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Abstract: The ability to reliably compute accurate protein-ligand binding affinities is crucial to understanding
protein-ligand recognition and to structure-based drug design. A ligand’s binding affinity is specified by its
absolute binding free energy,∆Gbind, the free energy difference between the bound and unbound states. To
compute accurate free energy differences by free energy perturbation (FEP), “alchemical” rather than physical
processes are usually simulated by molecular dynamics simulations so as to minimize the perturbation to the
system. Here, we report a novel “alchemistic” application of the FEP methodology involving a large
perturbation. By mutating a ligand with 11 non-hydrogen atoms into six water molecules in the binding site
of a protein, we computed a∆Gbind within 3 kJ/mol of the experimental value. This is the first successful
example of the computation of∆Gbind for a protein:ligand pair with full treatment of the solvent degrees of
freedom.

Introduction

Fundamental to understanding how proteins recognize their
ligands and to the rational design of proteins and drugs is the
ability to compute protein-ligand binding affinities. While a
number of approaches are being pursued toward computing
ligand-protein binding affinities with use of empirical models,1-4

and models that treat parts of the system as a continuum,5,6

molecular dynamics simulations in full atomic detail employed
with the FEP methodology offer the prospect of a generally
applicable rigorous “first principles” solution to the “binding
problem”. In applications to protein-ligand binding, the FEP
methodology has usually been used to compute∆∆Gs, i.e.,
differences between the binding free energies of two similar
ligands to one protein target, or of one ligand to a protein and
a mutant. The “alchemical” mutations involved in such
simulations are often restricted to mutation of a single non-
hydrogen atom although mutations of several non-hydrogen
atoms have been performed.7,8 In the few previous examples
of computing absolute ligand binding free energies,∆Gbind, to
proteins, either no solvent was present in the binding site9 or
full relaxation of the solvent in the binding site at all stages of

the simulation was not permitted,10-13 possibly due to limitations
of computational resources. Although qualitative agreement
with experiment could be obtained in some of these calculations
(with differences between calculated and experimental values
of∼12 kJ/mol), a procedure with full treatment of the important
degrees of freedom of the solvent is necessary to reliably obtain
accurate results (within 4 kJ/mol of experimental values). To
develop and demonstrate such a procedure, we chose the binding
of the substrate, camphor, to cytochrome P450cam from
Pseudonomas putidaas an especially well-suited model system
because camphor binds in a buried active site isolated from bulk
solvent. This facilitates the identification of those solvent
molecules that are expelled from the active site into bulk solvent
upon ligand binding, and thus contribute to the thermodynamics
of the binding process. In addition, cytochrome P450cam has
long served as a model for understanding the structure-function
relationships of the cytochrome P450 superfamily of enzymes
and has thus been very well-characterized in biophysical
experiments.14 Furthermore, cytochrome P450cam is, itself, an
important biotechnological target for bioremediation tasks,15 and
the ability to compute binding constants for ligands to it is of
clear value in design projects.
The active site of cytochrome P450cam as observed crystal-

lographically is shown with camphor bound16 in Figure 1a, and
in the unbound state17 in Figure 1b. In the absence of camphor,
one ordered water molecule was observed as a ligand to the
heme iron and a second region of electron density in the active
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site was interpreted as corresponding to five additional water
molecules forming a network of hydrogen bonds. We have
previously calculated the thermodynamically most favorable
number of water molecules to occupy the unliganded active site
of cytochrome P450cam18 using the same methodology as
employed in this study. In agreement with the crystallographic
determination17 and studies employing hydrostatic pressure,19

the preferred hydration state was found to be 6 water molecules.
In this study, camphor was exchanged against 6 water molecules
during molecular dynamics simulations of a region of the protein
encompassing the active site and the associated free energy
change was computed. Combining this free energy difference
with free energy differences for the other components of∆Gbind

that we have previously computed (and which correspond to
transformations in solution)20,21 resulted in a computed∆Gbind

in excellent agreement with the experimental value.

