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The relative hydration free energies of a series of organic molecules were calculated from molecular dynamics
(MD) simulations using an extrapolation method in combination with soft-core potential scaling. This technique
consists in first generating one single long trajectory using an unphysical reference state and in using afterward
this trajectory for the estimation of the free energy difference between several molecules. First, we investigated
the accuracy of the method for the deletion of small functional groups. A trajectory from an MD simulation
of pyrogallol (1,2,3-trihydroxybenzene) was used to calculate by extrapolation the free energy changes for
the mutations of pyrogallol, catechol, and phenol to benzene in water and in vacuo. The results were compared
to those obtained by thermodynamic integration, to experimental data, and to values calculated using a
semiempirical method. In a second step, increasingly larger mutations were studied in order to investigate the
limitations of the method. The influence of various simulation parameters (choice of the unphysical reference
state, simulation length, soft-core scaling parameterR) on the final free energy values was examined. Benzene
derivatives with hydroxyalkyl and/or bulky functional groups of increasing sizes were mutated into benzene.
The results for simulations both in water and in vacuo were compared to the free energy results obtained by
thermodynamic integration and to the experimental values of similar molecules. The results showed that for
small mutations (deletion of functional groups with up to three atoms) the extrapolation method is reliable.
However, the free energies calculated for the deletion of larger functional groups showed different accuracy
levels depending on the chosen simulation parameters. For the largest mutations the thermodynamic integration
method also showed convergence problems. This study therefore demonstrated the usefulness of the
extrapolation method for molecules of similar size, but showed the difficulties of obtaining reliable results
for molecules that substantially differ from each other.

Introduction

Lots of efforts have been dedicated to devise methods for
the calculation of free energies from computer simulations.
Many methods with several variations have been developed
allowing the calculation of the free energy difference between
two states A and B of a molecular system. Most of them define
a path for the mutation of an initial state A to a final state B by
means of a coupling parameterλ. The free energy difference
between states A and B is then calculated as the work performed
on the system when reversibly going from A to B along the
defined path. Alternatively, the free energy difference can be
obtained from the difference in relative probability of both states.
A detailed overview on free energy methods can be found in a
number of recent reviews.1-5

Most of the methods for the calculation of free energy
differences are based either on the thermodynamic integration
(TI) method or on the perturbation formula. Both methods lead
to accurate results within a reasonable amount of time if the
states A and B do not strongly differ. However, they are quite
expensive from a computational point of view if the free energy

difference between several states, i.e., several molecules, have
to be investigated. There is therefore an increasing demand for
methods for the rapid estimation of free energy differences. Such
methods would in particular be extremely valuable in biochemi-
cal applications, such as structure-based drug design, where a
fast screening of several compounds based on the binding free
energy to an enzyme is required.

For this reason, several extrapolation methods6-11 were
developed recently, allowing the estimation of the free energy
for the mutations between several molecules based on a single
simulation of a reference state. One of them, described by Liu
et al.,7 utilizes the perturbation formula in combination with
soft-core potential scaling for atoms that are created or deleted.
This definition of certain atoms assoftallows the sampling of
a larger configurational space, which becomes representative
for both the initial and final states in perturbations where atoms
are deleted or created.

In this study, we focus on this extrapolation method and we
apply it for calculating the differences in hydration free energies
between benzene, phenol, catechol, and pyrogallol (1,2,3-
trihydroxybenzene, see Figure 1). A single trajectory, generated
for pyrogallol with soft-core interaction sites for all three
hydroxyl groups, was used for the estimation of the free energy
difference between the four molecules shown in Figure 1. In
contrast to the previous work of Liu et al.,7 intramolecular
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degrees of freedom were sampled for all molecules, therefore
resulting in flexible and more realistic systems. Moreover, partial
charges were used for the different atoms, requiring a soft-core
scaling of both the electrostatic and the Lennard-Jones interac-
tions for the deleted groups. The accuracy of the extrapolation
results was checked against the values obtained using the TI
method. In order to compare the calculated results with
experimental hydration free energies, MD simulations in water
and in vacuo were carried out. Moreover, semiempirical
calculations were carried out for estimating the free energy of
hydration of pyrogallol, which was not available experimentally.

The method was further tested for the deletion of larger
partially polar groups, such as hydroxylated alkyl chains with
and without bulky substituents attached to a benzene molecule.
The free energy differences were also calculated using the TI
method and an estimation of the experimental values that were
not available was obtained from experimental data for similar
molecules.12 The extrapolations were performed using different
reference trajectories and different values for the soft-core
scaling parameterR to appraise the importance of the choice
of the reference state.

