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Abstract

Protein folding evolves by exploring the conformational space with a subtle balance

between enthalpy and entropy changes which eventually leads to a decrease of the free

energy upon reaching the folded structure. A complete understanding of this process

requires, therefore, a deep insight into both contributions to the free energy. In this

work, we clarify the role of entropy in favoring the stabilization of folded structures

in polyalanine peptides with up to 12 residues . We use a novel method referred to

as K2V that allows us to obtain the potential energy landscapes in terms of residue

conformations extracted from molecular dynamics simulations at conformational equi-

librium, and yields folding thermodynamic magnitudes in agreement with the experi-

mental data available. Our results demonstrate that the folded structures of the larger

polyalanine chains are stabilized with respect to the folded structures of the shorter

chains mostly by an increase of the entropic contribution of the solvent, which com-

pensates the decrease of conformational entropy of the polypeptide, thus unveiling a
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key piece in the puzzle of protein folding. In addition, the ability of the K2V method

to provide the enthalpic and entropic contributions for individual residues along the

peptide chain makes it clear that the entropic stabilization is basically governed by the

nearest neighbor residues conformations, with the folding propensity being rationalized

in terms of triads of residues.

1 Introduction

Like any other physical process, protein folding is governed by minimization of the free en-

ergy. What is, however, quite remarkable is the fact that the change in energy is nearly

compensated by a change in entropy, which results in a small change of free energy.1 This

happens for example in the formation of α-helices, which is energetically favored and entrop-

ically hindered,2–8 with both contributions equilibrated at temperatures close to 25◦C. At

the molecular level, this delicate balance between energy and entropy comes from changes

of the intra- and intermolecular interactions, which determine the energy contribution, and

form the sizes of the conformational spaces explored by the protein and the solvent, which

account for the entropy variation of the folding process. The high flexibility of proteins,

in which each residue may adopt different conformations defined by the backbone dihedral

angles φ and ψ, and the importance of the intermolecular interactions with the solvent water

molecules, make it impossible to characterize these intrinsically complex systems accurately

with simple models. An additional difficulty arises from the fact that the conformation of

each residue is mediated by the conformation of its nearest neighbor residues9–17 (nnr), so

the secondary structure of the protein has to be accounted for as the result of conformational

preferences of amino acid triads, instead of the isolated dynamic of each residue.

Molecular Dynamics (MD) simulations emerge then as the ideal tool to study the general

principles governing the protein folding processes, since they can predict the protein’s native

structure from its amino acid sequence.18,19 The evaluation of the folding thermodynamic

magnitudes from atomistic simulations is, however, far from straightforward.20 In principle,
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one just needs to estimate accurately the energetic and entropic contributions to the free

energy in terms of the dihedral coordinates. In practice, the evaluation of the mean potential

energy is problematic, due to the large number of interactions involved,16 and the entropic

contribution of the solvent is, to say the least, uncertain.18,21 Furthermore, the delicate

energy-entropy balance in the folding process implies that both contributions have to be

evaluated with a small margin of error in order to reach reliable conclusions on their roles in

the formation of α-helices.

In a recent work,16 we have presented an effective method named K2V to calculate

the mean (φ, ψ) energy landscapes of peptides from MD simulations. The application of

this method to the initial folding process, in which the peptide has not yet reached its

conformational equilibrium, allowed us to unveil the existence of an energetic self-folding

mechanism that guides the molecule toward its helical conformation. In the presente work, we

extend our study to the evaluation of the folding thermodynamic magnitudes of peptides after

equilibrium is reached, revealing the fundamental role that entropy plays in the stabilization

of the α-helices. We have chosen polyalanine peptides as test modles since they have a

remarkable α-helix propensity.22 In particular, we have used the capped polymers of alanine

ACE-(Ala)m-NME with m =1-6, 8, 10, and, 12, which allows us to analyze the evolution of

the folding magnitudes with the peptide chain length. It is shown that the folding energy

per residue increases modestly with the total number of alanine residues, while the entropic

contribution significantly decreases as the molecule lengthens, thus favoring the stabilization

of the α-helix. The ability of the K2V method to provide folding thermodynamic magnitudes

for each residue of the peptide allows us, in addition, to analyze quantitatively the energetic

and entropic influence of the nearest neighbor residues.
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2 Methods

