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ABSTRACT: As proteins perform most cellular functions, quantitative understanding of protein 

energetics is required to gain control of biological phenomena. Accurate models of native 

proteins can be obtained experimentally but the lack of equally fine models of unfolded 

ensembles impedes the calculation of protein folding energetics from first principles. Here we 

show that an atomistic unfolded ensemble model, consisting on a few dozen conformations built 

from a protein sequence, can be used in conjunction with an X-ray structure of its native state to 

calculate accurately by difference the changes in enthalpy and in heat capacity of the polypeptide 

upon folding. The calculation is done using Molecular Dynamics simulations and popular force 

fields and water models and, for the two model proteins studied (barnase and SNase), the results 

agree within error or are very close to their experimentally determined properties. The enthalpy 

sampling of the unfolded ensemble is done through short 2-ns simulations that do not 

significantly modify the representative distribution of Rg of the starting conformations. The 

impressive accuracy obtained opens the possibility to investigate quantitatively systems or 

phenomena not amenable to experiment, and paves the way for addressing the calculation of 

protein conformational stability (i.e. the change in Gibbs energy upon folding), a central goal of 

Structural Biology. So far, these calculated enthalpy and heat capacity changes, combined with 

the experimentally determined melting temperatures of the corresponding protein, allow to 

reproduce the stability curves of both barnase and SNase.  
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INTRODUCTION 

Proteins are the main constituents and agents in cells but the thermodynamic properties that 

govern protein forms and their interaction capabilities cannot be calculated from first principles 

yet.1 This fact greatly limits the quantitative understanding of biological processes at the cellular 

level, and severely impairs progress in many other fields such as genetic interpretation, ab initio 

structure prediction, drug design or rational-design protein engineering. At the core of the 

problem lays the fact that the protein properties (e.g. conformational stability, binding affinity) 

that govern function are equilibrium properties, so that accurate atomistic models of both the 

initial and final states are essential to carry out such calculations. However, despite the 

impressive achievements of Structural Biology in revealing native structures of proteins at 

atomic resolution, the structural details of the other side of the folding equilibrium remains 

obscure. This has to do with the unsuitability of current structure determination techniques for 

providing accurate models of the unfolded ensemble of proteins, which precludes any calculation 

by difference of properties such as stability. 

Conformational stability is a key thermodynamic property of proteins, arising from the 

balance of numerous interactions established between solvent and proteins atoms in both the 

native state and the unfolded ensemble.2,3 To be able to calculate the stability of a protein from 

first principles, the changes in enthalpy and in entropy associated to the folding reaction must be 

calculated. An accurate calculation of the entropy term (ΔSunf) is not available yet, but the 

Gibbs–Helmholtz equation4 (eq. 1) allows to estimate protein stability in a good approximation 

by replacing the knowledge of the entropy by that of the heat capacity change plus that of the 

melting temperature: 

∆G(T) = ∆HTm × (1 − T Tm⁄ ) − ∆Cp × [Tm − T + T × ln(T Tm⁄ )]  (1) 
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While thermodynamic parameters such as enthalpy and heat capacity changes can be 

determined experimentally by differential scanning calorimetry5 their calculation in silico has 

been traditionally considered difficult for two reasons. First, as advanced above, while the folded 

state is finely represented by experimental structures, what kind of representation of the unfolded 

ensemble is realistic enough for performing such calculations is far from clear. Second, due to 

the extensive cancellation of interactions taking place in protein folding,6 the energy change of 

the process is orders of magnitude smaller than the actual energies of the initial and final states. 

As a consequence, highly accurate values for both the folded state and the unfolded ensemble 

enthalpies and heat capacities must be calculated, which constitutes a challenge for the available 

force fields used in Molecular Dynamics (MD) simulations. We show here that short, all-atom, 

MD simulations of barnase and SNase folded structures and unfolded ensembles (consisting of 

40 conformations randomly selected from larger ensembles generated with the ProtSA server7) 

provide enough accuracy and enough sampling to allow calculating the folding energetics of 

these model proteins within experimental error. 

 

METHODS 

PDB structures of the folded states. The X-ray structures with the highest resolution available 

in the Protein Data Bank for Bacillus amyloliquefaciens ribonuclease (barnase; PDB ID: 1A2P8) 

and Staphylococcus aureus nuclease (SNase; PDB ID: 2SNS9) were selected. Two and thirteen 

residues, respectively, were missing at the N-terminals of barnase and SNase. The missing 

residues were added, using Chimera,10 in an extended conformation, as expected for residues 

located in protein ends and not contributing to the electron density map. The zinc ion and the 
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water molecules present in the X-ray structure of barnase, as well as a calcium ion and an 

organic ligand present in the X-ray structure of SNase were removed. 

Generation of unfolded ensembles, filtering of very extended conformations and random 

selection of the unfolded sample. Large ensembles of unfolded conformations of barnase and 

SNase (2300 structures each) were generated and stored in individual PDB files using ProtSA,7 a 

web server that uses the Flexible-Meccano algorithm11 for backbone-conformation generation 

and Sccomp12 to add the side chains. Within each ensemble, the diameters of the unfolded 

structures followed asymmetric distributions (Figure S1) where around ~10 % of the structures 

had particularly long diameters. In order to leave out those very elongated structures and so to 

avoid the need of using very large water boxes for the MD simulations, we established diameter 

cut-offs of 12 and 15 nm for the unfolded structures of barnase and SNase, respectively (Figure 

S1). From each filtered distribution, which contained around 2000 structures, forty unfolded 

structures were randomly selected for simulation. 