Theory

It is common practice in free energy calculations to use a
coupling parameterλ for defining the mutation of an initial state
A, with HamiltonianHA, to a final state B, with Hamiltonian
HB. During the perturbation the Hamiltonian becomes a function
of λ, such that atλ ) 0, H(λ) ) HA and atλ ) 1, H(λ) ) HB.
The simplest coupling is linear scaling

but since the free energyF is a state function, any kind of scaling
can be used. The free energy required for the transformation of
state A into state B can be calculated as13

where〈...〉λ corresponds to the ensemble average obtained using
the HamiltonianH(λ). In practice, the ensemble of configura-

tions can be obtained, e.g., by MD simulations. Equation 2
represents the so-called thermodynamic integration formula.14

The exact calculation of∆FBA would require an infinite number
of ensemble averages forλ ranging from 0 to 1. Therefore, the
integral in eq 2 needs to be approximated, e.g., by a summation
over a discrete number of pointsλi, leading to

A finite number ofλi values between 0 and 1 is chosen and for
each of them a complete MD simulation is carried out resulting
in an ensemble of configurations generated withH(λi). The
ensemble average of the derivative of the Hamiltonian with
respect toλ is then calculated for eachλ ) λi.

An alternative way for the calculation of∆F is the application
of the perturbation formula14

wherekB denotes the Boltzmann constant andT the temperature.
The extrapolation method used in this work is based on eq

4. An ensemble average generated for a certain reference state
A is used for estimating the free energy difference to an alternate
state B. The results are accurate as long as the ensemble of
configurations generated for the reference state A is also
representative of the perturbed state B. When a linear scaling
(1) is used, this condition is not satisfied when atoms are deleted
(or created). In solution, the presence of a functional group
creates a cavity, where the solvent molecules cannot diffuse.
The singularity of the electrostatic and Lennard-Jones potentials
at the atomic distancerij ) 0 prevents the solvent from sampling
the entire configurational space. The ensemble of configurations
generated in this way is not suitable for representing the low-
energy conformations of a system where the functional group
is deleted, requiring solvent molecules diffusing in the empty
space left by the deleted functional group. In such cases, the
use of a soft-core potential scaling15-17 has been shown7 to solve
the problem. In this work, we used the soft-core potential scaling
implemented in the GROMOS96 package18,19

whereC12(i,j) andC6(i,j) are the Lennard-Jones parameters for
the van der Waals interactions between atomsi and j. RLJ and
RC represent the soft-core parameters for the Lennard-Jones and
Coulomb interactions, respectively, and determine together with
λ the magnitude of the repulsion between two atomsi and j at
rij ) 0. Usually, the same value forRLJ andRC is used (unitless
for RLJ and in nm2 for RC), and will be referred to in the text as
R. The partial charges on atomsi and j are represented byqi

40.2

Figure 1. Structures of the hydroxylated benzene derivatives inves-
tigated in the present study. The arrows indicate the mutations applied
on these systems. The final free energies of hydration (kJ/mol)
calculated using the TI method (upper numbers) and extrapolation
method (lower numbers) are shown for each of the investigated
mutations. The reference trajectory used for the extrapolations was
generated atλ ) 0.5 for the mutation of pyrogallol to benzene.
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andqj, respectively, andε0ε1 represents the absolute dielectric
permittivity of the medium. The parameters labeled with A and
B correspond to the initial and final states A and B.

The regular Lennard-Jones and Coulomb interactions have a
singularity atrij ) 0 and this infinite repulsion prevents the
solvent molecules (or other solute atoms) from diffusing over
the region occupied by other atoms. The utilization of the soft-
core potential scaling allows to scale down to a finite value the
infinite repulsion occurring when two atoms share the same
coordinates. The core of the atoms becomes thereforesoft,
allowing, e.g., solvent molecules to pass through solute atoms.

This characteristic is particularly useful in free energy
calculations where the mutation involves the deletion (or
creation) of atoms, since it eliminates the well-known singularity
problem.20-22 The extrapolation method used by Liu et al.7 and
in this work consists of generating a long trajectory with the
soft-core potential scaling for the deleted (or created) functional
groups, so that configurations relevant for both initial and final
states are sampled. These configurations are afterward used in
the perturbation formula (4) for estimating the free energy
difference.

The advantage of the method is that the same reference
trajectory can be used for evaluating free energy differences
between several related states. When applying the perturbation
formula, only the interactions between the perturbed atoms and
the rest of the system need to be evaluated based on the
previously stored trajectory. This method has been successfully
used by Liu et al. and by Mark et al. to estimate free energy
differences for a series of para-substituted phenols7 and methyl-
substituted benzenes,23 respectively. Since this extrapolation
method is much faster than performing a new series of
simulations for each mutation, it becomes suitable for, e.g.,
structure-based drug design applications,23 where many com-
pounds need to be scored based on the binding free energy to
a certain protein.