2.1 MD Simulations.

MD simulations of the ACE-(Ala)m-NME molecules with m =1-6, 8, 10 and 12, dissolved

in water, were carried out using the GROMACS package v2016.4.23,24 Each solute molecule

was surrounded by a number of water molecules ranging from 600 to 2000 (depending on the

length of the polyalanine chain) and placed in a cubic box of a size chosen to reproduce the

experimental density of the liquid at room temperature. All the polyalanine molecules were

described using the CHARMM2725,26 force field and the flexible TIP3P model was used for

the solvent water molecules. Periodic boundary conditions were imposed in the simulations

using the Particle-Mesh Ewald method to treat the long-range electrostatic interactions. The

equations of motion were integrated using a time step of 0.5 fs. All simulations were carried

out in a NV T ensemble at 298 K by coupling to a thermal bath.

Every system was equilibrated following a two-step process. In the first step, the system

was propagated during 0.4 ns keeping the solute molecules frozen in a conformation in which

every residue was in an αR conformation. In the second step, the velocities of the polyala-

nine atoms were reset randomly using a Boltzmann distribution, after which an additional

equilibration of 5 ns followed. The last step was repeated 448 times with different sets of

velocities. Each of these 448 initial configurations was propagated during 10 ns generating

the same number of trajectories. During these production runs, the kinetic energy of the so-

lute atoms and the values of the dihedral angles were written every 5 fs. This computational

strategy allowed us to obtain thermally and conformationally equilibrated systems, as tested

by monitoring the time evolution of the average conformational populations of the residues

during the 10 ns production runs, which remained basically constant.
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2.2 Calculation of the folding thermodynamic magnitudes.

The usual procedure to calculate the folding thermodynamic magnitudes from MD simula-

tions consists of fitting the data to a model for the helix-coil transition.27 The Lifson-Roig

model28 characterizes the helix formation in terms of the equilibrium constant (w) which ac-

counts for enlarging an existing helix into one residue. This equilibrium constant is directly

related to the folding free energy through ∆Ff = −kBT lnw. By performing MD simulations

at different temperatures and fitting the results to the free energy expression

∆Ff = ∆Ef − T∆Sf (1)

it is possible to evaluate both the folding energy (∆Ef) and entropic contribution (T∆Sf).

From a practical point of view, this procedure is, however, computational very demanding

because it requires a large number of MD simulations at different temperatures. Also from

a conceptual point of view, the method is compromised both by the use of a nucleation-

elongation model whose validity is not fully assured and by the assumption that the folding

energies and entropies remain fully constant in the temperature range used in the simulations.

An alternative way to calculate the free energy difference between two conformational

regions, i and j, from MD simulations is by a simple counting method,20 using the expression

∆Fij = Fj − Fi = −kBT ln
pj
pi

(2)

where pi (pj) is the number of times that the system visits the i (j) region during the

simulation or, equivalently, the normalized population of the region. For this method to

work properly, the MD simulations have to be long enough to sample the conformational

space adequately, so that the magnitudes pi and pj provide true equilibrium conformational

populations. If the energy barriers are substantially higher than the thermal energy, it is also

necessary to use enhanced sampling techniques in the MD simulations. In folding process of

5



polypeptides, the folding free energy is given by

∆Ff = −kBT ln
pΩf

1− pΩf

(3)

where pΩf
is the total population of the folded region (Ωf) spanned by the 2D conformational

space of the (φ, ψ) dihedral angles. More generally, the (φ, ψ) conformational space can be

divided in a N × N grid, and Eq. (2) can be used to evaluate the free energy differences

between any couple of the resulting N2 grid points, thus providing a free energy map like

that shown in Figure 1.