MD simulations setup. Three replicas of each of forty unfolded structures and ten replicas of 

the folded structures of both barnase and SNase were prepared and minimized (emtol = 1.0 

kJ/mol) using the steepest descent minimization algorithm included in the GROMACS 4.6.7 

package.13 A dodecahedral box was set with diameters of 14 and 17 nm for folded barnasa and 

SNase, respectively, and of 15 and 18 nm for the unfolded systems of these proteins, 

respectively. The number of water molecules in the larger unfolded systems was then evened to 

that in the folded systems by removing the exceeding waters, and immediately after, a short 

0.2ns-NPT-simulation step (0 K and 1 atm) was run to adjust the volume of the unfolded 

systems. Then, 3 ns of MD simulation were run for each structure, which included heating, 

equilibration and production stages. Systems were heated up to the target temperature using a 
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ramp with a Berendsen thermostat14 (7 steps × 50 ps). Equilibration was performed in three 

subsequent stages. First, an NVT step (150 ps) to introduce the v-rescale thermostat, second, an 

NPT step (250 ps) to couple pressure to the system by using a Berendsen barostat,14  and third, a 

further NPT step (250 ps) to introduce the more realistic Parrinello-Rahman barostat15 also used 

in the productive phase (2 ns). Periodic boundary conditions (PBC) were established and the 

Partial Mesh Ewald (PME) algorithm16 was used to treat electrostatic interactions. For van der 

Waals interactions, a cut-off method with a radius of 1 nm and the Potential-shift-Verlet modifier 

was used. Bond lengths were constrained using the LINCS algorithm,17 and the time step was set 

to 2 fs. Charmm22 with CMAP correction (version 2.0)18, Amber99SB-ILDN19, and a recent 

upgrade of this latter force field, A99SB-disp20, combined with different models of explicit water 

(see Table S1) are tested.  

Determination of the minimum sample size for the 'unfolded state' model. To estimate 

the minimum number of unfolded structures (minimum sample size) required to calculate ΔHunf 

with similar or smaller errors than those reported in the experimental determinations (the highest 

errors reported for barnase and SNase ΔHunf are 30 kJ/mol and 32 kJ/mol, respectively, see Table 

1), we have considered that a half of them (15 kJ/mol and 16 kJ/mol, respectively) arises from 

variation related to the unfolded ensemble. Thus, since the 〈Hu〉 values fit a Normal distribution 

(Figure S2), the minimum sample size of the unfolded ensemble can be calculated21 as: 

n = (z0.975 × sM d⁄ )2     (2) 

where z0.975=1.96 is the value for the standard Normal distribution with a confidence interval of 

95 % (two-tailed); d is the maximum allowed error (half of the experimental ΔHunf error); and sM 

is the sample standard deviation (forty unfolded structures sampled). 
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RESULTS AND DISCUSSION 

Proteins analysed and workflow. To structurally describe unfolded ensembles of proteins, a 

method able to generate a full-atom model of the ensemble has been developed.22,23 This method 

adds side chains –in non-clashing conformations selected from a library of rotamers– to 

backbone conformations of the proper length generated with the distribution of dihedral angles 

and radius of gyration found in fully unfolded proteins. The method has been implemented in a 

web application (ProtSA)7 that, from an input amino acid sequence, builds large ensembles of 

unfolded conformations and writes the corresponding coordinate files that can be used to 

calculate properties of the ensemble. We have used ProtSA here to obtain models of the unfolded 

ensembles of two well-studied proteins in order to assess the reliability of such models through 

the calculation of unfolding thermodynamic properties from a statistical analysis of MD 

simulations. 

The first protein analysed, barnase, is a 110-residue, extensively characterized24-26 

extracellular ribonuclease from Bacillus amyloliquefaciens, whose equilibrium heat denaturation 

is reversible, follows a two-state mechanism and leads to a fully unfolded ensemble.26 Barnase 

lacks disulfide bonds and cofactors, and its three-dimensional structure (Figure 1) has been 

determined by X-ray crystallography at 1.5 Å resolution.8 The second protein analysed is a 149-

residue extracellular nuclease from Staphylococcus aureus (SNase), whose three-dimensional 

structure (Figure 1) has also been determined by X-ray crystallography at 1.5 Å resolution.9 

SNase sequence is unrelated to that of barnase (sequence identity of 12.1 %). Barnase24-26 and 

SNase27 unfolding thermodynamics has been investigated in detail by many laboratories and a 

summary of the experimental values found for their corresponding changes in enthalpy and in 

heat capacity is presented in Table 1. 
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Table 1. Experimental energetics of Barnase and SNase unfolding. 

Protein Ref. 
ΔHunf  (pH, Tm)[a] 

(kJ/mol)  (K) 
ΔHunf  (Tm)[b] 
(kJ/mol)  (K) 

ΔCpunf
[c] 

(kJ/mol·K) 

Barnase 25 272±29 (2.2, 298)[d,g] 260±29 (295) 

3.6±0.5  25 373±29 (3.2, 313)[d,g] 378±29 (315) 

 25 486±29 (5.5, 328)[d,g] 510±29 (335) 

 

25 448±29 (3.8, 321)[e,g] 

355±29 (295) 

3.6±0.5  427±29 (315) 

 499±29 (335) 

 24 307±15 (2.2, 295)[d,f] 307±15 (295) 7.2±0.7 (295K) 

 24 418±21 (3.4, 316)[d,f] 415±21 (315) 6.1±0.6 (315K) 

 24 486±24 (5.5, 328)[d,f] 520±26 (335) 4.9±0.5 (335K) 

 

24 445±22 (4.0, 322)[e,f] 

355±29 (295) 

5.7±0.6 (322K)  427±29 (315) 

 499±29 (335) 

 26 345±18 (2.0, 297)[d] 333±17 (295) 

6.2±0.8  26 449±22 (3.0, 313)[d] 464±23 (315) 

 26 546±27 (5.0, 327)[d] 596±30 (335) 

 

26 523±26 (4.0, 324)[e] 

346±17 (295) 

