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Abstract
The electrostatic (ΔGel), van der Waals cavity-formation (ΔGvdw), and total (ΔG) solvation free
energies for 10 alanine peptides ranging in length (n) from 1 to 10 monomers were calculated. The
free energies were computed both with fixed, extended conformations of the peptides and again
for some of the peptides without constraints. The solvation free energies, ΔGel, and components
ΔGvdw, and ΔG, were found to be linear in n, with the slopes of the best-fit lines being γel, γvdw,
and γ, respectively. Both γel and γ were negative for fixed and flexible peptides, and γvdw was
negative for fixed peptides. That γvdw was negative was surprising, as experimental data on
alkanes, theoretical models, and MD computations on small molecules and model systems
generally suggest that γvdw should be positive. A negative γvdw seemingly contradicts the notion
that ΔGvdw drives the initial collapse of the protein when it folds by favoring conformations with
small surface areas. When we computed ΔGvdw for the flexible peptides, thereby allowing the
peptides to assume natural ensembles of more compact conformations, γvdw was positive. Because
most proteins do not assume extended conformations, a ΔGvdw that increases with increasing
surface area may be typical for globular proteins. An alternative hypothesis is that the collapse is
driven by intramolecular interactions. We find few intramolecular h-bonds but show that the
intramolecular van der Waal’s interaction energy is more favorable for the flexible than for the
extended peptides, seemingly favoring this hypothesis. The large fluctuations in the vdw energy
may make attributing the collapse of the peptide to this intramolecular energy difficult.
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Introduction
Measuring and computing solvation free energies (ΔG) is a central problem in solution
biophysics. For many biomolecular systems, obtaining desired free energy differences, such
as binding, folding, and mutation free energies, is difficult. A common approach to
performing these calculations is to express the desired free energy change (ΔGij) between

states i and j of the biomolecule in solution as  where  is
the free energy difference between states i and j in vacuum, which is often easy to compute,
and ΔGi and ΔGj are the solvation free energies of states i and j, respectively.1,2 This
technique has been used with molecular dynamics (MD) simulations, implicit-solvent
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models,3 such as the Poisson-Boltzmann equation (PBE)4 and generalized Born (GB)
models,5 and structured continuum (SC) approaches.6–8

Efforts to develop computationally-convenient models to approximate ΔG have focused on
phenomenological decompositions.9 A number of methods have been developed that divide
ΔG into different components, each of which can be computed independently. Frequently,
for example, ΔG is divided into nonpolar (cavity-formation) and electrostatic components.
In the present study, when the peptides are completely solvated, the only forces acting
between atoms in the peptide and atoms in the solvent are a 6–12 Lennard-Jones van
derWaal’s (vdw) potential and a Coulombic potential. We therefore parsed ΔG into the
energy (ΔGvdw) of solvating an uncharged solute cavity of the appropriate size and shape by
turning on the vdw forces slowly and the energy (ΔGel) of charging the resulting solvated
cavity.10 Clearly, therefore ΔG = ΔGvdw + ΔGel. In practice, ΔGel is commonly
approximated with the linear response theory (LRT) or models, including the PBE, GB
models, and SC approaches.3,8–12 In contrast, ΔGvdw usually cannot be computed with the
LRT, possibly because ΔGvdw includes the energy of forming a dry cavity of the appropriate
size and shape. In practice, ΔGvdw is often assumed to be proportional to surface area, as
would be expected from surface tension arguments, with a proportionality constant of Γ.
Many studies2,13–24 have focused on the computation of Γ, and fundamental issues are still
unresolved, including the effect of ΔGvdw and whether it is proportional to surface area, as
expected from surface tension arguments.

In previous work25 from this lab we found by free energy simulations in explicit solvent that
for extended oligoglycine peptides of lengths (n) ranging from 1–5 monomers ΔGel, ΔGvdw,
and ΔG all decreased linearly with increasing n with best-fit lines whose slopes were γel,
γvdw, and γ, respectively. We then augmented these findings by finding that for several
conformations of decaalanine ΔGel, ΔGvdw, and ΔG all decreased with surface area.26 That
γel was negative is easy to rationalize; adding each monomer adds a substantial peptide
dipole to a polar solvent. In contrast, that γvdw was negative is difficult to explain. In effect
these studies show that for these extended peptides the creation of favorable vdw
interactions with water atoms (which are proportional to 1/r6) outweigh the energy penalty
of creating a large interface in water. Conversely, experimental studies and simulations have
shown that Γ is typically positive for small molecular and model systems,16,23,27 and a
positive Γ is also expected from theoretical arguments.18 Additionally, a negative γvdw is
puzzling because cavity formation has long been assumed to drive many phenomena
including the initial collapse of proteins during folding by favoring configurations with
smaller protein-water interfaces,2,21,23 and this assumption implies a positive γvdw.