The accuracy of the extrapolation with the perturbation
formula depends on the choice of the reference state used for
generating the reference trajectory, which has to be representa-
tive for all the states for which the free energy has to be
calculated. Liu et al.7 showed that the best results are obtained,
when an unphysical reference state A is used which “contains”
all the final states B1, B2, ..., BN. In our approach we define the
reference unphysical state as being halfway between the two
states A and B (λ ) 0.5) and with soft-core scaling for the
electrostatic and Lennard-Jones interactions of the atoms which
are deleted. The initial state A is chosen such that all final states
B1, B2, ..., BN can be obtained by deletion of atoms, whereas
the final state B corresponds to a molecule where all functional
groups are deleted (see Figures 1 and 2). In this way, two
extrapolations are needed for evaluating the entire free energy
difference between A and each Bi (from λ ) 0.5 to λ ) 0.0
and fromλ ) 0.5 to λ ) 1.0).

Computational Details

The molecular dynamics simulations and extrapolations were
performed using the GROMOS96 computer simulation pack-
age18 together with the GROMOS force field and the SPC water
model. Simulations in vacuo were performed with addition of
stochastic and frictional forces to improve the sampling ef-
ficiency.18 Bond lengths were kept constrained using the
SHAKE algorithm24 with a relative tolerance of 10-4. A time
step of 2 fs was used. Reference trajectories were collected by
storing configurations every 10 fs.

Temperature and pressure were kept constant by coupling
the system to a Berendsen thermostat25 and manostat at 300 K

and 1 atm using relaxation times of 0.1 and 0.5, respectively.
Periodic boundary conditions for a rectangular box were applied.
The number of solvent molecules was chosen to ensure a
minimum distance of 0.9 nm between the solute and any wall
of the rectangular box. Nonbonded interactions were evaluated
using a cutoff radius of 1.2 nm.

The free energy values calculated using the TI method were
obtained by first fitting to a cubic spline the ensemble averages
of the derivative of the Hamiltonian at the differentλi points
and a subsequent numerical integration of the fitted curve.

Hydroxylated Benzenes. The reference state was defined as
a pyrogallol molecule (1,2,3-trihydroxybenzene) solvated by 442
water molecules with the three hydroxyl groups treated as soft
sites. The reference trajectory was generated atλ ) 0.5 for a
mutation of pyrogallol to benzene, corresponding to the deletion
of all three hydroxyl groups (see Figure 1). The reference
trajectories in water and in vacuo spanned 0.9 ns each, after 5
and 10 ps of equilibration, respectively.

An R value of 0.1 and 0.1 nm2 was used in the soft-core
interaction scaling for both the Lennard-Jones and electrostatic
interactions, respectively. Two extrapolations (λ ) 0.5 toλ )
0.0 andλ ) 0.5 to λ ) 1.0) were carried out for each of the
following mutations: pyrogallol to benzene, pyrogallol to
phenol, and pyrogallol to catechol, corresponding respectively
to the deletion of three, two, and one hydroxyl groups. For the
last two mutations, the three and respectively two possible
combinations for deleting two and one hydroxyl groups were
evaluated and the results averaged for obtaining the final value.

The free energy differences for the same three mutations were
also calculated using the TI method with soft-core potential
scaling for the hydroxyl groups. A total of 12-14 λ-points was
used, each of them obtained from 20 to 40 ps simulations in
vacuo and in water, preceded by an equilibration period of 10
ps.

To check the consistency of the results, extrapolations were
carried out for mutations from catechol to benzene and from
phenol to benzene, closing two thermodynamic cycles (see
Figure 1).

No experimental hydration free energies were available for
pyrogallol. We therefore performed semiempirical calculations
at the AM1 level26 for all four molecules shown in Figure 1.

Figure 2. Structures of the five investigated benzene derivatives. The
arrows indicate the mutations applied on these systems. The reference
trajectories (E1, E2, and E3, as indicated in Table 2) used for the
extrapolations were generated atλ ) 0.5 for the mutations shown by
the arrows.
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These semiempirical calculations were carried out with the
MNDO97 program.27 All molecules were optimized both in
vacuo and with the continuum solvation model COSMO28 with
additional cavitation and dispersion terms29 always leading to
planar minimum conformations. The COSMO calculations were
performed using a dielectric constant of 78.4, corresponding to
water solution. The number of segments per atom for the
construction of the solvent accessible surface was set to 162,
and the van der Waals radii of Bondi30 were used. For pyrogallol
and catechol several planar conformers are possible. In order
to obtain a better estimate of the free energy, all low-energy
conformers with the hydroxyl groups lying in the same plane
as the phenyl ring were calculated. The obtained heats of
formation in vacuo and in solution were averaged with Boltz-
mann weighting.