6.2±0.8  470±24 (315) 

 594±30 (335) 

SNase 27 180±18 (4.1, 316)[d] 160±16 (307) 2.5±2.0 (307K) 

 27 239±24 (4.5, 319)[d] 248±25 (317) 6.1±2.0 (317K) 

 27 301±30 (5.5, 325)[d] 320±32 (327) 9.7±2.0 (327K) 

 

27 301±30 (5.5, 325)[e] 

138±14 (307) 

9.0±2.0 (325K)  228±23 (317) 

 318±32 (327) 
 [a] Experimental barnase and SNase ΔHunf and ΔCpunf values reported at the temperatures (Tm of 
the DSC experiment) and pH values indicated. These data are used to obtain, by short 
extrapolation using ΔH(T) = ΔH(Tm) + ΔCp × (T − Tm), the corresponding experimental values 
(reported in the contiguous column at the right) at the indicated temperatures.  
[b] Experimental ΔHunf values at the indicated temperatures. As data for barnase come from three 
different laboratories, the mean experimental value at 315 K, 〈ΔHunf〉 = 427±24 kJ/mol (average 
of the six values reported), can be used to compare with the values calculated in silico at the 
same temperature, which are reported in Tables 2 and S3.  
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[c] Experimental ΔCpunf values. Those reported in Ref. 24 and 27 are temperature dependent, as 
indicated. As data for barnase come from three different laboratories a mean experimental value 
of ΔCpunf, 〈ΔCpunf〉 = 5.3±0.7 kJ/mol·K, has been obtained from 3.6±0.5,25 6.1±0.624 and 
6.2±0.826 kJ/mol·K.  
[d] Experimental data reported at Tm values closest to the simulation temperatures (see Table 2).  
[e] Experimental data reported at pH values closest to the approximate simulation pHs (~4 for 
barnase, ~4.7-5.8 for SNase, see Table 2).  
[f] Data is reported in Ref. 24 without error. Extrapolation to the simulation temperatures has 
been done assuming 5 % and 10 % errors in the reported ΔHunf and ΔCpunf values, respectively. 
[g] Data is reported in Ref. 25 indicating the errors in ΔHunf were always lower than 29 kJ/mol. 

The workflow used for the calculations of barnase and SNase folding energetics is summarized 

in Figure 1. For each of these proteins, the absolute enthalpies of the unfolded ensemble and of 

the corresponding folded conformation described by the X-ray structure8,9 is calculated from MD 

simulation trajectories run with different models of explicit water using the Charmm22/CMAP18, 

Amber99SB-ILDN19, or A99SB-disp20 (Table S1) force fields. Subsequently, the change in 

enthalpy upon unfolding is calculated by difference (subtracting the calculated folded value from 

the unfolded one), and the change in heat capacity by exploiting the linear dependency of ΔH 

with temperature. Finally, the calculated ΔHunf and ΔCpunf values, together with the experimental 

midpoint denaturation temperature Tm, are used to calculate ΔGunf with the Gibbs-Helmholtz 

equation4 (eq. 1). 

Calculation of barnase energetics. We calculate the unfolding enthalpy change, ΔHunf, as 

the difference between 〈Hu〉, the absolute enthalpy of the unfolded ensemble, and 〈Hf〉, the 

absolute enthalpy of the folded state:  

∆Hunf =  〈Hu〉 − 〈Hf〉      (3) 

These absolute enthalpies are calculated by averaging enthalpies obtained for individual replicas 

of each state (𝐻𝐻𝑢𝑢
𝑖𝑖  or 𝐻𝐻𝑓𝑓

𝑖𝑖). On the other hand, each of those replica enthalpies are obtained as 
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averages of the enthalpy values displayed by 1000 evenly spaced frames extracted from 2 ns-

productive trajectories of the specific replica. 

 
 

 

Figure 1. Workflow of the in silico approach followed to calculate protein folding 
energetics. The folded state, represented by the X-ray structure and a reduced sample of an 
unfolded ensemble generated by the ProtSA server are simulated (full-atom MD simulations) to 
calculate their averaged absolute enthalpies (〈Hf〉 and 〈Hu〉, see also Figure S2), which are used to 
calculate ΔHunf at the simulated temperatures, ΔCpunf from the linear ΔHunf vs. T relationship, 
and ΔGunf by substituting the calculated ΔHunf and ΔCpunf values along with the experimental 
denaturation temperature Tm in the Gibbs-Helmholtz equation (eq. 1). 

 
Initial simulations for barnase were carried out by combining the three-site model of water 

Tip3p28 with the Charmm22/CMAP force field18 at a simulation temperature of 315 K and a pH 

of ~ 4 (residue charges: Asp-|Glu0|His+) (Tables 2 and S1, setup B0). For the native state, typical 
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enthalpy values of individual frames mounted to around -2×106 kJ/mol. For each trajectory, 

averaging the enthalpies of 1000 frames provided 𝐻𝐻𝑓𝑓
𝑖𝑖  values with standard errors (SE) between 

18 and 76 kJ/mol. Importantly, the 𝐻𝐻𝑓𝑓
𝑖𝑖  values obtained for the 10 native replicas carried out were 

similar (higher and lower values differed by 210 kJ/mol, see Figure S2) and their averaging 

provided for 〈Hf〉 a value of -2,014,423 ± 21 kJ/mol (mean ± SE). This large 〈Hf〉 value obtained, 

which is 3-4 orders of magnitude larger than the experimentally determined ΔHunf (see Table 1), 

confirmed that calculating ΔHunf by difference is challenging. Nevertheless, we reasoned that 

such a calculation should be feasible if the small SE obtained for 〈Hf〉 described the accuracy 

achieved and if the atomistic model of the unfolded ensemble allowed to calculate 〈Hu〉 for this 

ensemble with similar accuracy. 