Materials and Methods

Crystal structures of the substrate-free and camphor-bound cyto-
chrome P450cam from the Brookhaven Protein Databank (identifier
codes: 1phc and 2cpp, respectively) were used. Molecular dynamics
simulations were performed with the ARGOS program22 using the
GROMOS87 force field23 with the SPC/E water model.24

To compute the∆Gbind for camphor to cytochrome P450cam, the
free energy changes on exchanging camphor with six water molecules
both in the protein’s active site and in solution must be calculated.
The free energy change in solution was calculated by us previously
from the simulation of two separate transformations: the removal of
camphor from water21 (transformation (2) in Figure 3) and the insertion
of a water molecule into bulk water20 (giving the free energy change

for transformation (3) in Figure 3). Simulations in solution were carried
out for systems consisting of one solute molecule placed in a periodic
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Figure 1. The active site of cytochrome P450cam in the crystal structures with (a) camphor bound16 and (b) six water molecules bound.17 The
volume of the active site cavity is shown by a molecular surface constructed for the empty active site with a probe of radius 0.14 nm that was
generated with the GRASP program.30

Figure 2. Schematic plots showing (A) how the molecular interactions
were modified and (B) how the free energy change accumulated during
the molecular dynamics simulations in which six water molecules
(DUWO) were transformed into camphor (CAM) in the active site of
cytochrome P450cam in two stages. No interactions were calculated
between camphor and the active site water molecules. See text for
details.
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box of water molecules. For each system, the solute molecule was
gradually removed during simulations in which the free energy change
was computed by Multiconfigurational Thermodynamic Integration
(MCTI),25 using separation shifted potential scaling26 to ensure proper
convergence. Full details of these simulations are given in refs 20
and 21. The simulation of the transformation of six water molecules
into camphor in the active site of cytochrome P450cam (transformation
(1) in Figure 3) was performed as follows.
The parametrization and setup were the same as in our previous

work,20,27 except that the interaction between aliphatic carbon atoms
and water oxygens in the GROMOS87 force field23 was modified as
described in our recent study on the computation of hydration free
energies for small molecules21 (the C12 parameter for the repulsive
part of the Lennard-Jones interaction was changed from 421 to 690
[kcal Å-12 mol-1]1/2). Only the dynamics of a spherical region of the
protein of radius 15 Å around the geometric center of the active site
was simulated; atoms at a distance between 15 and 17 Å from the center
were harmonically restrained to their crystallographic positions, and
the rest of the solvated protein was held stationary.
Free energy changes were computed in two stages by MCTI25 during

molecular dynamics simulations. As shown in Figure 2a, the inter-

molecular interactions of camphor were smoothly changed from dummy
character (none) to full interactions during stage 1. Simultaneously,
the electrostatic interactions of the active site water molecules were
reduced from full interactions to those of artificial “hydrophobic water
molecules” with partial atomic charges scaled by 0.413. This scaling
factor gave the smoothest free energy curves in our previous study.18

All the remaining intermolecular interactions of the active site water
molecules were then removed completely during stage 2 while
maintaining the full interactions of camphor. No interactions were
calculated between camphor and the active site water molecules,
corresponding to the principle of dual topologies.28 Stages 1 and 2
each consisted of 21 windows with 6000 time steps of equilibration
and 45000 time steps of data acquisition. A time step of 2 fs was
used, and thus each of the two stages corresponded to 21× 102 ps or
ca. 2.2 ns of simulation. Such long simulation times and the use of
separation shifted potential scaling26 to facilitate the insertion and
deletion of particles ensured proper convergence of the free energy
changes.
At the beginning of each MCTI window, the coordinates of camphor

were assigned from the crystal structure of cytochrome P450cam with
camphor bound. Except for the first 13 MCTI windows of stage 1,
camphor stayed close to its crystallographic conformation, maintaining
the hydrogen bond to Tyr96. The conformational space accessible to
all perturbed atoms was reduced to a spherical region around the center
of the active site by a flat-bottomed harmonic well potential with a
force constant of 1000 kJ nm-2 mol-1 and a bottom radius of 0.6 nm.20

The computed free energy change was corrected for the contribution
of this restraint potential as described in ref 18. Finally, a correction
factor to give the binding free energy for 1 M standard state was also
computed as described in ref 18.

Results and Discussion

Figure 2 shows how the particle interactions were modified
during the simulations, and the free energy difference that was
obtained by this integration path. Note the smooth and nearly
monotonic shape of the free energy curve in Figure 2B; these
characteristics are important for obtaining converged results.
Particularly important in obtaining satisfactory convergence was
the choice of perturbation path. The scheme shown in Figure
2A was validated with computations of the energetically most
favorable hydration state of the active site.18 By testing several
schemes for the exchange of 6 water molecules with 6 different
water molecules in the active site, for which the computed free
energy change should be zero, a procedure similar to that shown
in Figure 2a was found to give the best results. The amount of
simulation time necessary (ca. 100 ps per simulation window)
was also estimated from these control simulations for water
exchange in the active site. The use of the flat-bottomed
harmonic well restraining potential is also essential for conver-
gence, and we tested this previously in computations of the
hydration free energy of interfacial cavities containing single
water molecules20 and the whole active site.18

