEBonded 88 61 50 −0.94 0.95 

 ΔE −329 −433 −504 −4.38 0.99 

 ΔEkin −3 −6 −5 −0.05 0.70 

 Δ(pV) 0 0 0 NA NA 

 ΔH −332 −439 −509 −4.40 0.99 

  Temperature   

   295 K 315 K 335 K 
  

Barnased ΔEPP −3,003 −2,715 −2,550 11.33 0.98 

 ΔEPN 4,713 4,181 3,773 −23.50 0.99 

 ΔENN  −2,007 −1,833 −1,701 7.65 0.99 

 ΔECoul 18 −66 −160 −4.45 1.00 

 ΔELJ −369 −346 −348 0.53 0.68 

 ΔEBonded 54 47 31 −0.58 0.95 

 ΔE −297 −367 −478 −4.530 0.98 

 ΔEkin 2 2 −5 −0.18 0.75 

 Δ(pV) 0 0 0 NA NA 

 ΔH −295 −365 −483 −4.71 0.98 

  Temperature   

   307 K 317 K 327 K 
  

SNasec ΔEPP −4,323 −4,287 −4,128 9.76 0.89 

 ΔEPN 7,426 7,260 6,896 −26.51 0.96 

 ΔENN  −3,273 −3,229 −3,072 10.04 0.90 

 ΔECoul 66 6 −17 −4.16 0.94 

 ΔELJ −403 −404 −399 0.18 0.61 

 ΔEBonded 166 141 112 −2.73 1.00 

 ΔE −170 −257 −304 −6.70 0.97 

 ΔEkin 2 −1 −4 −0.30 1.00 

 Δ(pV) 0 0 0 NA NA 

 ΔH −168 −258 −308 −7.01 0.97 
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Table 2. Continuation… 

  Temperature   
   305 K 320 K 335 K 

  
apoFldc ΔEPP −4,571 −4,324 −4,106 15.50 1.00 

 ΔEPN 8,117 7,439 6,933 −39.47 0.99 

 ΔENN  −3,732 −3,444 −3,323 13.63 0.95 

 ΔECoul 8 −90 −252 −8.67 0.98 

 ΔELJ −378 −384 −364 0.47 0.47 

 ΔEBonded 185 145 119 −2.20 0.99 

 ΔE −186 −329 −496 −10.35 1.00 

 ΔEkin −1 0 0 −0.05 1.00 

 Δ(pV) 0 0 0 NA NA 

 ΔH −187 −329 −496 −10.30 1.00 

  Temperature   
 

 
320 K 335 K 350 K 

  
CI2c ΔEPP −1,481 −1,421 −1,379 3.40 0.99 

 ΔEPN 2,381 2,237 2,146 −7.83 0.98 

 ΔENN  −1,061 −1,008 −981 2.67 0.97 

 ΔECoul −62 −75 −98 −1.20 0.97 

 ΔELJ −115 −122 −121 −0.20 0.63 

 ΔEBonded 17 6 5 −0.40 0.81 

 ΔE −161 −192 −214 1.77 0.99 

 ΔEkin 0 0 −1 −0.03 0.75 

 Δ(pV) 0 0 0 NA NA 

 ΔH −161 −192 −215 −1.80 1.00 
a Equivalences: ΔEPP = ΔEPP

LJ + ΔEPP
Coul + ΔEBonded; ΔEPN = ΔEPN

LJ + ΔEPN
Coul; ΔENN = 

ΔENN
LJ + ΔENN

Coul + ΔENN
Coul−recip + ΔENN

Disp−Corr. 

b Slope of corresponding energy change as a function of temperature. 

c Data from simulations run with Charmm22-CMAP and Tip3p22. 

d Data from simulations reported in Galano-Frutos et. al.21, run with Amber99SB-ILDN, 

Tip3p and a smaller sampling of the folded and unfolded state (see SI Table 1). 
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Table 3. Correlation coefficients (R2) between protein properties and different contributions to ΔH and ΔCp of foldinga 

 

Property 

Calculated contributions to ΔH 

ΔHcalc ΔHexp 

Calculated contributions to ΔCp 

ΔCpcalc ΔCpexp 
 

by partners       by force by partners by force 

 
Length ΔSASA ΔSASAapol ΔSASApol PP PN NN Bonded LJ Coul PP PN NN Bonded LJ Coul 

Length - - - - 0.97 0.99 0.98 0.96 0.94 0.04 0.16 0.06 0.90 0.94 0.97 0.83 0.83 0.80 0.95 0.97 

ΔSASA 0.99 - - - 0.92 0.93 0.94 0.93 0.87 0.03 0.15 0.06 0.96 0.98 0.99 0.76 0.88 0.89 0.99 0.99 

ΔSASAapol 0.94 0.98 - - 0.84 0.86 0.88 0.85 0.78 0.01 0.17 0.08 0.99 0.99 0.98 0.63 0.89 0.95 0.99 0.98 