Alkyl Alcohol Derivatives of Benzene. The free energy
differences between the five substituted benzene molecules
shown in Figure 2 and benzene were calculated using the
extrapolation method and TI. All the atoms of the perturbed
functional groups were in each case deleted using a soft-core
potential scaling withR ) 0.6, corresponding to the value used
by Liu et al.7 For the mutations of moleculesc, d, and e to
benzene using the TI method, additional calculation were carried
out usingR ) 10.

The TI calculations were performed in vacuo and in water,
where the five moleculesa, b, c, d, ande were solvated with
590, 695, 509, 488, and 470 water molecules, respectively. A
total of 11-14λ-points for each mutation of the moleculesa-e
to benzene were used. For eachλ-point, the average value of
the derivative of the potential energy with respect toλ was
obtained from a 100 ps (vacuum) or 50 ps (water) simulation,
after an equilibration period of 20 ps (vacuum) or 5 ps (water).

The extrapolation of the free energy differences for the five
mutations was carried out using different reference trajectories:

E1. A series of five trajectories was generated, each with 0.3
ns in water and 0.7 ns in vacuo, withR ) 0.6 and atλ ) 0.5
between each one of the five molecules studied (a-e) and
benzene.

E2. Two reference trajectories (1 ns in water and 1.4 ns in
vacuo) were generated withR ) 0.6 atλ ) 0.5 between the
largest moleculec and benzene, and were subsequently used
for estimating the free energy differences between all five
moleculesa-e and benzene.

E3. Using the same procedure as used in E2, two other
trajectories (0.9 ns in water and 1.4 ns in vacuo) were generated
usingR ) 1.45.

E4. As a check for consistency, the mutation of moleculed
to a was studied, consisting of the deletion of two methyl groups.
The reference trajectory was generated with the same procedure
as used in E1.

Results and Discussion

Hydroxylated Benzenes. The choice of theR-parameter,
determining the amount of repulsion between two atoms at short
distances, is arbitrary. In principle, the choice ofR should not
affect the results for the free energy change corresponding to a
certain mutation.15 However, it influences the shape of the
λ-dependent free energy profile. The optimalR value should
be chosen so as to minimize the perturbation introduced into
the system and therefore to produce a smooth transition from
the initial to the final state.

For the deletion of the three hydroxyl groups of pyrogallol
in water, we investigated this effect by comparing the results
obtained with four differentR values (0.1, 0.25, 0.8, 1.6).

As can be seen from the profiles displayed in Figures 3 and
4, the smoother transition is obtained withR ) 0.1, a value
which is smaller than the values of 0.6-0.8 used in previous
studies.7,23This may be due to the fact that the deleted hydroxyl
groups lie close to the carbon atoms of the phenyl ring. The
van der Waals radius of these carbon atoms is large enough to
“protect” the core of the oxygen atoms from solvent molecules.
Even when the hydroxyl groups are deleted, water molecules
cannot approach too closely the center of the oxygen atom, due
to the repulsion caused by the carbon atoms of the phenyl ring.
For this reason, in this case there is no need for a high
R-parameter. Consequently, a ratherhardscaling, that is a small
R value, is most suitable for the deletion of such small functional
groups. We therefore used for all the investigated mutations
involving the deletion of hydroxyl groups anR value of 0.1.

The results obtained for the mutations between pyrogallol,
catechol, phenol, and benzene are shown in Table 1.

The overall agreement between extrapolation and TI is
reasonably good, especially in vacuo. As expected, the largest
deviation from the TI results is observed for the largest mutation
of pyrogallol to benzene, where the three hydroxyl groups are
deleted. In order to check if the discrepancies between extrapo-
lation and TI methods were due to inefficient sampling, all

Figure 3. Dependence of the free energy derivative and of free energy
profile on the soft-core parameterR for the deletion of the three
hydroxyl groups of pyrogallol in water.

Figure 4. Dependence of the free energy derivative and of free energy
profile on the soft-core parameterR for the deletion of the three
hydroxyl groups of pyrogallol in water.
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extrapolations in vacuo were repeated using a longer (2 ns)
trajectory which ensured sampling of all the low-energy
conformations with respect to the hydroxyl orientations. No
substantial changes in the final extrapolated values could be
observed, pointing out that some errors are introduced by the
extrapolation method itself and by the choice of theR value.
By building thermodynamic cycles, it is possible to calculate
the difference in free energy of hydration between the three
molecules.