One possible solution to this puzzle is that the sign of γvdw is irrelevant, as long as its
magnitude is small, because the initial collapse of proteins during folding is driven by
intramolecular interactions.28 As shown in Results, even when few h-bonds are formed, the

average intramolecular vdw energy  is indeed more favorable for a flexible peptide
containing 6 alanine residues than for the same peptide constrained to an extended
conformation. However, the fluctuations in these intramolecular energies were large,

potentially casting doubt on the idea that differences in  cause collapse. This question
merits more thorough investigation.

Our previous work only examined peptides that were in a variety of fixed
conformations.25,26 We therefore decided to determine whether such findings would hold
for flexible alanine peptides. In this work, we computed ΔGel, ΔGvdw, and ΔG for a series of
alanine peptides with n ranging from 1 to 10 constrained, as in our previous study,25 to
remain in extended conformations, but here we repeated the calculations for some of these
peptides after removing the conformational restraints. Because of the small magnitudes of
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γvdw, precise calculations of ΔGvdw were required to answer the questions we were trying to
address. As we show in Results, our values of ΔGvdw, obtained by integrating dUvdw/dλ over
λ as discussed in Methods, have converged because our estimates of dUvdw/dλ had
converged at all values of λ. As an additional check, the differences in ΔGel, ΔGvdw, and ΔG
between those for a peptide of length n and those for a peptide of length n − 1 were
computed by “alchemically” transforming a peptide of length n − 1 into one of length n. We
found that the resulting differences in solvation free energies were consistent with our
estimates of the absolute solvation free energies. The models and methods used to compute
these free energies are discussed in Methods and in the Results and Conclusion sections we
compare with experiments and previous computational work.

Methods
Molecular dynamics procedures

All MD simulations were performed with the Amber suite.29 A constant temperature of 300
K was maintained with the Berendsen thermostat, and a constant pressure of 1.0 atm was
maintained with the weak-coupling method. Periodic boundary conditions and Ewald
summation for the electrostatics were used. SHAKE was used to constrain the hydrogens,
allowing a 2 fs time step to be used.

The calculations presented here used the ff03.r1 force field,30 and, to be consistent with this
force field, the solvent was modeled as TIP3P waters.31 Unfortunately, the best choice of
force field for unstructured peptides, similar to the one that we used here, is an active topic
of research.32–35 The conclusions presented in the present paper may be sensitive to our
choice of force field, and investigating how these conclusions would differ if we used other
force fields could provide an interesting direction of future study.

Structure preparation
We first prepared extended alanine peptide conformations with MOE,37 with n ranging from
1 (ala1) to 10 (ala10) (Figure 1). The peptide terminals were capped with neutral acetate
(ACE) and methyl amide (NME) residues. Short energy minimizations were run on the
peptides in GB implicit aqueous solvent.29 Each alanine peptide was then immersed in a
rectangular parallelepiped of water with at least 8.0 Å of solvent between the peptide surface
and the boundary of the box. The total numbers of water molecules ranged from 392 for the
ala1 system to 1804 for the ala10 system. Each structure was then subjected to 500 steps of
steepest-descent minimization, 500 steps of conjugate-gradient minimization, and finally
equilibrated for 1.2 ns. During this process, harmonic positional restraints were placed on
the heavy atoms with force constants of 10 kcal/(mol Å2) to maintain a linear conformation.

Solvation free energy
In the force field used in this study, the nonbonded interaction energy (Uij) between two
atoms, i and j, is the sum of two terms. One term is the Coulombic interaction energy,

(1)

where qi and qj are the charges on atoms i and j, respectively, ε0 is the permitivity of
vacuum, and rij is the distance between the atoms. The other term is the vdw interaction
energy,

(2)
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where εij is the well depth of the Lennard-Jones potential between atoms i and j and

, where  is the interatomic distance where  has a minimum. The
potential energy, U, of a molecular configuration is then the sum of the pairwise nonbonded
interactions and the bonded interactions.