Accordingly, we calculated 〈Hu〉 from 120 MD trajectories corresponding to 3 replicas of each 

of 40 different unfolded structures randomly sampled from the barnase unfolded ensemble 

generated by ProtSA, after having filtered out the highly elongated ones (see Methods). In these 

simulations, enthalpy values of individual frames of unfolded conformations also mounted to 

around -2×106 kJ/mol and, for each trajectory, averaging the enthalpies of 1000 frames provided 

𝐻𝐻𝑢𝑢
𝑖𝑖  values with standard errors (SE) between 14 and 90 kJ/mol). The 𝐻𝐻𝑢𝑢

𝑖𝑖  values obtained for the 

3 replicas of any of the 40 unfolded structures were close to one another, differing in less than 

180 kJ/mol. After doing replica averaging, the calculated enthalpies of the 40 structures differed 

by less than 185 kJ/mol (see Figure S2, setup B0). With these data, the absolute enthalpy for the 

unfolded state, 〈Hu〉, was calculated at -2,014,077 ± 6 kJ/mol (mean ± SE) by averaging the 120 

𝐻𝐻𝑢𝑢
𝑖𝑖  values. Thus, from equation 2, the enthalpy change of barnase unfolding at the simulation 

temperature of 315 K resulted in ΔHunf = 346 ± 27 kJ/mol (Table 2, setup B0), in fair agreement 

with the average experimental value (427 ± 24 kJ/mol, mean ± SE) (see footnote [b] in Table 1). 
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Once ΔHunf was calculated using setup B0 (the only setup tried at that stage), we determined 

the sensitivity of the procedure to the force field and the water model used by reproducing the 

full process using five additional setups (B1-B5), including the use of the Amber99SB-ILDN 

force field19 and four additional models of explicit water (Tables 2 and S1). For setups B2-B4 a 

single-replica approach with the same number of sampled unfolded conformations (40) was 

used. Results are summarized in Table 2. Compared to Charmm22/CMAP, the Amber99SB-

ILDN force field (setup B1) yielded, under otherwise identical simulation conditions, slightly 

larger (0.08 %) values for folded and unfolded absolute enthalpies, but the ΔHunf value calculated 

(366 ± 19 kJ/mol) was similar. Compared to Tip3p, the additional three-site models evaluated, 

Spc29 (setup B2) and Spc/E30 (setup B3), as well as the four-site model Tip4p28 (setup B4) 

systematically gave lower absolute values of ΔHunf (10, 17 and 46 % lower values at 315 K, 

respectively) whereas the value obtained using the five-site model Tip5p31 (setup B5) was 26 % 

higher: 438 ± 36 kcal/mol, which coincides with the experimental value. 

As explicit in eq. 1, in addition to ΔHunf, the change in specific heat capacity that takes place in 

the folding reaction, ΔCp, is a key thermodynamic magnitude contributing to define the actual 

stability of a protein at a given temperature. Because ΔCp is the derivative of ΔH with respect to 

temperature, the sensitivity to temperature of our calculation procedure could be tested by 

calculating the barnase change in specific heat capacity upon unfolding, ΔCpunf. For the sake of 

comparison experimental ΔCpunf values24-26 are given in Table 2. Thus, we calculated the barnase 

enthalpy change at two additional temperatures (295 and 335 K) in otherwise the same manner. 

Calculated ΔHunf values showed the expected linear dependency versus temperature (R2=0.98 for 

Setup B0; see Figure S3), so that we obtained the barnase ΔCpunf value (ΔCpunf = 3.7 ± 0.4 

kJ/mol·K), in reasonable agreement with the average experimental value (5.3 ± 0.7 kJ/mol·K, 
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mean ± SE, see footnote [c] in Table 1). ΔCpunf estimations with setups B1 and B5 (Table 2 and 

Figure S3) were also carried out and, as with setup B0, linearity of calculated ΔHunf vs. T was 

observed. For setup B1 (Amber99SB-ILDN) the calculation of ΔCpunf resulted in 4.5 ± 0.5 

kJ/mol·K, whereas for setup B5 (Tip5p) a value of 4.0 ± 0.2 kJ/mol·K was obtained. 

Table 2. Calculated energetics of Barnase and SNase unfolding. 

Protein Setup[a] Setup Code 
T 

(K) 
ΔHunf 

(kJ/mol) 
ΔCpunf

[b] 
(kJ/mol·K) 

Barnase 
Charmm22/CMAP, Tip3p,  

His+|Glu0|Asp- 
(pH ~ 4) 

B0 
295 286±26 

3.7±0.4 315 346±27 
335 432±21 

 Amber99SB-ILDN, Tip3p,  
His+|Glu0|Asp- 

(pH ~ 4) 
B1 

295 295±14  
 315 366±19 4.5±0.5 
 335 473±27  
 Charmm22/CMAP, Spc,  

His+|Glu0|Asp- 
(pH ~ 4) 

B2 315 310±26 -  
 
 Charmm22/CMAP, Spc/E,  

His+|Glu0|Asp- 
(pH ~ 4) 

B3 315 287±25 -  
 
 Charmm22/CMAP, Tip4p,  

His+|Glu0|Asp- 
(pH ~ 4) 

B4 315 187±24 -  
 
 Charmm22/CMAP, Tip5p,  

His+|Glu0|Asp- 
(pH ~ 4) 

B5 
295 364±36 

4.0±0.2  315 438±33 
 335 524±33 

SNase 
Charmm22/CMAP, Tip3p,  

His+|Glu-|Asp- 
(pH ~ 4.7-5.8) 

N0 
307 195±27  
317 268±33 7.4±0.1 
327 342±34  

 Charmm22/CMAP, Tip5p,  
His+|Glu-|Asp- 
(pH ~ 4.7-5.8) 