The selection of the size of the folded region deserves some attention. Typically,8,27,29

the folded or helical region is identified with the αR region, defined as that enclosing the

maximum of the αR population with δ ' ±30◦ intervals. The choice of this δ interval requires

a detailed justification, since the definition of the helical region may alter substantially the

balance between the folded and unfolded states and modify the values of the thermodynamic

folding magnitudes. We take advantage in this respect of the well-known fact30 that when

three consecutive residues (i + 1, i + 3) are in the helical conformation, an intramolecular

hydrogen bond (HB) is formed between the peptide CO of residue i and the peptide NH

of residue i + 4. Accordingly, the average number of HBs is expected to be equal to the

number of helical segments formed by three consecutive residues in the helical conformation,

and the optimal δ interval is that providing a definition of the αR region which yields the

best estimate of the number of HBs. In Figure 2 we show the related results obtained from

our simulations. As observed, the number of HBs is low for the shorter, m ≤ 5, polyalanine

molecules and sharply increases for the m = 6 molecule. For larger molecules, the number of

HBs shows a notable proportionality with the length of the molecule, which makes it clear

that the intramolecular HB net is well established for these molecules. We also observe in

Figure 2 that the average number of three consecutive helical residues is highly sensitive

to the choice of the δ interval, thus allowing its optimization. We note that the resulting
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optimal value, δ = 12◦, is substantially lower that the usual intervals employed to define the

helical region.

Once the folded region has been set, the calculation of the folding energies should be

simple in principle, and just requires the evaluation of the mean energy of the system in the

folded and unfolded regions. At thermal equilibrium, the mean kinetic energies are identical

through all the conformational space, since they depend solely on the number of degrees of

freedom and the temperature of the system. It is only necessary to calculate then the mean

potential energies, which in practice, though, is not viable due to the huge statistics required

and the subsequent numerical errors associated.

We have recently shown,16 nevertheless, that it is possible to determine accurately folding

energies through potential energy maps derived from the kinetic energy of the atoms. The

calculations are carried out using the so-called K2V algorithm, which is based on the fact

that the averaged changes in the kinetic energy of any internal coordinate of the system in

a short time interval are equal to minus the potential energy difference, that is

∆T i→j = −∆V i→j (4)

because the kinetic energy changes arising from internal energy fluxes vanishes at thermal

equilibrium, in which the average kinetic energy per degree of freedom must be equal to

1
2
kBT . In Eq. (4), the averaged kinetic (∆T ) and potential (∆V ) energy differences run

over all the i → j transitions occurring along the trajectories. We have shown also in our

earlier work that only a small number of atoms have a real kinetic energy contribution to the

displacement of the (φi, ψi) dihedral angles of the ith residue. In fact, the five atoms which

define the dihedral angles (Ci−1-Ni-Cα,i-Ci-Ni+1) plus the Hα,i and HN,i atoms, account all

together for 99.5% of the total kinetic energy involved in the displacement of the (φi, ψi)

angles of polyalanine chains. This important finding greatly reduces the statistical noise

and allows us to evaluate accurately the potential energy differences in Eq. (4), and more
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Figure 1: Free energy (top), energy (medium) and entropy (T∆S) (bottom) maps for the
m = 1 (left) and m = 12 (right) polyalanine molecules. The five regions corresponding to the
αR, α′, αL, β, and pPII conformations are plotted with ±12◦ intervals around each maxima.
All maps were calculated using a 90x90 grid. Zero point energies were arbitrarily set at the
maximum of the αR conformation.
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Figure 2: Average number of hydrogen bonds (black line) obtained using the definition of
Zewail et al ,22 and the average number of helical segments consisting of three consecutive
residues in the αR conformation defined as centered at (−63◦,−41◦) with ±δ intervals for
the polyalanine molecules.
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importantly, makes it possible to calculate the potential energy difference for each residue

independently. The division of the (φ, ψ) conformational space in a N × N grid, with N

being high enough to ensure that the potential energy in every grid point remains constant,

allows us to evaluate the (φ, ψ) potential energy maps (see Figure 1) by simple regression

analysis. More details about (on) the K2V algorithm and some illustrative examples are given

elsewhere.16 The folding energies can then be calculated from these maps as the difference

between the mean values of the potential energy inside and outside the folded region, as

follows:

∆Ef =

∑
i∈Ωf

pi Vi∑
i∈Ωf

pi
−

∑
i/∈Ωf

pi Vi∑
i/∈Ωf

pi
(5)

Once the energy and free energy maps are evaluated, the entropy map is directly obtained

by subtraction of the former (see Figure 1) as can be done for calculating the folding entropy

using Eq. (1). We should emphasize that this procedure allows us to calculate the folding

thermodynamic magnitudes from MD simulations solely at the temperature of interest. It

provides also independent values for every residue in the polypeptide, and requires no model

to evaluate equilibrium folding constants.

