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Free-energy perturbation (FEP) is considered the most accurate
computational method1 for calculating relative solvation2 and
binding3 free-energy differences. Despite impressive results gener-
ated over the past two decades and some successes applying FEP
methods to both drug design4 and lead optimization,5,6 FEP
calculations are rarely used in the pharmaceutical industry. The
primary reason is frequently attributed to the inability of current
methods to feasibly evaluate large numbers of compounds over a
relatively short period of time. While the high CPU demand of
these calculations is one major factor limiting throughput, another
important factor relates to the availability of validated molecular
mechanics force field parameters. Since most drug candidates
contain substructures not fully described by existing parameters,
the user must develop and input parameters prior to initiating the
calculation. The process is time-consuming and often limited by
the absence of relevant experimental data. Moreover, the process
is difficult to automate since it is highly dependent on the structure
and requires considerable user expertise and judgment.

A strategy with the potential to generate accurate force field
parameters, possibly in an automated manner, entails use of
quantum mechanics (QM) to describe the ligand structure and
molecular mechanics (MM) to describe the surrounding environ-
ment (solvent, protein). Coupling of the QM and MM subsystems,
QM/MM, has been used successfully to characterize transition-state
structures.7 In this communication, we describe the integration of
QM/MM with FEP (QM/MM-based FEP) within the program
Galaxy (AM Technologies, Inc.)8 and the relative solvation free
energies calculated using this method for a series of structurally
diverse molecules.

As in conventional FEP methods, relative solvation free energies
were calculated by transforming solute A into solute B using theλ
coupling method.1 The thread technique,4-5,9 which is used
frequently in conventional FEP calculations for mapping structurally
dissimilar molecules, was used in all transformations in this work
and proved to be essential for our success. As illustrated in Figure
1, “threading” together phenylalanine and isoleucine results in a
dual topology in which the portions of the solutes being transformed
are described by topologies that for one solute start and the other
solute end the simulation entirely as dummy atoms.6aDummy atoms
are identical to real atoms except that their Lennard-Jones param-
eters and charges are set to zero. At intermediate points during the
transformation, all atoms in both topologies have fractional Lennard-
Jones parameters and charges.

Using the thread technique with the conventional FEP method
entails scaling the MM parameters according toλ and calculating
the corresponding MM energies. In contrast, the QM/MM-based
FEP method uses either ab initio or semiempirical QM methods to
calculate the energies and forces for the solute in the system and

MM methods to calculate the energies of the solvent (environment).
To calculate the QM energy, we implemented a procedure that
separated the threaded molecule into two molecules (A and B) at
each dynamic step. QM forces and energies were then computed
and scaled based onλ using eqs 1 and 2, respectively.

The total energy for the system was determined using eq 3
wherein the termEQM/MM represents the interaction energy for an
atomi in the MM part of the system and an atomj in the QM part
of the system. The free-energy change (eq 4) is decomposed into
the free-energy contribution from the subsystem treated by QM
and the free-energy contribution from the surroundings, i.e., the
subsystem not treated by QM (non-QM or NQM).

Calculations using the conventional and QM/MM-based FEP
methods were performed using procedures previously described.5,6a

The solutes were immersed in a 13 Å box of equilibrated SPC/E
water10 and energy minimized. A molecular dynamics (MD) time
step of 1 fs was used to minimize the incidence of premature
termination of the simulation due to poor convergence of the QM
energies. The energy-minimized system was equilibrated with 20
ps of MD at constant temperature (300°K) and pressure (1 atm),
periodic boundary conditions in all directions, SHAKE to constrain
all bond lengths and a nonbonded interaction cutoff of 12 Å. Fifty-
one windows were used for each electrostatic and van der Waals
free-energy difference. Each window consisted of 1.5 ps of
equilibration and 3 ps of data collection. Accordingly, each
calculation required 479 ps to complete the transformation. Errors
were estimated for each window by dividing the window statistics
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Figure 1. Dual topology definition for phenylalanine (A) to isoleucine
(B). Common atoms are represented by a single topology (amino acid
backbone). Forλ ) 0, the noncommon atoms for solute B are “dummy
atoms” as represented by the dashed structure. Hydrogen atoms are removed
for clarity.
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into four groups and computing the standard deviation.4b The
reported standard deviation is the root-mean-square of the window
errors.