The calculated free energy differences, from both TI and
extrapolation, qualitatively reproduce the trends observed
experimentally12 and in the semiempirical results (see Table 1).
Both TI and extrapolation methods very well reproduce the free
energy difference between benzene and phenol. However, the
TI calculations predict an almost identical free energy contribu-
tion for the introduction of the second hydroxyl group,
overestimating the free energy difference between phenol and
catechol. For the same reason, also the change in free energy
between benzene and catechol is overestimated. On the other
hand, the extrapolation method slightly underestimates the
experimental results, but yields an overall good agreement for
the differences in hydration free energies between catechol,
phenol, and benzene (last three rows of Table 1). The discrep-
ancies between TI and extrapolation data are probably due to
sampling insufficiencies in solution and by approximations
implied in the extrapolation method, since all other parameters
were kept identical. The largest discrepancies occur in the water
simulations, where accurate sampling is more difficult. For
quantitative results, very long reference trajectories may be
required. However, the goal of the extrapolation method is to
yield an estimated value and therefore only a qualitative scoring
of free energies for several molecules and not to replace the
more accurate but also more computationally expensive TI
method. Given the performed mutations (see Figure 1), it is
possible to check the consistency of the results by building
thermodynamic cycles that should theoretically give a zero total
free energy difference. The cycle pyrogallolf catecholf
benzenef pyrogallol has a residual free energy of 5.7 kJ/mol
using TI and 9.2 kJ/mol using the extrapolation method.
Similarly, residual free energies of 1.6 kJ/mol for TI and 15.4
kJ/mol for the extrapolation method are obtained for the cycle
pyrogallolf phenolf benzenef pyrogallol. The largest errors
are therefore clearly present in the results obtained with the
extrapolation method. However, the major discrepancy seems
to be concentrated only in the largest mutation, i.e., from
pyrogallol to benzene. The data (see Table 1) show that the
results calculated using the cycle leg pyrogallolf benzene
(those shown in parentheses in the extrapolation row) are off
by up to 15 kJ/mol, whereas those calculated either directly or

using other cycle legs reproduce much better the experimental
data. Because of the nature of the extrapolation method, where
the same single trajectory is used for several mutations, it is
possible that the sampling achieved during a certain period of
simulation time is accurate enough to ensure good results with
respect to the smallest mutations, but at the same time not
complete enough for the larger ones.

For the mutations of pyrogallol to phenol and catechol,
respectively three and two combinations for the deletion of the
hydroxyl groups are possible. The free energy values obtained
for the same mutation using the deletion of different hydroxyl
groups were very similar (with a maximal deviation of 5 kJ/
mol; data not shown), showing that the three hydroxyl groups
of pyrogallol were equally sampled in the reference trajectory.

Alkyl Alcohol Derivatives of Benzene. Table 2 displays the
free energy differences calculated for the mutations of the
molecules shown in Figure 2 to benzene and for the mutation
of d to a. Three values for the extrapolation method are reported,
depending on the reference trajectory used (see Computational
Details section).

The experimental values for∆Ghydr can be estimated from
the data for similar molecules without the phenyl ring,12 leading
to expected values in the range of 18-21 kJ/mol for all five
substituted benzenes shown in Figure 2.

The mutations investigated are quite large and when branched
bulky groups are deleted, even the results obtained with TI show
inconsistencies. Surprisingly, the simulations in vacuo repre-
sented a substantial problem. When usingR ) 0.6 for the soft-
core potential scaling, TI overestimated the free energy differ-
ences for the one-step deletion of the branched functional groups
(c-e) in vacuo. In order to quantify this overestimation, the
mutation ofd into benzene, which was first carried out in one
step (value in parentheses in Table 2), was split into the mutation
of d to a and a to benzene (f). The splitting of such a large
mutation using an intermediate state resulted in more accurate
results. The difference in free energy betweend and benzene
in vacuo obtained using TI andR ) 0.6 with either the direct
or split mutations is important (25 kJ/mol). In order to further
investigate this large overestimation of∆G in vacuo, TI
calculations for the mutation ofd to benzene were repeated using
different R values.

The results, shown in Table 3, and generated from MD
simulations of 20 ps for everyλ-point, systematically depend
on theR value used. ForR ) 0, the expression 5 is reduced to
a linear scaling and all the known problems connected to such
a scaling15-17,20-22 when deleting atoms become evident from
the completely unreliable result. By increasingR, ∆G increases
reaching convergence only when very high values of theR
parameter are used. The free energy value obtained withR )

TABLE 1: Calculated Free Energies (kJ/mol) for the Mutations between Pyrogallol, Catechol, Phenol, and Benzene Usingr )
0.1a