N1 
307 321±53 

9.6±0.3  317 411±40 
 327 512±46 

[a] Combinations of force field and water model used in short 2ns-MD simulations of barnase and 
SNase at each of the temperatures (T) indicated in the corresponding rows, with the protonation 
states of histidine, glutamic and aspartic acid residues, and the pH modelled. To facilitate 
comparison of the different setups, the changes introduced relative to the initial setup, B0, are 
indicated in bold.  
[b] ΔCpunf calculated as the slope of a linear representation of calculated ΔHunf vs. simulation 
temperature. Corresponding fittings for setups and statistical parameters are shown in Figure S3.  
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Calculation of SNase energetics. To discard that the fine agreement observed between 

calculated and experimental barnase thermodynamic properties was coincidental, a second 

protein, SNase, was analysed once all barnase analyses had been completed and the calculation 

procedure had been fully established. To represent the SNase unfolded ensemble, 40 structures 

were randomly selected from those generated by ProtSA in the same manner as previously done 

for barnase (see Methods). The SNase unfolding thermodynamic parameters were determined 

using Charmm22/CMAP and two alternative water models (see Table 2). Using Tip3p (setup 

N0), the values calculated (ΔHunf = 268 ± 33 kJ/mol at 317 K, and ΔCpunf = 7.4 ± 0.1 kJ/mol·K) 

agreed, within error, with the experimental values of 248 ± 25 kJ/mol and 6.1 ± 2.0 kJ/mol·K 

(Table 1) determined by differential scanning calorimetry.27 As observed for barnase 

calculations, the ΔHunf and ΔCpunf calculated using Tip5p (setup N1, one replica for each of 40 

unfolded conformations) were larger (411 ± 40 kJ/mol and 9.6 ± 0.3 kJ/mol·K, respectively) that 

those obtained with Tip3p. Thus, for barnase, the Tip5p (setup B5) model approximated the 

experimental values slightly better than Tip3p, but for SNase Tip3p (setup N0) was clearly 

better. The results of the two proteins taken together indicate that the simpler Tip3p model 

(implemented in setups B0 and N0) can be used for the simulations. 

Calculation of excess Cp profiles (DSC thermograms) of barnase and SNase. Calculation 

of ΔGunf at fixed temperatures. The calculated ΔHunf and ΔCpunf values allowed to obtain32 the 

barnase and SNase excess Cp profiles for setups B0 and N0. As shown in Figure 2, these Cp 

profiles are in good agreement with the corresponding experimental ones. Besides, the in silico 

ΔHunf and ΔCpunf values, in combination with experimental Tm values, allowed to calculate ΔGunf 

at fixed temperatures using the Gibbs-Helmholtz equation (eq. 1). With this approach, we 

calculated the conformational stability of barnase at 298 K and that of SNase at 293 K using the 
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ΔHunf and ΔCpunf values obtained for setups B0, B1, B5, N0 and N1 (Table 2). The 

conformational stabilities calculated using the data obtained with the Tip3p water model and 

Charmm22/CMAP (setups B0 and N0) were 27.0 ± 3.5 and 19.1 ± 5.3 kJ/mol, respectively 

(Table 3), which match within error the experimental values (31.9 ± 2.0 kJ/mol for barnase24-26, 

33-35 and 23.6 ± 3.9 kJ/mol for SNase.27,36-38 Using the same water model and Amber99SB-ILDN 

(setup B1), the conformational stability calculated for barnase (28.1 ± 3.6 kJ/mol) was also in 

excellent agreement with the experimental value. On the other hand, the conformational 

stabilities calculated for barnase and SNase using the Tip5p water model and Charmm27 (setups 

B5 and N1) were, respectively, very close (33.4 ± 4.2) or a bit higher in the case of SNase (31.2 

± 8.0) than the experimental values, but still in agreement within the error. Once again, it seems 

that the simpler Tip3p model may be a good choice to perform these MD-based calculations.  
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Table 3. Calculated vs. experimentally determined barnase and SNase unfolding Gibbs energy changes. 

     Calculated      Experimental 

Protein Ref. pH Tm
[a,b] 

(K) 
Setup 
Code 

ΔHunf
[a,c] 

(kJ/mol) 
ΔCpunf

[a,d] 
(kJ/mol·K) 

ΔGunf
[e] 

(kJ/mol)  Ref. Method pH T 
(K) 

ΔGunf
[f] 

(kJ/mol) 
〈ΔGunf〉[g] 
(kJ/mol) 

Barnase 26 4.0 323.5±0.3 

B0 386±24 3.7±0.4 27.0±3.5  34 Spectroscopy 4.0 298 33.9[h] 

31.9±2.0 B1 416±20 4.5±0.5 28.1±3.6  24-
26,35 DSC 4.0 298 31.8±3.8[i] 

B5 476±34 4.0±0.2 33.4±4.2  33 LEM (urea) 4.4 298 29.9±0.2 

SNase 27 5.0 323.8±0.3 
N0 318±34 7.4±0.1 19.1±5.3  36 Spectroscopy 7.0 293 24.1±1.3 

23.6±3.9  27,38 DSC 7.0 293 21.2±6.4[i] 
N1 480±46 9.6±0.3 31.2±8.0  37 LEM (urea) 7.0 293 25.5[h] 