In the present study, ΔGvdw is defined to be the solvation free-energy difference between a
system where the interaction energy between an atom, i, in the alanine peptide and an atom,

j, in the solvent, is  and a system where Uij = 0, whereas ΔGel is defined to be the

free-energy difference between a system where  and one where .
Although the division of ΔG into ΔG = ΔGvdw + ΔGel is not unique, these energies are well
defined and consistent with our force field choice. All nonbonded and bonded interactions
between solute atoms or between solvent atoms were those defined in the force field.30

Three methods were used to estimate ΔGvdw and ΔGel from the same simulation windows:
thermodynamic integration (TI), free-energy perturbation (FEP), and the Bennett acceptance
ratio (BAR) method. We here briefly review these methods.

In TI the free-energy difference (ΔGij) between ensembles i and j is computed by
approximate quadrature of the exact expression

(3)

where λ is a coupling parameter used to connect U (0), which is the potential energy
function of ensemble i, and U (1), which is the potential energy function of ensemble j. 〈dU
(λ)/dλ〉λ is the average value of dU (λ)/dλ over the canonical ensemble defined by U (λ).

In FEP, ΔGij can be computed from the similarly exact expression

(4)

where β = 1/(kBT), where kB is Boltzmann’s constant and T is the temperature. This formula
requires overlap between the sampling of states i and j.

In the BAR method overlap between states i and j is optimized. ΔGij is computed by first
solving the equation

(5)

numerically for C where n0 and n1 are the numbers of samples taken from samples i and j
respectively, and

(6)

where Q0 and Q1 are the partition functions in sample windows i and j, respectively. If n0 =
n1, then ΔGij can finally be obtained from

(7)

The BAR method optimizes the weighted sampling and frequently converges more quickly
than either TI or FEP.38
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Simulations were run at a series of λ values between 0 and 1 chosen so that adjacent states
had good overlap. ΔGij was then computed by summing the free energy differences between
adjacent states.

As discussed above, U (0) and U (1) are constrained to be the potential energy functions in
ensembles i and j, respectively, but U (λ)’s dependence on λ can be freely chosen to improve
computational efficiency. One choice for U (λ) is the simple linear ramp:

(8)

and this was the functional form we chose for our calculations of ΔGel. However, this is not
an efficient choice for computing ΔGvdw because the resulting integrals contain a well-
known pole at λ = 0.39,40 In the present study, we adopted

(9)

with α = 0.5 to compute ΔGvdw.

Free energy calculations
For all of the peptides harmonic constraints with force constants of 10 kcal/(mol Å2) were
placed on the heavy atoms to maintain the peptides in their extended conformations, and
ΔGel, ΔGvdw, and ΔG were computed with the methods discussed above. For the
computations of ΔGel, λ space was divided into 20 equally sized windows, whereas for
computations of ΔGvdw 50 equally sized windows were required. For each window, 1 ns of
equilibration was performed, followed by 5 ns of production MD, from which the free
energy differences between adjacent λ values were computed with the methods outlined
above, and the total free energies were computed by summing these differences. These
calculations were then repeated for peptides of lengths n = 1, 2, 3, 4, 6 without positional
constraints on the peptides, allowing them to explore natural ensembles of conformations.

To confirm that the above calculations were converged, we also estimated the changes
(ΔΔGel, ΔΔGvdw, and ΔΔG) in ΔGel, ΔGvdw, and ΔG between a peptide of length N and one
of length N − 1 by “alchemically” transforming a peptide of length N − 1 into one of length
N. These free energy differences could be computed by following the free energy cycle in
Figure 2, but in the interests of computational efficiency we made two approximations: we
assumed that the peptide adopted the same distribution of conformations in vacuum and
solvent, and we assumed that the energy of charging the first N − 1 residues in the presence
of the uncharged cap was equal to the energy of charging them in the presence of the
uncharged residue N (implying that ΔG2 + ΔG4 − ΔG7 − ΔG9 = 0). The agreement between
our alchemical results and those obtained from our direct calculations (Figure 5) indicates
that these were reasonable assumptions for these calculations. First, we computed