∆G in vacuo ∆G in water ∆∆Ghydr

TI extrap TI extrap TI extrap
∆∆Hf

AM1 expt12

pyrogallolf benzene -79.0 -75.2 -15.6 -35.0 63.4 40.2 46.7
pyrogallolf phenol -114.7 -114.8 -73.8 -81.3 40.9 33.5 26.0
pyrogallolf catechol -40.7 -44.1 -27.0 -24.0 13.7 20.1 10.0
catecholf benzene -34.4 -32.7 9.6 -3.4 44.0b (49.7c) 29.3b (20.1c) 36.8 35.6
phenolf benzene 38.8 34.8 59.7 56.9 20.9b (22.5c) 22.1b (6.7c) 20.8 23.9
catecholf phenol 23.1d/27.2c 7.2d/13.4c 16.0 12.0

a ∆∆Hf corresponds to the difference in free energy of formation between the molecule optimized with a continuum solvation model for water
and in vacuo. Extrapolation results are obtained from reference trajectories of 0.9 ns in water and vacuo, respectively. The hydration free energy
(∆∆Ghydr) corresponds to the difference between the calculated free energy change in water and in vacuo.b Results for the direct mutation.c Results
obtained from the summation over a thermodynamic cycle using pyrogallol as intermediate molecule.d Results obtained from the summation over
a thermodynamic cycle using benzene as intermediate molecule.
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10 (-36 kJ/mol) is in agreement with the value obtained by
splitting the mutation ofd to benzene in two steps (-34 kJ/
mol). Such anR-dependency was surprising, since the calculated
∆G should not depend15 on the choice ofR as also shown in
Figure 4. This effect is therefore probably due to sampling
problems, caused by the combination of a large mutation with
a too hardR parameter. It is possible to rationalize these results
by considering the large size of the deleted functional groups
and the molecule on which this mutation is performed. The
larger the mutation, the softer the scaling should be in order to
avoid a large repulsion between the atoms that are deleted and
the atoms of the phenyl ring. In order to prove that highR values
deliver more accurate free energies for the branched functional
groups, TI calculations in vacuo and in water were repeated
for the mutations ofc, d, ande to benzene usingR ) 10. The
new results, reported in Table 2, are in much better agreement
with the expected experimental values. Using equal simulation
lengths, a higherR value causes in this case a more rapid
convergence of the results.

Interestingly, the values from the extrapolations using a
reference trajectory generated withR ) 0.6 for the five systems
(column E1 in Table 2) deliver more accurate results than TI
with the sameR value, when considering the∆∆Ghydr. The
reference trajectories used for the extrapolations are longer than
one single MD simulation for everyλ-point and should therefore
ensure better sampling. The errors due to the approximation of
the free energy using an extrapolation cancel out between
vacuum and water simulations, resulting in more realistic
∆∆Ghydr for all molecules irrespective of whether their func-
tional groups are branched or linear. These results were,
however, obtained with extrapolation from reference trajectories
that were specifically generated with the topology of the
molecule that had to be investigated. The sampling was therefore
tailored for the desired mutation.

The results change considerably if one single reference
trajectory, based on the largest moleculec, is used for calculating
all five moleculesa-e usingR ) 0.6 (column E2 in Table 2).
As expected, the free energy values converge rather slowly.
Even in vacuo, after 1.4 ns simulation the results from the
extrapolation using one single trajectory often significantly differ
from those obtained with the first extrapolation (E1). As already

shown by Liu et al.,7 the cumulative values of the free energy
obtained by extrapolation display a stepwise evolution when
low-energy conformations are sampled. Because of the expo-
nential function used for the ensemble average in the perturba-
tion formula (4), configurations with large negative interaction
energies provide the most significant contributions to the
ensemble average and therefore strongly determine the extrapo-
lation results. If a larger functional group is deleted, more
degrees of freedom have to be sampled, because all molecules
were treated as flexible, requiring a longer reference trajectory
to obtain meaningful extrapolation results. It is, however,
difficult to know in advance how long the trajectory should be
and to check the convergence of the extrapolated values. As
shown in Figure 5 for the mutation ofc to d in vacuo, although
the∆G values seemed to have reached convergence after 1 ns,
a continuation of the simulation caused a sudden drop, when a
new low-energy configuration was sampled.

From Table 2, we can also observe that for three mutations
(a to f, b to f, and e to f) the extrapolated values using one
single trajectory (column E2) approximate the results from the
first extrapolations reasonably well, consistently predicting the
same free energy difference for all three molecules, as expected
from the estimated experimental values. However, the free
energy values for the other two molecules (c andd) are not yet
converged.