[a] Values used to calculate ΔGunf using the Gibbs-Helmholtz equation (eq. 1).  
[b] Experimental Tm reported at pH values close to those used in setups B0 and N0 (Table 2).  
[c] Calculated ΔHunf. The linear fits in Figure S3 for the indicated setup have been used to extrapolate the ΔHunf values at the experimental 
Tm. 
[d] Calculated ΔCpunf for the setups indicated (see Table 2 and Figure S3).  
[e] ΔGunf values calculated at the temperatures (298 K for barnase and 293 K for SNase) for which experimental values are shown in the 
Table. Shown errors result from error propagation.  
[f] Experimentally determined ΔGunf for barnase and SNase using three different experimental approaches: thermal unfolding followed 
spectroscopically, thermal unfolding followed calorimetrically (DSC), and chemical denaturation (with urea) analysed with the Linear 
Extrapolation Method (LEM).  
[g] Mean value obtained by averaging the experimental ΔGunf values reported in the indicated references.  
[h] No error reported.  
[i] Averages obtained from the ΔGunf values reported or calculated (equation 1) using data from the indicated references. ΔGunf values 
used in averaging were: 29.0 ± 3.725, 34.8 ± 4.926, 27.5 ± 4.024, 35.8 ± 0.235, 19.7 ± 8.327, and 22.6 ± 4.438 kJ/mol. 
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Figure 2. Calculated unfolding thermograms (excess Cp as a function of T). A) Barnase 
excess Cp profile obtained from the in silico calculated ΔHunf and ΔCpunf values for setup B0 
(Table 2) and the experimental Tm (323.5 K at pH=4)26 using the theoretical equations shown.32 

The main characteristic elements of the curve, Tm: the temperature at which 50 % of the protein 
molecules are unfolded, ΔHTm: the area under the peak, and ΔCpunf: the molar heat capacity 
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change of the transition (assumed as constant) are indicated. B) Comparison of the calculated 
profile displayed in A) with the experimental barnase profiles corresponding to the ΔHTm, ΔCpunf 
and Tm values reported in the indicated references (see Table 1). C) Comparison of the SNase 
calculated (ΔHTm, ΔCpunf from setup N0, plus experimental Tm=323.8 K at pH=5)27 and 
experimental profiles. 

 
Calculation of Gibbs energy profiles (stability curves) for barnase and SNase. The 

variation of the conformational stability of a protein (i.e. the Gibbs energy difference between 

the folded and unfolded states) with temperature depends on the enthalpy and heat capacity 

differences between the two states and on the melting temperature, as is described by the Gibbs–

Helmholtz equation (eq. 1). The representation of ΔGunf versus temperature is known as the 

stability curve of the protein,4 which is crucial to define the temperature interval where the native 

protein is conformationally stable and can be functional. In view of the fair agreement between 

the calculated and the experimental ΔGunf at the specified temperatures, stability curves were 

calculated for barnase and SNase over the 0-100 oC temperature interval using the ΔHunf and 

ΔCpunf values obtained from setups B0 and N0, respectively. The calculated stability curves 

(Figure 3) match reasonably well the experimental curves, drawn with experimental ΔHunf and 

ΔCpunf values reported for pH conditions similar to those in setups B0 and N0 (Figure 3). Thus, it 

appears that using our procedure, the conformational stability of a protein can be calculated in 

the 0-100 ºC temperature interval in fair agreement with experiment. 
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Figure 3. Simulated stability curves: Gibbs energy difference as a function of temperature. 
Stability curves simulated with eq. 1 using the calculated ΔHunf and ΔCpunf values plus the 
experimental Tm for (A) barnase (setup B0) and (B) SNase (setup N0), compared to the 
experimental stability curves. The ΔHunf, ΔCpunf and Tm values used to obtain the simulated 
Gibbs energy profiles are those displayed in Table 3 (left-hand part), whereas the values taken 
for the experimental profiles are: Makarov's profile (ΔHTm=448 kJ/mol, ΔCp=3.6 kJ/mol·K and 
Tm=320.9 K),25 Martinez's profile (ΔHTm=523 kJ/mol, ΔCp=0.6+0.108×T-0.00028×T2 kJ/mol·K 
and Tm=323.5 K),26 Griko's profile (ΔHTm=445 kJ/mol, ΔCp=5.7 kJ/mol·K and Tm=321.5 K)24 

and Carra's profile (ΔHTm=301 kJ/mol, ΔCp=9.0 kJ/mol·K l and Tm=325.1 K).27 All these 
experimental values corresponded to unfolding experiments performed in pH conditions similar 
to those settled in setups B5 and N0. Insets illustrate the linear dependency of the calculated 
ΔHunf values with T, and the calculated ΔCpunf values (slopes) (see also Figure S3). The Pearson 
coefficient of the fits, R2, are shown. 
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Sample size and computation time required. The above calculation of accurate ΔHunf and 

ΔCpunf values for barnase (or for SNase) required simulating 1.2 µs, mostly used to simulate 

different conformations of the unfolded ensemble to provide efficient sampling. The simulations 

using Tip5p waters took about twice the time as those using Tip3p (Figure S4). No differences 

were observed between the distributions of average RMSD for the simulated unfolded 

conformations using either water model (Figure S5).  

The sample size required to compute ΔHunf with a given error was determined as explained in 

Methods. For barnase and SNase (110 and 149-residue-long, respectively), ΔHunf could be 

calculated with errors lower than those in the experimental data (up to 30 kJ/mol for barnase24-26 

or 32 kJ/mol for SNase;27 see Table 1) from small samples containing 36 and 42 unfolded 

structures, respectively (see Table S2). Assuming the same standard errors reported in Table 1, 

eq. 2 indicates that using samples of half that size (i.e. 18 and 21 unfolded structures, 

respectively) would increase the errors in the calculated ΔHunf values to 43 and 45 kJ/mol, 

respectively. Using only one unfolded structure just would not work. According to our data for 

both the barnase and SNase ensembles, the difference between the higher and lower 〈Hu〉 values 

of the individual unfolded conformations simulated is of around 200 kJ/mol for the settings using 

Tip3p waters and of around 400 kJ/mol for those based on Tip5p ones (not shown). Therefore, 

accurate ΔHunf values cannot be obtained, with the short 2-ns sampling time used here, 

representing the unfolded ensemble by means of a single conformation.  