(10)

where  was defined by an equation of the form of Eq. 8 except that here λ = 1
corresponded to the initial state, λ = 0 corresponded to the final state, and the summation of
the Uij was only taken over pairs of atoms where one member of the pair was in the solute
and the other member was in the solvent. If the peptide adopted the same distribution of

conformations in vacuum and solvent, then . Next, we computed
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(11)

where  was defined by summing Uij only over pairs of atoms where one member of
the pair was in the solute and the other member was in the solvent. Once again, if the
peptide adopts the same distribution of conformations in vacuum and solvent, then

. Finally, we computed

(12)

where  was defined by an equation of the form of Eq. 8 except that the summation of
the Uij was only taken over pairs of atoms where one member of the pair was in the solute
and the other member was in the solvent.

Once these energies were obtained, we could obtain

, and ΔΔG = ΔΔGel + ΔΔGvdw.

Intramolecular van der Waal’s energies
To investigate the contributions of intramolecular forces to the collapses of these alanine

peptides, we computed the average intramolecular vdw energies  for both the
extended and flexible alanine peptides with 6 alanine residues. For a single conformation,

(13)

where the summation was taken over nonbonded pairs in the peptide.

We also broke this energy into attractive  and repulsive  terms, where

 and  were defined for a single peptide conformation as

(14)

and

(15)

where the summations were taken over the nonbonded pairs in the peptide. The averages of

these energies,  and , were then computed by averaging  and

 over the conformations assumed by the peptides during the simulations.

Results
To verify that our results were reasonably converged, we computed all of our solvation free
energies with the three methods, TI, FEP, and the BAR method, described in the Methods.
For all of the results presented here, these three methods were in good agreement. For
example, for the fixed extended peptide with 3 alanine residues, the estimates of ΔGel given
by TI, FEP, and the BAR method were −24.18, −24.17, and −24.19 kcal/mol, respectively,
and for ΔGvdw, these methods gave 0.94, 1.04, and 0.99 kcal/mol, respectively. Because all
of these methods were in agreement we only present the results of TI here.
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Figure 3 illustrates one reason why computing ΔGvdw required more windows than
computing ΔGel. The pointwise estimates of dUvdw (λ)/dλ near the peak converged
considerably more slowly than the estimates of dUel (λ)/dλ. In this figure the cumulative
running estimates of dUvdw (0.2)/dλ and dUel (0.5)/dλ are shown as functions of simulation
sampling time. The depiction of λ = 0.2 was illustrative because this point was particularly
difficult to converge, while the choice of λ = 0.5 was arbitrary, as dUel (λ)/dλ converged
essentially equally well at all values of λ. The large fluctuations in the running averages at
the beginnings of these plots reflect the large variances of the underlying estimates. In these
regions of the plots not enough estimates of the energies have been obtained to obtain
converged estimates of the means. The estimates of dUvdw (0.2)/dλ had a variance of 960
(kcal/mol)2 and an autocorrelation time estimated from a plot of the autocorrelation function
(data not shown) of about 8.0 ps, implying an approximate error in our estimate of the mean
of about 1.2 kcal/mol. The estimates of dUel (0.5)/dλ had a variance of 93 (kcal/mol)2 and
an autocorrelation time estimated from a plot of the autocorrelation function (data not
shown) of about 3.5 ps, implying an approximate error in our estimate of the mean of about
0.3 kcal/mol. The greater difficulty in obtaining converged estimates of dUvdw (0.2)/dλ is
therefore attributable primarily to the larger variance of the samples, combined with a small
increase in autocorrelation time.

In Figure 4, 〈dUel (λ)/dλ〉 and 〈dUvdw (λ)/dλ〉 are plotted as functions of λ for the extended
peptide with 10 alanine residues. The near linearity (small concavity) of the plot of 〈dUel
(λ)/dλ〉 as a function of λ is typical for these curves and demonstrates why the LRT has been
successful at predicting ΔGel.3,8,9,41 In contrast, the curve of 〈dUvdw (λ)/dλ〉 is sharply
peaked, preventing the use of the LRT. To obtain good estimates of ΔGvdw many windows
are necessary to accurately sample this peak. The smoothness of these curves is one
indication that the calculations were reasonably well converged, but pointwise convergence
of the integrand is also necessary to obtain reliable estimates of free energy changes.