ΔSASApol 0.96 0.91 0.82 - 0.99 0.99 0.97 0.99 0.97 0.10 0.10 0.02 0.77 0.83 0.89 0.94 0.75 0.64 0.85 0.91 

a Analysis carried out with calculated thermodynamics from simulations of barnase, SNase, apoFld and CI2. Correlation coefficients obtained from linear correlation with 

properties in the first column of the table. 
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Figures 

 

Figure 1. General scheme for the calculation of ∆Hfold and ∆Cpfold and their relative molecular and elementary contributions. The 

scheme part at the left-hand side –including the simulation boxes− indicates the simulated proteins and summarizes the MD setup followed, 

which is fully described in Galano-Frutos et. al.22. The bar graphs at the right-hand side show the averaged (standard errors between parentheses) 

molecular and elementary relative contributions to ∆Hfol and ∆Cpfol obtained for the four proteins analyzed. Positive relative contributions to 

∆Hfol indicate molecular or elementary interactions that stabilize the folded conformation, while negative relative values indicate destabilizing 

contributions. In bars graphs showing relative contributions to ∆Cpfol, averaged positive values indicate stabilizing contributions that become 

even more stabilizing with temperature, while averaged negative values indicate destabilizing contributions that become even more destabilizing 

with temperature. The reference value of 1 in the bars graphs represents the sum of the positive contributions. The negligible (slightly positive) 

van der Waals (LJ) average contribution to ∆Cpfol is the only contribution whose sign varies among the proteins analyzed.  
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Figure 2. Contributions of molecular interactions and of elementary interactions to ∆Hfol (a, b) and ∆Cpfol (c, d). ‘PP’, ‘NN’ and ‘PN‘ in panels a and c 

refer to intraproteic, intrasolvent and protein-solvent energy contributions, respectively, whereas ‘Bonded’, ‘LJ’ and ‘Coul’ and in panels b and d refers to 

bonded, Lennard-Jones (van der Waals) and coulombic (electrostatics) contributions, respectively.  
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Figure 3. Linear correlation between molecular (a, b) and elementary (c, d) contributions to ∆H fol and 

protein length (a, c) or ∆SASA (b, d). Linear correlation between calculated and experimentally 

determined ∆Hfol and protein length (number of amino acid residues) (e) or ∆SASA (d). ‘PP’, ‘NN’ and 

‘PN’ in a and b refer to intraproteic, intrasolvent and protein-solvent energy contributions, respectively, 

whereas ‘Bonded’, ‘LJ’ and ‘Coul’ in c and d refer to bonded, Lennard-Jones (van der Waals) and coulombic 

(electrostatics) contributions, respectively. Squared Pearson correlation coefficients are included close to each 

fitting line. 
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Figure 4. Linear correlation between molecular (a, b) and elementary (c, d) contributions to ∆Cp fol and 

protein length (a, c) or ∆SASA (b, d). Linear correlation between calculated and experimentally 

determined ∆Cpfol and  protein length (number of amino acids) (e) or ∆SASA (d). ‘PP’, ‘NN’ and ‘PN’ in 

a and b refer to intraproteic, intrasolvent and protein-solvent energy contributions, respectively, whereas 

‘Bonded’, ‘LJ’, and ‘Coul’ in c and d refers to bonded, Lennard-Jones (van der Waals) and coulombic 

(electrostatics) contributions, respectively. Squared Pearson correlation coefficients are included close to each 

fitting line. 
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Figure 5. Contributions of molecular interactions and elementary forces to ∆Hfol and ∆Cpfol. 

Panels a and b illustrate the energetics of protein folding and its temperature dependence, focusing on 

inter and intramolecular interactions between protein and solvent (essentially water) atoms. The 

unfolded system at the left (protein and non-bulk surrounding water molecules sensing the protein) is 

taken as the energy reference and is depicted in grey. The folded system at the right is colored 

differently to distinguish interactions that stabilize (water-water and protein-protein interactions; 

green shades) or destabilize (protein-water interactions, red lines) the system and therefore the folded 

conformation relative to the unfolded one. The temperature effect on the different molecular 

interactions shaping ∆Hfol determines how much they contribute to ∆Cpfol. The temperature effects can 

be understood by comparing the comments at the right hand side of panels a (lower temperature) and 

b (higher temperature). Relative values of the different molecular contributions to ∆Hfol and ∆Cpfol 

and indicated qualitatively. Panels c and d illustrate the energetics of protein folding, focusing on 
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elementary (bonded, van der Waals and electrostatic) interactions without differentiating between 

protein and solvent atoms. In these panels, the interactions stabilizing the folded state (van der Waals 

and electrostatic) are represented in green strips while the destabilizing contribution of bonded 

interactions arising from the protein covalent structure is indicated in the red strip on top of the green 

ones. The contribution of the different elementary interactions to ∆Cpfol can be understood by 

comparing the comments at the right hand side of panels c (lower temperature) and d (higher 

temperature). Relative values of the different elementary contributions to ∆Hfol and ∆Cpfol and 

indicated qualitatively. 
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