3 Results and Discussion

3.1 Folding magnitudes maps

The main results obtained in this work are the average folding magnitudes, either global

or per residue, which we present and discuss in the following sections. The central tool to

obtain such magnitudes are the free energy and the potential energy maps, so we start by

paying some attention to them before describing the average magnitudes.

We have already shown in Figure 1 the maps obtained for the m = 1 and m = 12

polyalanine molecules, with the magnitudes being averaged for the later over the twelve

residues. As observed, the energy barriers between the different conformers are typically
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few times higher than the thermal energy for the two molecules, so the barriers can be

overpassed when thermal fluctuations concentrate enough energy in the dihedral angles.31

The depth of the αR conformer well is, however, substantially greater than the depths of

the other conformers for the m = 12 molecule. As explained in our previous work,16 the αR

conformation is favored during the folding process by an energetic self-folding mechanism.

Interestingly, this does not necessarily modify the average folding energy at equilibrium,

since it depends not only on the relative energy of the folded and unfolded regions, but

also on how these regions are populated, with the conformational populations being much

more concentrated around the conformational maxima for the longer (m = 12) polyalanine

molecule than for the shortest (m = 1) molecule.

The availability of free energy and potential energy maps with a similar, and high, ac-

curacy make it possible to calculate the entropic contribution maps, shown in the bottom

panels of Figure 1 by simple subtraction. The most striking observation in the entropy maps

is that for the shorter m = 1 molecule there are small entropic changes between the more

stable conformations, while for the longer m = 12 molecule, the entropy is maximum in

the folded conformation. The larger value obtained at the folded αR conformation of the

longer m = 12 polyalanine can be interpreted in terms of the mobility of solvent degrees of

freedom. In such a folded conformation, in which strong intramolecular contacts are formed

within the peptide, the interaction with the surrounding solvent molecules becomes weaker

and this, in turn, increases the mobility of the solvent and eventually raises its entropic con-

tribution. For the shortest m = 1 polyalanine molecule, the absence of intramolecular HBs

makes the intermolecular interactions with the water molecules more similar for the different

conformations of the solute. We will return to this conceptual image when describing the

average magnitudes.

We should emphasize that the entropic maps presented provide the relative entropy

between residue conformations coming from the effect of the rest of degrees of freedom.

Therefore, it is not straightforward to guess the folding entropy just from visual inspection
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of the maps. In fact, this thermodynamic magnitude is not derived from the entropic map in

the present work, but from the combination of the average potential energy and free energy

terms (see Equations (1), (3), and (5)). The evaluation of these magnitudes requires the

definition of the folded and the unfolded states, which are associated to different regions

of the 2D conformational space of the residues. The folded state spreads over a smaller

region around the αR conformer, while the unfolded state corresponds to the remaining

conformational space. The much larger unfolded state region explains why the entropy of

folding becomes eventually negative, even though the entropy of the small region associated

to αR conformer is higher.

3.2 Global folding magnitudes

The folding thermodynamic magnitudes of alanine enriched polypeptides have been mea-

sured using different experimental techniques such as Circular Dichroism,2–5 NH exchange,2

Isothermal Titration Calorimetry,6,32 and 13C=O NMR chemical shifts.7 All of them practi-

cally agree in the experimental values provided, which are ∆Hf = −1.0±0.1 kcal/mol (the dif-

ference between ∆Ef and ∆Hf is negligible in solutions at room temperature), T∆Sf = −0.80

kcal/mol and ∆Gf = −0.20 kcal/mol per alanine residue. The folding process is therefore

energetically favored and entropically hindered. These results are usually rationalized by

assuming that the α-helices of polyalanines are energetically stabilized by intramolecular

(i,i + 4) hydrogen bonds. Additional experimental data,33 which show that alanine has a

much smaller propensity to adopt αR conformations in short peptides with no (i,i+ 4) HBs,

seem to support such an interpretation. As for the decrease in entropy, it can be inter-

preted as a consequence of the more ordered structure of the αR-helices, compared with the

extended conformations of the molecule, which reduces its ability to explore the conforma-

tional space.34 These two arguments undervalue, however, the role of the solvent molecules.