The third series of extrapolation results (column E3 in Table
2) has been obtained from a single reference trajectory generated

TABLE 2: Calculated Free Energy Differences (kJ/mol) for the Five Mutations Shown in Figure 2a

∆G in vacuo ∆G in water ∆∆Ghydr

TI E1b E2c E3d TI E1b E2c E3d TI E1b E2c E3d

a to f -4.4f -1.0 1.0 -1.7 22.4f 18.5 32.7 21.1 26.8f 19.5 31.8 22.8
b to f -5.3f -0.2 6.1 -6.2 20.0f 34.5 37.0 16.2 25.3f 34.6 30.9 22.4
c to f -45.1e -38.5 -38.5 -50.1 -13.8e -20.5 -20.5 -59.5 31.3e 18.0 18.0 -9.3

(-66.3f) (-12.8f) (53.4f)
d to f -36.4e -40.8 -24.6 -29.5 -4.1e -12.3 31.8 -6.0 32.3e 27.8 56.4 23.5

(-59.1f) (-8.6f) (50.0f)
e to f -32.9e -34.9 -12.3 -27.4 -6.5e -6.4 19.2 -19.0 26.4e 28.5 31.5 8.4

(-50.5f) (-5.6f) (44.9f)
d to a -29.7f -30.2 -28.5f -27.0 1.1f 3.2

a The hydration free energy (∆∆Ghydr) corresponds to the difference between the calculated free energy change in water and in vacuo.b Data
obtained with extrapolation from reference trajectories (0.3 ns in water and 0.7 ns in vacuo) generated atλ ) 0.5 andR ) 0.6 between each of the
five moleculesa-e and benzene.c Data obtained with extrapolation from one unique reference trajectory (1 ns in water and 1.4 ns in vacuo)
generated atλ ) 0.5 betweenc and benzene usingR ) 0.6. d Data obtained with extrapolation from one unique reference trajectory (0.9 ns in water
and 1.4 ns in vacuo) generated atλ ) 0.5 betweenc and benzene usingR ) 1.45. e Values obtained usingR ) 10. f Values obtained usingR )
0.6.

TABLE 3: Free Energy Differences (kJ/mol) Calculated in
Vacuo Using the TI Method for the Mutation of d to
Benzene Using Increasingr Values

R 0.0 0.1 0.4 0.6 1.0 10 30
∆Gvac ∼-2500 -79.1 -63.5 -58.8 -52.3 -36.4 -35.7

Figure 5. Cumulative value of the extrapolated∆G as a function of
the simulation time for the mutation ofc to d in vacuo.
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at λ ) 0.5 for the mutation ofc to benzene using a higherR
value of 1.45. The influence of theR parameter was investigated
by using a softer scaling of the functional group. Already, with
the TI method, it appeared that largerR values yielded more
accurate results for the deletion of large functional groups. On
increasing theR parameter, the repulsion between two atoms
at rij ) 0 is decreased and a better sampling for the final state
(benzene) is expected. Similar to the results obtained withR )
0.6, usingR ) 1.45 three mutations (a to f, b to f, andd to f)
lead to very similar results (ca. 23 kJ/mol) and closer to the
estimated experimental data (18-21 kJ/mol). On the other hand,
the free energies associated with the mutation ofc ande into
benzene are significantly underestimated. This indicates that the
sampling obtained during the 0.9 ns simulation is not sufficient
even for a qualitative estimation of the largest mutation
considered. The increase of theR parameter from 0.6 to 1.45
improves the quality of the results only for three of the five
mutations considered. It is not surprising that the same reference
trajectory can lead to converged free energy differences for only
some of the molecules considered (such asa, b, andd). The
same effect can be observed from the results using the reference
trajectory E2. In order to deliver qualitatively good results for
all five evaluated molecules, the reference trajectory should
contain representative low-energy conformations for each
moleculea-f. In the case of the reference trajectory E3, low-
energy conformations forc ande are clearly not yet sampled,
whereas the extrapolated results fora, b, andd are in very good
agreement with the experimental data (∆∆G < 3 kJ/mol).

The overall agreement of the extrapolation results with TI
and experimental data has to be judged also considering the
complexity of the studied systems. The mutations studied
involved the deletion of large, flexible and partially polar
functional groups. More sampling problems are caused by taking
into account the flexibility of the molecules. Moreover, both
the large size of the deleted groups and the presence of the polar
hydroxyl groups make it more difficult to sample solvent
configurations that are representative for both the hydrophobic
benzene and the partially polar moleculesa-e, since polar
functional groups require a more structured solvent distribution
than the hydrophobic benzene.

In order to better understand the extrapolation method, other
kinds of mutation were investigated. Given a certain reference
trajectory, the extrapolation method allows to use the same
ensemble of configurations for several different mutations. The
data shown in column E2 and E3 of Table 2 were calculated
from a trajectory generated on the basis of the largest molecule
c mutated to benzene. Using this trajectory, the free energy
values for the mutation of different molecules, such asa, b, d,
and e, to benzene were evaluated. However, other types of
mutations are also possible, such as direct mutations between
the moleculesa-e without going through benzene as an
intermediate. Mutations such asc to d or c to b are relatively
small, corresponding to a shortening of the alkyl chain by one
unit or deleting two methyl groups, and could therefore give
fewer problems in terms of convergence. However, the evalu-
ation of those mutations using the same reference trajectories
generated withR ) 0.6 andR ) 1.45 led to poor results (data
not shown). This is nevertheless an interesting result, pointing
out that the choice of the reference trajectory should match the
type of the desired mutation. In this case, the reference trajectory
was generated for a certain type of mutation, i.e., the deletion
of the entire functional group attached to the phenyl ring
(mutation of c to benzene), and could therefore be used for
similar mutations, such asa-e to benzene. However, the

configurations sampled were not representative for other kinds
of mutations, even if smaller, such as apartial deletion of the
functional group (mutations ofc to d or c to b).