The small unfolded ensemble sample sizes required to calculate the energetics of barnase and 

SNase within error, together with the short simulation time needed for the individual trajectories 

are encouraging, as they seem to indicate that simulating the energetics of larger proteins may 

not be computationally expensive. Nevertheless, application of this procedure to much larger 
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proteins should begin by determining the required sample size of the unfolded ensemble in order 

to anticipate the computational cost. 

It is important to stress that because the conformations of the unfolded ensemble are 

generated to reproduce experimental parameters (Rg and dihedral angles) corresponding to fully 

unfolded proteins, the calculation of protein energetics using this model should be restricted to 

proteins that do not display residual structure when they are thermally unfolded. 

Alternatives for conformational sampling of the unfolded ensemble in enthalpy change 

calculations. In principle, a single unfolded conformation simulated for a long time would also 

allow for an efficient sampling of the unfolded space and, therefore, for a similarly efficient 

calculation of the average enthalpy of the unfolded ensemble. Fully extended unfolded models 

are sometimes used to compute the effect of point mutations of protein energetics, but such 

extended models would be computationally inefficient as starting conformations for an MD 

approach due to the size of the water box needed to compute their energies. Besides, not 

matching typical Rg values and distributions of dihedral angles, they would represent an 

unrealistic starting point that might require longer simulation times in order to sample the 

unfolded space well. More important than that, even the simulation of unfolded conformations 

with realistic starting Rg values poses a problem that has to be addressed. Commonly used force 

fields combined with popular water models (e.g. Tip3p, Tip4p) have been shown to provide a 

poor solvation of the unfolded polypeptide, leading to its progressive compaction to Rg values 

close to those of folded conformations39-42. To tackle this problem, new water models have been 

developed, e.g. Tip4p-d39 or its further refinement Tip4p-d-mod20, that improve the solvation of 

disordered proteins by fixing deficiencies in the modeling of water dispersion interactions. On 

the other hand, new versions of the Charmm43 and Amber20,42,44 force fields have also been 
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recently developed to try to overcome such a drawback. For instance, a modified version of 

A99SB-ILDN, A99SB-disp, in conjunction with Tip4p-d-mod was shown to reproduce much 

better experimental SAXS and NMR data of unfolded conformations while simultaneously 

providing accurate descriptions of folded proteins20. Whether these new force fields and water 

models can capture accurately the subtle energetics of the folded reaction or still need some 

further tuning has not been investigated in detail. On the other hand, the extent to which the 

energies of unfolded conformations compacted along MD simulations differ from the average 

energy of an unfolded ensemble is also unclear. In the following sections, we make a briefly 

exploration of these issues.  

Extent of Rg reduction in short (2-ns) simulations and its impact in enthalpy calculation. 

Reduction of Rg in longer (100-ns) simulations. The reduction of the Rg of the unfolded 

conformations of barnase at the end of the short 2ns-simulations performed is small. Both 

Charmm22/CMAP18 and Amber99SB-ILDN19 force fields, when combined with either Tip3p28 

or Tip5p31 waters (setups B0, B1 and B5, Tables 2 and S1), only reduce the Rg of barnase 

unfolded conformations by 10-20 % on average, the greater reductions taking place at higher 

temperatures (Figures 4 and S6). No statistically significant reduction of the Rg of the native 

conformations takes place (Figures 4 and S6). Whether Rg reductions of such a small extent 

modify on average the enthalpy values of the individual unfolded conformations is very unlikely. 

As Figure S7 shows, there appears to be no correlation between the enthalpy value and the Rg of 

the individual unfolded conformations of barnase (or of SNase) within the wide range of Rg 

displayed by the simulated unfolded conformations (1,66-4,47 nm for barnase, and 1,92-5,49 nm 

for SNase). As it seems, the 2ns-simulations performed very likely preserve the energy of the 

ensemble despite the 10-20 % reduction in Rg that takes place. 



 

 23 

 

 



 

 24 

Figure 4. Evolution of Rg distributions and statistical analysis along 2ns-simulations for 
setup B0. Rg average distributions of barnase at different times along the simulations for the 40 
unfolded (U) structures simulated (black empty circles) and the 10 folded (F) replicas (dark blue 
filled squares). Charts A, B and C depict distributions and analysis of simulations at the 
temperatures 295, 315 and 335 K, respectively. For the sake of comparison, red empty circles 
represent the Rg distribution of the same 40 unfolded structures, as they were provided by 
ProtSA7, before being prepared for MD production (labeled as P), and the wine-color square is 
the Rg value of the crystal structure of barnase (labeled as C). Insets depict a Least Significant 
Differences (LSD) analysis for unfolded (top) and folded (bottom) Rg distributions, and further 
include the p-value of an ANOVA mean comparative test.  

In fact, if the barnase unfolded ensemble used for the calculation of ΔHunf (40 conformations) 

is divided into three groups (13 structures with Rg between 1,85 and 2,51, 14 structures with Rg 

between 2,52 and 2,93, and 13 structures with Rg between 2,94 and 3,79, see Figure S8), the 

corresponding ΔHunf calculated for each Rg range agree within error (Figure 5) with the global 

mean obtained for the 40 conformations. The same applies to the SNase ensemble (Figure 5). 