In the first place, although water molecules form HBs with the C=O and N-H groups of the

polypeptide when the peptide is in an extended conformation, these intermolecular HBs are
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absent in the helical conformation, and this has an energetic cost opposite to the energetic

gain coming from the formation of the intramolecular HBs.35–38 Secondly, apart from the

conformational entropy due to the motion of the backbone and side-chains of the polypep-

tide,34 there is a non negligible entropic contribution from the water molecules which is not

easy to evaluate.39 The lack of direct experimental information about the folding magnitudes

for short peptides, due to its low propensity to achieve fully helical states,39 makes the MD

simulations an appropriate tool to check the validity of the preceding arguments.

In Figure 3 we plot the folding magnitudes of the polyalanine molecules averaged over all

the residues, as extracted from our simulations, and compare them with the experimental

values. As observed, the folding free energies calculated reproduce the experimental tendency

of being positive for short chain polyalanines, with low propensity to achieve helical confor-

mations, and decreasing toward negative values as the molecular chain lengthens and the

helical structure becomes dominant. For instance, the average population of the αR region

for the m = 1 and m = 12 molecules are 12.9% and 80.1% respectively. We see also that the

∆Ff values calculated for the largest polyalanine molecules underestimate the experimental

values, that is, the αR population is overestimated, in line with previous studies27 reporting

that the CHARMM27 force field tends to overestimate the αR conformation.

As for the evolution of the folding energetic and entropic contributions with the chain

length, we observe in Figure 3 quite different variations. The folding energies values are more

similar for all polyalanine molecules studied, with a decrease of −0.4 kcal/mol·residue from

the shorter to the longer chains, and a mean value of −1.05 ± 0.1 kcal/mol per residue, in

agreement with the experimental values, which also show that the folding energy is practically

independent of the chain length in peptides enriched in alanine residues.6 Interestingly, the

small fluctuations of the average folding energies arise from the balance between the different

depth of the αR potential energy wells and their relative populations, as anticipated from the

analysis of the maps in the previous section. These results indicate that the formation of the

intramolecular (i,i + 4) HBs in the larger polyalanine molecules hardly alters the energetic
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balance between the folded and unfolded conformations. Consequently, the decrease in the

folding free energy with the chain length comes mainly from the decrease of the entropic

term.

Actually, the behavior of the entropic term shown in Figure 3 is rather different than that

for the folding energy, as it significantly changes when going from the shortest to the longest

polyalanine chains. The entropic contribution includes both the conformational entropy of

the polyalanine molecules and the entropy of the solvent. The former contribution, which

accounts for the transition from any unfolded conformation to the αR region, is expected to be

negative, as confirmed by the recent work by Sosnick et al ,40 who obtained an average value

of −1.25 kcal/mol for the conformational entropic contribution per alanine residue based on

MD simulations carried out with the same force field used in this work. The entropic term

of the solvent is expected to be positive if the mobility of water molecules increases upon

folding, that is, if the number of HBs between the peptide and the solvent decreases with

respect to that of the unfolded state. Our results can therefore be interpreted in terms of the

different contributions of the solvent to entropy depending on the size of the peptide which

affects its ability to form peptide-solvent HBs in the folded conformation. Short peptides in

particular are unable to form intramolecular (i, i + 4) HBs, thus having free sites to form

HBs with the solvent in any conformation. This explains why the folding entropies obtained

in our simulations for the shorter peptides are close to the conformational entropy calculated

by Sosnick et al 40 with the solvent playing just a minor role. In contrast, comparison of the

protein backbone entropy with the total folding entropy (∼ −0.2 kcal/mol) for the larger

chains reveals an entropic contribution from the water solvent of ∼1 kcal/mol, that is, a

positive entropic contribution from the solvent during the folding process as expected from

the loss of intermolecular HBs, which increases the mobility of the water molecules. We note

that a recent study has attributed the origin of the entropic stabilization of the α-helices to

the presence of delocalized soft low-frequency modes.41
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3.3 Folding magnitudes for each residue

One notable advantage of the K2V method is its ability to provide individual mean potential

energy maps for every residue, thus allowing us to study changes of folding magnitudes

along the peptide chain, as shown in Figure 4. The variations of the entropic term between

different polypeptides, and also within each chain, are more significant than the enthalpic

counterpart, with the overall profile of free energy changes being mainly dictated by the

entropic contribution. We observe in Figure 4 that the evolution of the folding magnitudes

of the molecules shows a common pattern. There are subtantial variations of these for the

shorter (m = 1−6) peptides, while the differences between them for the longer (m = 8−12)

peptides come from the increasing number of inner residues, with similar results for the

extreme residues. This is a direct consequence of the different helicoidal structure of the

molecules previously noted in the discussion of the number of HBs. For the shorter peptides,

the population of the αR region of all the residues increases as the chain is lengthened, while

for the largest peptides the only effect is the addition of more central residues, with no

change in the population of the remaining residues.