Conclusions

In this study, the efficiency of the extrapolation method using
a single unphysical reference state was investigated and
compared to the results obtained with TI and to experimental
data. Functional groups of increasing size were deleted. The
influence of the soft-core parameterR, of the length of the
reference trajectory, and of the choice of the unphysical
reference state on the extrapolation results was analyzed.

We could confirm that the extrapolation method in combina-
tion with soft-core scaling developed by Liu et al.7 is a powerful
tool for a qualitative estimation of free energy differences
between similar molecular systems. For mutations involving the
deletion of functional groups with up to three atoms, one single
reference trajectory can be used for a qualitative scoring of
several compounds.

For mutations involving the deletion of large functional
groups with several degrees of freedom, the accurate sampling
of the entire configurational space becomes problematic. In such
cases, the results obtained with the extrapolation method strongly
depend on the reference trajectory used, and as expected, the
differences become more evident for shorter trajectories.
Moreover, in contrast to the work of Liu et al.,7 all the molecules
were treated as flexible with partial charges on the atoms. This
choice made it necessary to carry out simulations both in vacuo
and in solution, in order to obtain the hydration free energy,
and to use a soft-core potential scaling for both the Lennard-
Jones and electrostatic interactions. Flexible partially polar
molecules represent more realistic systems; however, the
increased number of degrees of freedom also implies more
sampling problems. The presence of the polar hydroxyl groups
also makes it more difficult to sample solvent configurations
representative for both the polar functional group and the
hydrophobic benzene.

The choice of the unphysical reference state, the length and
number of configurations of the reference trajectory, and theR
parameter become crucial for large mutations, since they
determine the efficiency of the sampling. If the reference
trajectory is generated using the topologies of the desired initial
and final states and using the same kind of mutation for which
the free energy has to be calculated, reliable results can be
obtained from relatively short simulations. However, if one
single trajectory is used for extrapolations to differing molecular
states, the convergence of the calculated free energy values is
not assured. The production of predictive values becomes
difficult, since it is impossible to establish the degree of
convergence of the results. Because of the presence of an
exponential weighting in the perturbation formula for the
calculation of the ensemble average, the sampling of a new
configuration with low interaction energy causes a sudden drop
of the extrapolated free energy (Figure 5). A constant running
average of the∆G value over a trajectory of several hundred
picoseconds does not necessarily mean that the value has
converged. Moreover, the same reference trajectory may yield
converged results for some mutations and unreliable results for
other, depending on the presence or absence of representative
low-energy conformations for the evaluated molecule. Therefore,
the length of the reference trajectory should increase with the
number of degrees of freedom of the deleted (or created)
functional group. The generation of very long trajectories (at
least in the nanosecond range) containing hundreds of thousands
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of configurations may be required for more accurate results.
This can eventually cause practical storage problems, especially
for simulations in explicit solvent. However, even if the
reference trajectory has to cover a long simulation time, the
extrapolation method is still more convenient than TI when
several molecules have to be qualitatively scored.

The choice of theR parameter, determining the softness of
the potential scaling, turns out to be also very important. Even
if the total free energy difference between two states does not
theoretically depend onR, the parameter strongly influences
the shape of the free energy profile (Figures 3 and 4), and
therefore determines how fast low-energy conformations are
sampled. Because of the finite length of the simulations, this
automatically implies that differentR-parameters can lead to
more or less converged free energy values. The results of this
work suggest that highR values are required for larger
mutations, whereas a relatively hard scaling (smallR values)
gives better results for smaller mutations, at least in the case
where the deleted groups are attached to a hard molecule. It is,
however, not possible, based on these results, to give a general
recipe for the choice of theR value which should still be
optimized if other systems are analyzed. Moreover, also the
environment influences the choice of the parameterR, e.g. in
the case that another solvent is used or for molecules bound to
an enzyme.

In general, the overall agreement between the different kinds
of extrapolations, TI, and experimental data for the deletion of
large functional groups was relatively satisfactory, given the
large mutations investigated on flexible molecules with polar
functional groups. However, for more reliable qualitative results
in the case of large mutations, the use of a longer reference
trajectory (>1 ns) or the splitting of the mutation using
intermediate states is recommended.
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