To add to previous studies dealing with the evolution of the Rg of unfolded conformations in 

different water models, we have performed a few longer simulations of barnase at 315 K (3 

unfolded structures, 3 replicas each, 100ns-production for each trajectory) using setups B0 and 

B1 (Charmm22/CMAP or Amber99SB-ILDN+Tip3p), B6 (A99SB-disp+Tip4p-d-mod)20, and 

B7 and B8 (Charmm22/CMAP or Amber99SB-ILDN+Tip4p-d39, respectively). A full 

description of setups B6-B10 is provided in Table S1. In agreement with previous reports on 

other systems39,40, our 100ns-simulations of unfolded barnase in Tip3p strongly reduce Rg from 

initial values of 1,92, 2,62 or 2,88 nm to 1,5-1,7 nm (Figure S9), close to the Rg of the folded, 

compact structure (1,4 nm). In contrast, and also in agreement with previous reports20,39, the 

simulations of the same unfolded barnase structures with either Tip4p-d or Tip4p-d-mod do not 

lead to compact conformations (Figure S9). 
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Figure 5. Enthalpy calculation by Rg range of the unfolded ensemble. Calculation of ΔHunf 
values obtained by partitioning the 40 unfolded structures sampled for barnase and SNase in 
three sub-sets along the whole range of Rg values (see Figure S8). Low and High ranges of Rg 
included 13 structures. The Medium range included 14. The ΔHunf  values obtained using the 
whole unfolded ensemble sampled (red bars at the right-hand sides) are included for the sake of 
comparison. Error bars are indicated, as well as the temperatures and setups used in the 
simulations (by column and row of charts, respectively). 
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Need of further tuning of force fields and/or water models that reproduce the Rg of 

unfolded conformations for their use in calculation of folding enthalpy changes. As the 

Tip4p-d water model is still in the process of being refined −Tip4p-d-mod represents a try in this 

direction20− it may be useful to assess its performance in energy calculations involving both 

compact and unfolded structures. Thus, using short 2ns-simulations of the same 40 unfolded 

structures previously simulated with setups B0-B5 (Tables 2 and S1), we have computed ΔHunf 

for barnase with setups B6 (A99SB-disp+Tip4p-d-mod), B9 (A99SB-disp+Tip3p) and B10 

(Charmm22/CMAP+Tip4p-d-mod) (see Rg profiles in Figure S10 for folded and unfolded 

structures). In contrast with the results obtained for the water models previously analyzed 

(described in Table 2), and also in contrast with the experimental values (Table 1), the unfolding 

enthalpies calculated display negative or very small positive values (setups B6 and B10), or very 

high positive values doubling the experimental ones (setup B9) (not shown). Also, we notice 

that, with all these new setups, the enthalpies are calculated with larger standard errors than those 

calculated with setups described in Table 2. With the values obtained from setups B6, B9 and 

B10, calculation of ΔCp from linear regression of enthalpies at different temperatures is not 

possible. As the Tip4p-d-mod used in setups B6 and B10 has been developed to provide a better 

solvation of extended protein conformations20,39 it is possible that it lowers their absolute 

enthalpies to the point of inverting the sign of the unfolding enthalpy change. Conversely, as 

A99SB-disp strengthens backbone oxygen/backbone hydrogen interactions20, which are more 

abundant in the folded state, it is possible that it lowers the enthalpy of the folded state to a 

greater extent than that of the unfolded conformations, thus explaining the very high positive 

values obtained using setup B9 compared to those obtained with setup B1. Perhaps the 

calculation of folding enthalpy changes from simulation of folded and unfolded structures of 
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natively structured proteins, such as barnase or SNase, may help further fine tune Tip4p-d and 

other water models or force fields so that they can reproduce accurately both the geometry of the 

different protein conformations and the subtle energy changes of the folding reaction. Indeed, 

using the calculation of folding enthalpies in force-field optimization has been suggested 

before40. 

Should many short simulations on different starting conformations or a few longer 

simulations be used, at present, for accurate enthalpy change calculation? Finally, we have 

explored the possibility of using long simulations of a few unfolded structures as an alternative 

to our approach based on the sampling of short simulations of a larger number of unfolded 

conformations. To that end we have used three replicas of each of three barnase unfolded 

conformations of different Rg (selected from the 40 ones used in the short 2ns-simulations), 

which were simulated at 315 K using setups B0, B1 and setups B6, B7 and B8 (Table S1). As 

previously seen for short 2ns-simulations, setup B6 (A99SB-disp+Tip4p-d-mod)20 provides 

negative, unphysical, values of ΔHunf, and setups combining Tip4p-d with either 

CHARMM22/CMAP (B7) or Amber99SB-ILDN (B8) also lead to similar negative results 

(Table S3). However, setups including Tip3p with either CHARMM22/CMAP (B0) or 

Amber99SB-ILDN (B1) lead to reasonable values of 244±20 or 218±7 kJ/mol, respectively 

(Table S3). We notice that these values are, nevertheless, in worse agreement with the 

experimentally determined one (427±24 kcal/mol, Table 1) that those obtained using the same 

setups (B0 or B1) from the averaging of short 2ns-simulations (346±27 and 366±19, 

respectively, see Table 2). Since the simulation time averaged from the long 100-ns-simulations 

(3×3×100ns=900ns) is larger than that averaged from the short 2ns-ones (40×3×2ns=240ns), it 

appears that the enthalpy of the unfolded ensemble is better sampled using short simulations of 
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many different starting conformations than using long simulations of one or a few starting 

conformations. Certainly, this could change in the future when new force fields/water models 

that simultaneously capture with high accuracy the geometry and the energetics of disordered 

conformations become available. 

CONCLUSIONS 

A simple atomistic model of the unfolded ensemble of proteins, in combination with existing 

force fields and water models, allows to accurately calculate ΔHunf and ΔCpunf values by 

difference and to accurately describe the conformational stability of proteins as a function of 

temperature through the Gibbs-Helmholtz equation (eq. 1). This model of the unfolded 

ensemble, that circumvent the sampling problem associated to the reduction of Rg in long MD 

simulations, provides a tool needed45 for the quantitative understanding of protein folding 

energetics from first principles. The model may be of help to achieve a more accurate prediction 

of phenotypes associated to genetic variations, to better understand the contribution of the 

different elementary interactions to protein stability, or to further fine tune force fields and water 

models. 
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