We also observe in Figure 4 that the folding of the inner residues is favored over the

outer ones, as shown in previous simulations22 and experiments,42–44 and that the folding

in the N-terminus residues is higher than the folding in the C-terminus residues, again in

agreement with previous observations.45 The fact that the residues in larger peptides have

different folding magnitudes, depending on their relative positions in the chain, explains why

the global thermodynamic magnitudes shown in Figure 3 are not fully converged with the

increasing length of the polyalanine molecules. As more residues are included, the percentage

of inner residues increases and the global folding magnitudes get closer to the values obtained

for the inner residues.

A closer inspection of the entropic term (bottom panel in Figure 4) reveals two clearly

different trends, depending on the length of the polypeptide. First the shorter molecules

have more negative entropic terms, in agreement with the mean values shown in Figure
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3. Interestingly, while the entropic term remains nearly constant for all residues along the

chain for short peptides, it fluctuates notably along the chain for the largest peptides. The

entropy change is therefore smaller for the inner residues than for the residues on the edges

of the chain. The reason for this comes from the balance between conformational entropies

of the peptide and the solvent. As far as the solvent contribution is concerned, the entropy

profiles can be interpreted in terms of the different ability of inner/edge residues to unlock

solvent molecules upon the formation of the helix, as discussed for the average values. While

folded inner residues leave no HB sites to bind water molecules, the more solvent exposed

edge residues still face HB sites to water molecules. As a result, solvent molecules have

more freedom to move upon folding for inner residues and the entropic term of the solvent

eventually becomes more positive for them, as derived from our simulations.

3.4 Interresidual cooperative effects on folding propensity

There are increasing evidences9–17 supporting the idea that the nearest neighbor residues

conformation affects the dynamics and energetics of a given residue, and that the secondary

structure of polypeptides cannot be interpreted using the Flory’s isolated pair hypothesis,

but in terms of the preferential conformations of amino acids triads. In order to test this

possibility, we show in Figure 5 the average folding percentage of the inner residues of the

polyalanine molecules as a function of the folding state of their nearest neighbor residues.

As seen, the general trend is that a given residue has a higher percentage of folding as

more nearest neighbor residues are already folded. Therefore, the folding of the nearest

neighbor residues of a given residue increases its own folding propensity. This behavior is

observed for all polyalanine peptides analyzed, regardless of their length. i.e., also including

those that are not able to form strong intramolecular H bonds, which indicates that it is

not an effect of the formation of H bonds but, rather is intrinsic to the polyalanine chains.

Moreover, this effect is slightly more pronounced when the nearest neighbor residue is placed

on the rigth side with respec to the left side. The only exception is obtained for the shortest
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(m=3) polyalanine molecule where the folding percentages when one or two nearest neighbor

residues are folded are similar. Overall these results prove that the folding energetics of a

residue is greatly influenced by its nearest neighbor residues.

Therefore we applied the K2V method to calculate mean potential energy maps for

every residue conditioned to the folding state of its nearest neighbor residues what provides

the corresponding thermodynamic folding magnitudes also shown in Figure 5. Concerning

the folding energies we observe that folding of an alanine residue is less exoenergetic, that

is, it is energetically hindered if any or both nearest neighbor residues are already in the

αR conformation. This effect was already noted in our previous study about the initial

folding process of the decalanine molecule16 but the present results confirm that it is an

intrinsic property of the polyalanine chains regardless their length. This proximity shifts

have been previously attributed to sterical46 and peptide electrostatic effects.12 We also

see that this energetic effect is slightly more pronounced (≤0.15 kcal/mol) for the nearest

neighbor residues placed on the left side in the larger (m ≥ 6) molecules.