In Figure 5 ΔΔGel, ΔΔGvdw, and ΔΔG computed by alchemically changing peptides of
lengths n − 1 into peptides of lengths n and the corresponding differences between the
absolute solvation free energies for the extended peptides are shown as functions of n. That
ΔGel, ΔGvdw, and ΔG were linear in n is evident from this figure because ΔΔGel, ΔΔGvdw,
and ΔΔG were independent of n. The agreement between the results of the alchemical
transformations and those obtained by taking differences between absolute solvation free
energies is another indication that our free energy estimates were converged.

In Figure 6, ΔGel, ΔGvdw, and ΔG for the fixed extended peptides are plotted as functions of
n, and Figure 7 shows the same data for the flexible peptides. All of these free energies were
linear in n. For both the flexible and fixed alanine peptides γel and γ were negative, and for
the fixed extended peptides γvdw was negative. The value of γvdw found here for the fixed
extended peptides is similar to that obtained in our previous work,25 taking into account the
surface area differences between oligo-gly and oligo-ala. Some of the difference between the
values in the two studies can perhaps be attributed to less extensive sampling and
correspondingly worse convergence in our previous study. The finding that γvdw is negative
for the extended peptides contradicts other studies and some theoretical
expectations.2,13,15–23 In particular, a negative γvdw is difficult to reconcile with the notion
that ΔGvdw favors states with small surface areas (for a given volume) and thus drives the
collapse. In the present case, the attractive interactions between the water and the peptides
overwhelms the interface-formation penalty, leading to a negative γvdw. Similarly when we
studied the solvation free energy of extended glycine oligomers we also found that ΔG,
ΔGel, and ΔGvdw were linear in n.25 These quantities are therefore apparently linear in n,
regardless of the presence of the side chain for this type of system.
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A possible resolution of our findings of a negative γvdw with expectations of a positive value
is suggested by comparing our results for our fixed (constrained) peptides to our analogous
results for flexible peptides. As seen from Figure 7, when we measured ΔGvdw for the
flexible peptides, which could sample natural ensembles of compact conformations, γvdw
was positive. Because most larger proteins do not form extended conformations in solution,
that γvdw may be positive for most proteins does not contradict either the results presented
here or the results in our previous studies. The idea that ΔGvdw drives collapse by favoring
conformations with small surface areas may therefore generally, although not universally,
hold for proteins. Regardless, the results presented here indicate that ΔGvdw as defined in
this study does not behave as expected for the classical hydrophobic effect.42,43

A potential alternative resolution of the seeming contradiction that longer peptides and
proteins collapse despite potentially having a negative γvdw is that the sign of γvdw is not
important, as long as γvdw is small, because the collapse is driven by intramolecular

interactions. To begin to investigate this hypothesis, we computed , and

 for our peptide with 6 alanine residues with and without positional constraints

(Table 1). Both , and  are larger in magnitude for the flexible peptide, as
would be expected simply because the atoms in the peptide are, on average, closer together,

but ’s increase in magnitude is larger than that of , causing the flexible

peptide’s  to be more favorable than that of the extended peptide. This observation is

consistent with the hypothesis that changes in  favor protein collapse. However, 
of the extended peptide differs from that of the flexible peptide by only 7.26 kcal/mol, and
the two energies have standard deviations of 1.56 and 2.63 kcal/mol, respectively. Many of

the conformations assumed by the extended peptide have  that are less favorable than
those of many of the conformations assumed by the flexible peptides. The large fluctuations
in these energies may call into question the simple idea that the collapse of the protein is

driven by changes in .