Solvation free-energy differences for 10 molecular pairs were
calculated and compared to results from experimental data
(∆∆G(E))11 and/or results using conventional FEP methods
(∆∆G(FP)) (Table 1). Two methods were used in the QM/MM-
based FEP calculations. Both relied on AM1 semiempirical quantum
mechanics for calculating energies and gradients at each MD step.
One method used AM1/ESP derived partial atomic charges
(∆∆G(AM)), whereas the other method used HF/6-31G*/ESP
derived partial atomic charges (∆∆G(QM)).12

A comparison of relative solvation free energies computed using
the QM/MM-based FEP method (∆∆G(QM)) with the experimental
values suggested or values obtained from conventional methods
showed that the QM/MM-based FEP method was at least as
accurate, if not more accurate. In addition, a comparison of the
standard deviations for the calculated results revealed no differences
in calculation variability. In contrast, results obtained using the QM/
MM-based FEP method (∆∆G(AM)) generally underestimated the
experimental value presumably due to an underestimation of the
electrostatic contribution to the solvation free energy. The under-
estimation occurs particularly with polar solutes and is attributed
to an underestimation of the solute dipole moment.

Accurate results were obtained using∆∆G(QM) for molecular
pairs with large differences in structure and aromaticity (Phef
Ile), polarity (methanolf ethane), hydrogen bonding (acetonef
acetamide; adeninef guanine), and the total number of electrons
(1,1,1-trichloroethanef ethane). Moreover, the results were
accurate across a relative solvation free-energy difference range of
9.1 to 38.1 kJ/mol.

Not surprising, the QM/MM-based FEP method required 3- to
5-fold more CPU than the conventional FEP method to complete
the calculations on the molecular pairs chosen for this study. Further
increases in the CPU demand are expected for calculations involving
molecules with a greater number of atoms and/or electron-rich atoms
and for calculations using ab initio QM for determining both the
gradients and energies. Accordingly, CPU remains a potential
concern associated with the QM/MM-based FEP method but one
that may be minimized in the future if the exponential increases in
CPU power observed over the past two decades continues.

Moreover, additional CPU power will be gained following paral-
lelization of the code to enable simultaneous use of multiple
processors.

In summary, we developed a FEP method that uses QM for
treating the solute, MM for treating the solute surroundings, and
the FEP method for computing free-energy differences. Relative
solvation free energies for 10 molecular pairs were calculated, and
the results were in close agreement with both the calculated results
generated by conventional FEP methods and the experimentally
derived values. While considerably more CPU demanding than
conventional FEP methods, QM/MM-based FEP alleviates the need
for development of molecule-specific MM force field parameters
and therefore may enable future automation of FEP-based calcula-
tions. Moreover, calculation accuracy should be improved over
conventional methods especially for calculations reliant on MM
parameters derived in the absence of experimental data.13,14These
advances could further the use of FEP methodology in drug
discovery programs and thereby aid in more accurate drug candidate
prioritization.

Supporting Information Available: Dipole moments and electro-
static and van der Waals free energies (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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Table 1. Relative Solvation Free Energies (kJ/mol)

transformationa ∆∆G(AM)b ∆∆G(QM)c ∆∆G(FP)d ∆∆G(E)e

CH3OH f EtH 18.9( 1.9 29.7( 1.8 31.5( 1.9 29.0
AcCH3 f AcNH2 -19.6( 2.2 -27.9( 2.3 -28.8( 2.2 -24.8
C6H6 f C6H5OH -18.6( 1.6 -22.2( 1.7 -21.6( 1.7 -23.5
C6H6 f C6H5NH2 -15.0( 1.5 -17.8( 1.4 -18.2( 1.4 -16.7
CH3CCl3 f EtH 9.5( 2.2 9.1( 2.1 9.3( 2.2 8.4
C6H6 f C5H5N -9.9( 1.6 -13.2( 1.5 -12.6( 1.5 -14.7
Serf Cys 13.8( 1.8 18.8( 1.8 18.5( 1.8 16.0
Phef Ile 8.8( 3.0 10.7( 3.2 10.5( 3.1 12.1
Cyt f Thy 20.2( 2.0 25.6( 2.3 24.1( 2.2
Ade f Gua -24.5( 1.8 -38.1( 2.6 -36.3( 2.6

a Abbreviations: Cyt) cytidine, Thy) thymidine, Ade) adenine,
Gua) guanine.b Calculated using AM1 for both the gradients and ESP
partial atomic charges.c Calculated using AM1 for gradients and ab initio
(HF/6-31G*)/ESP for partial atomic charges.d Calculated using a con-
ventional FEP method and HF/6-31G*/ESP for partial atomic charges.e

Values obtained from experimental data reported in the literature.11
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