The computed free energy change on converting six water
molecules into a camphor molecule in the active site of
cytochrome P450cam was the sum of 73.6( 0.7 kJ/mol for
stage 1, 62.4( 0.5 kJ/mol for stage 2, the correction for the
restraint potential of 1.3 kJ/mol for the first window of stage 1
and 2× 10-3 kJ/mol for the last window of stage 2, and the
correction to 1 M standard state of+5.1 kJ/mol, giving a total
of 142.4( 0.9 kJ/mol.
The results of this work were combined with those from our

previous work20,21 to give the absolute binding free energy of
camphor to cytochrome P450cam. The thermodynamic cycle
used and the calculated values are shown in Figure 3. The
computed value of∆Gbind of -29.1( 2.6 kJ/mol is ca. 3 kJ/
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Figure 3. Schematic diagram showing the thermodynamic transforma-
tions used to calculate the absolute binding free energy of camphor to
cytochrome P450cam. Transformation (1) was simulated in this work,
transformation (2) was simulated previously to compute the free energy
of hydration of camphor,21 and transformation (3) is equivalent to 6
times the excess hydration free energy of an SPC/E water molecule
without a polarization correction computed previously.20 The absolute
binding free energy of camphor to cytochrome P450cam is the sum of
parts 1, 2, and 3. The errors given are calculated from the autocorrelation
of the data.31 The small square represents camphor and the small circles
represent water molecules (black: present; white: absent). The system
simulated is represented by a square (periodic box of water molecules)
or circles (the active site of cytochrome P450cam surrounded by the
sphere of solvated protein whose dynamics is simulated and the
remaining protein which is held fixed).
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mol above the experimental value of-32.4 ( 0.3 kJ/mol.27

The ∆Gbind and ∆Ghydr computed from our calculations are
within 4 kJ/mol of the experimental value, a border that has
been termed “chemical accuracy”.29

This quality of agreement with experiment for∆Gbind can be
attributed to (i) the treatment of the contribution of water
molecules, (ii) the quality of the force field description, and
(iii) a simulation protocol designed to ensure sufficient sampling
of the relevant degrees of freedom as discussed above. The
explicit consideration of solvent is essential for computing
∆Gbind. This was also the case in our previous computations
of binding enthalpies for a set of camphor analogues binding
to cytochrome P450cam, for which very good agreement
between experimental and calculated binding enthalpies was
obtained when including all solvent contributions.27 These
calculations were performed with a modification of the Gro-
mos87 force field which gives a better description of carbon-
water interactions and whose parameters were derived and
validated by computing∆Ghydr for small compounds that are
chemically related to camphor.21

Although calculations for cytochrome P450cam are facilitated
by the buried nature of its active site, meaning that the water
molecules displaced on binding are clearly defined, as well as
the similarity of the protein structure in the presence and absence
of substrate (see Figure 1), these are not absolute requirements.
The method presented here should be generally applicable to
the calculation of protein-ligand∆Gbind values. Although in
the case considered here the ligand displaces all water molecules
from the binding site, the approach could be extended to cases
in which some of the water molecules in the binding site remain
on ligand binding and mediate the protein-ligand interaction.
∆Gbind could be calculated with use of the dual topology scheme
by simultaneously removing all water molecules from the
binding site and introducing the ligand together with the water
molecules with which it binds. Alternatively,∆Gbind could be
calculated by removing only the number of water molecules

displaced from the binding site and simultaneously introducing
the ligand. More extensive sampling than in the case studied
here may be necessary if the number and location of the water
molecules in the ligand-bound state are unknown. Another
extension of the approach would be to ligands binding at surface-
exposed sites on proteins. In such cases, the same general
procedure should be applicable but the effects of bulk solvent
on the simulated ligand-water molecule exchange process will
need to be examined carefully.

Conclusions

In conclusion, we have described a procedure for computing
the absolute binding free energy of a ligand to a protein with
full consideration of the contribution of water molecules by free
energy perturbation using molecular dynamics simulations. A
computed value within 3 kJ/mol of the experimental value is
obtained for the binding of camphor to cytochrome P450cam.
The excellent agreement provides support for the validity of
the model and the calculation procedure which is expected to
be applicable to other systems. Simulations of this type are
computationally demanding at present,32 but further develop-
ments in software and hardware will undoubtedly increase their
efficiency. The ability to compute∆Gbind values accurately will
permit not only the optimization of lead compounds but also
the design and evaluation of completely novel protein ligands.
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