Conclusions
In this article, we computed ΔG, ΔGel, and ΔGvdw for a series of 10 alanine peptides ranging
in length from 1 to 10 alanine residues. The calculations were performed both with fixed,
extended conformations of the peptides and again for some of the peptides without
positional constraints. We verified that our free energy estimates were converged by
computing them with three different methods, TI, FEP, and the BAR method, which all gave
consistent answers. All of ΔGel, ΔGvdw, and ΔG were linear in n, and both γel and γ were
negative for both fixed and flexible peptides. Surprisingly, we found that γvdw was negative
for the extended peptides. Apparently the favorable interactions between the water and the
peptides were more important than the cost of forming a dry bubble. This result contradicts
the expectations of theory and simulation results on small molecules and model systems,
which predict that ΔGvdw should increase with surface area, and thus n.2,13,15–23

The calculations on flexible peptides, however, may resolve this apparent contradiction.
When the peptides were not constrained and allowed to collapse, γvdw was positive. Because
most longer peptides and proteins in solvent rarely assume extended conformations but
rather assume collapsed or globular conformations, the assumption that γvdw should be
positive may be true for most proteins. Our findings are therefore not inconsistent with
ΔGvdw being the driving force behind the initial collapse during protein folding.

An alternative hypothesis of protein folding is that the initial collapse is driven by
intramolecular interactions.28 As we demonstrate above, the flexible peptide with 6 residues
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had a more favorable  than the extended form. However, the fluctuations in these

energies were large, potentially casting doubt on the idea that  drives the initial collapse
during folding. The contribution of intramolecular energies to collapse merits further
investigation.

Systematic changes in ΔG with surface area can help explain the initial collapse of the
protein during folding. Our finding of a negative γ indicates the well known fact that water
is a marginally good solvent for protein oligomers and favors transfer from the gas phase to
water. We did not anticipate that γvdw would be negative for extended and positive for
collapsed (flexible) oligomers. Perhaps these results should not have been unexpected
because, barring large compensating energy terms, if γvdw were large and negative then
proteins would be extended in solution and if it were large and positive then they would
immediately collapse. The need to counterbalance large cavity-formation free energies
would place strong constraints on biological systems. If this hypothesis is true, then the sign
of γvdw is less important than that it is small. We will further examine the pronounced
conformational dependence of γvdw in future studies.
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Figure 1.
The 10 alanine peptide oligomers examined in this study in their equilibrated extended
conformations created in PyMOL.36
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Figure 2.
A free energy cycle that could be used to compute the change (ΔΔG) in solvation energy
between a peptide of length N and one of length N − 1. A blue background indicates that a
molecule is in explicit solvent, while a white background indicates that it is in vacuum. The
large circles represent the first N − 1 residues of an alanine peptide, the small circles
represent the cap on the peptide of length N − 1, and the medium-sized circle represents the
N’th residue of the peptide of length N. A black circle means that the atoms in question are
charged, and a white circle means that they are uncharged.
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Figure 3.
The cumulative running estimates of the integrands (a. dU (0.2)/dλ for the van der Waal’s
(cavity-formation) and b. dU (0.5)/dλ for the electrostatic solvation free energy calculations)
of the thermodynamic integration free energy calculations as functions of simulation time
for the extended peptide with 10 alanine residues.
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Figure 4.
The integrands (〈dU (λ)/dλ〉 for a. the van der Waal’s (cavity-formation) and b. the
electrostatic solvation free energy calculations) of the thermodynamic integration free
energy calculations as functions of λ for the extended peptide with 10 alanine residues.
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Figure 5.
The differences between the solvation free energies of peptides of length n and those of
length n − 1 plotted as functions of n. Squares represent the results of alchemical free energy
calculations, and diamonds represent the differences between the free energy estimates
computed by thermodynamic integration. a. The total solvation free energy. b. The van der
Waal’s (cavity-formation) component of the solvation free energy. c. The electrostatic
component of the solvation free energy.
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Figure 6.
Solvation free energies of the extended alanine peptides plotted as functions of the number
(N) of residues in the peptide. a. The total solvation free energy. b. The van der Waal’s
(cavity-formation) component of the solvation free energy. c. The electrostatic component of
the solvation free energy.
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Figure 7.
Solvation free energies of the flexible alanine peptides plotted as functions of the number (n)
of residues in the peptide. a. The total solvation free energy. b. The van der Waal’s (cavity-
formation) component of the solvation free energy. c. The electrostatic component of the
solvation free energy.
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Table 1

The intramolecular van der Waal’s energy  and its repulsive  and attractive 
components for both a flexible peptide with 6 alanine residues and a similar peptide constrained to maintain an
extended conformation.

flexible extended

 (kcal/mol)

−0.7 6.6

 (kcal/mol)

61.0 51.2

 (kcal/mol)

−61.7 −44.7
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