Concerning the entropic contribution we observe that this term always increases when

the nearest neighbor residues are already in the αR conformation. Consequently the folding

of an alanine residue is entropically facilitated if any or both nearest neighbor residues

are already folded. While the energetic and entropic contributions follow opposite trends

we note that the magnitude of the entropical stabilization is substantially larger that the

energetic hindrances. As a consequence the trends observed for the folding free energies and

αR populations are entropically driven. It is also interesting that the entropic stabilization

is similar for the folding of the right and left nearest neighbor residues so that the folding

asymmetry of the two extremes observed in Figure 4 comes mainly from the energetic term.

Moreover, compared to the energetic term, left and right entropic contributions are much

closer to be additive when both nearest neighbors are folded.

On the whole, the stabilization of the α-helix mainly arises from an entropic effect induced

by the nearest neighbor residues already folded. Although the mechanism of action, at
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Figure 5: Average αR populations, folding free energy (∆Ff), energy (∆Ef) and entropic
contribution at 25◦ (T∆Sf) of the inner residues of the polyalanine molecules as a function
of the folding state of the nearest neighbor residues: both are unfolded (black), only the left
one is folded (red), only the right one is folded (green), and both are folded (blue). We note
that the energy scale for the folding energies is three times smaller than that for the free
energies and entropies.
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molecular level, behind this effect is not evident, the sterical effects46 can play an important

role also in the folding of a residue by modifying the conformational space to be accessed, and

can also alter the interaction of the CO and NH peptide groups with the water molecules.

4 Conclusions and perspectives

In this work, we have investigated the thermodynamics of folding of polyalanine chains,

known for their propensity to fold in αR-helix conformation, by analyzing the data extracted

from MD simulations at conformational equilibrium of polyalanine molecules of different

lengths, with 1 to 12 residues, dissolved in water.

Average thermodynamic magnitudes of folding, including entropic contributions, are ob-

tained from the MD trajectories by combining standard tools to evaluate the free energy

with an efficient and accurate method recently developed by our group (the K2V method) to

obtain the potential energy landscapes in terms of residue conformation. The protocol used

is rooted in the availability of free and potential energy landscapes, and avoids arbitrary

choices of parameters by defining rigorously the folded and unfolded states by selecting re-

gions that ensure consistency between the average number of HBs and the helical fragments

along the simulation.

Our predictions for the free energy and the entropy of folding of the largest peptides

agree reasonably well with the available experimental data. In addition, the variations of

the thermodynamic quantities with the peptide length clearly support the remarkable role

that entropy plays in facilitating the process. In particular, a drastic increase of the entropic

term is observed when going from the smaler (1 to 5 residues) to the longer peptides, while

the enthalpy contributions display much smaller fluctuations. The entropic component per

residue along the chain for the longest peptides also reveals that folding is entropically

favored for inner residues, while the enthalpic contribution changes more smoothly among

residues. The analysis of the thermodynamic folding magnitudes in terms of the folding state
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of the nearest neighbor residues reveals that the folding of a residue is energetically hindered

and entropically favored when its nearest neighbor residues are already folded and that the

entropic stabilization is comparatively larger. These effects are more pronounced for the

nearest neighbor residue placed on the right side what explains the folding asymmetry of

the two extremes experimentally observed. More importantly, it indicates that the folding

propensity of a given residue is tuned by its neighbor residues, implying that predictions

about folding should be made on the basis of residues triads.

Our results offer a unique way to rationalize the contribution of solvent degrees of freedom

to the entropic stabilization of α-helices. Globally, the entropic contribution of the solvent

is estimated in ∼1 kcal/mol per residue at room temperature, which partially compensates

the decrease of the conformational entropic contribution upon folding. Our analysis reveals

also that this compensation is more effective for the inner residues in the α-helix, where

the formation of HBs between the peptide and the solvent is hindered. This means that

the available sites for HB are being used in intramolecular interactions what facilitates the

mobility of the water molecules.

In summary, we think that this work provides new insights into the thermodynamic fac-

tors that trigger the peptide folding processes, providing evidence of the actual role played by

the entropic term, mostly due to the solvent, in the stabilization of the helical structures of

polyalanines. In perspective, the extension of this analysis to peptides with different compo-

sition promises to clarify the propensity of residue triads to drive specific conformations, and

to be therefore of great help in the prediction of folding patterns from residues sequences.
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