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Thermodynamics of Water Mediating Protein-Ligand Interactions in
Cytochrome P450cam: A Molecular Dynamics Study

Volkhard Helms and Rebecca C. Wade
European Molecular Biology Laboratory, 69012 Heidelberg, Germany

ABSTRACT Ordered water molecules are observed by crystallography and nuclear magnetic resonance to mediate
protein-ligand interactions. Here, we examine the energetics of hydrating cavities formed at protein-ligand interfaces using
molecular dynamics simulations. The free energies of hydrating two cavities in the active site of two liganded complexes of
cytochrome P450cam were calculated by multiconfigurational thermodynamic integration. The complex of cytochrome
P450cam with 2-phenyl-imidazole contains a crystallographically well defined water molecule mediating hydrogen bonds
between the protein and the inhibitor. We calculate that this water molecule is stabilized by a binding free energy of -11.6
+ 6.6 kJ/mol. The complex of cytochrome P450cam with its natural substrate, camphor, contains a cavity that is empty in
the crystal structure although a water molecule in it could make a hydrogen bond to camphor. Here, solvation of this cavity
is calculated to be unfavorable by + 15.8 ± 5.0 kJ/mol. The molecular dynamics simulations can thus distinguish a hydrated
interfacial cavity from an empty one. They also provide support for the notion that protein-ligand complexes can accommo-
date empty interfacial cavities and that such cavities are likely to be unhydrated unless more than one hydrogen bond can
be made to a water molecule in the cavity.

INTRODUCTION

Water plays a fundamental role in the interactions of pro-
teins with their ligands. The binding process generally in-
volves an entropically favored displacement of solvent mol-
ecules from the protein and ligand surfaces and an
enthalpically favored reorganization of these solvent mole-
cules (Chervenak and Toone, 1994). For example, approx-
imately 65 water molecules appear to be released on binding
of glucose to hexokinase (Rand et al., 1993). Some solvent
molecules may, however, be trapped at the protein-ligand
interface. These may make an enthalpic contribution to the
ligand binding free energy by, for example, mediating hy-
drogen bond bridges between the ligand and the protein.
Because of their mobility relative to the protein and their
ability to both accept and donate hydrogen bonds, water
molecules are adaptable liganding partners that are able to
fill empty space, modulate the binding specificity of the
protein, and play a role in its function. Examples of protein
structures in which water molecules have been observed to
mediate protein-small molecule interactions include those
of the complexes of cholesterol oxidase with a steroid
substrate (Li et al., 1993), retinol-binding protein with ret-
inol (Cowan et al., 1990), adipocyte lipid-binding protein
with arachidonic acid (LaLondo et al., 1994b), adipocyte
lipid-binding protein with palmitate and with hexadecane-
sulfonic acid (LaLondo et al., 1994a), and L-arabinose-
binding protein with L-arabinose, D-fucose, and D-galactose
(Quiocho et al., 1989; Zacharias et al., 1993). Water mol-
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ecules have also been observed at protein-protein interfaces,
e.g., in the lysozyme D1.3 antibody-antigen complex (Bhat
et al., 1994) and in the hirudin-thrombin complex (Rydel
et al., 1991), and at protein-DNA interfaces, e.g., in the
lambda (Beamer and Pabo, 1992) and trp (Shakked et al.,
1994) repressor-operator complexes and in the complex of
erythroid transcription factor GATA-1 with DNA (Clore
et al., 1994).

In a protein-ligand complex, cavities may be present at
the intermolecular interface. For example, statistical analy-
sis shows that cavities are frequently present at protein-
protein interfaces (Hubbard and Argos, 1994). Such inter-
facial cavities may or may not be hydrated. We here
calculate free energies for the occupation of interfacial
cavities by water using a molecular dynamics (MD) simu-
lation method, thus providing a means to distinguish empty
interfacial cavities from hydrated ones. We consider two
possible solvation sites in two complexes of the well char-
acterized protein, cytochrome P450cam, which has an in-
ternal substrate binding site.

Cytochrome P450cam: a well characterized
model system

Members of the cytochrome P450 heme protein family are
ubiquitous in biological systems where they play important
roles in the synthesis of steroids and fatty acids and in the
metabolism of xenobiotics (Porter and Coon, 1991). Until
recently, only the crystallographic structure of P450cam
from the bacterium Pseudomonas putida was known and it
has provided the structural basis for understanding possible
reaction mechanisms. P450cam catalyzes the 5-exo-hy-
droxylation of camphor, which binds in a buried active site
that is not directly accessible from the solvent. Crystallo-
graphic structures have been solved for the substrate-free
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form of the enzyme (Poulos et al., 1986) and for complexes
with a number of different substrates and inhibitors (Poulos
et al., 1987; Poulos and Howard, 1987; Raag and Poulos,
1989; Raag and Poulos, 1991; Raag et al., 1993). A number
of MD simulations of P450cam with different ligands have
been reported by the group of Ornstein (see, e.g., Paulsen
and Ornstein, 1991), which have been directed mostly to
structural aspects of ligand binding. The different spin states
of the heme iron were analyzed by Loew and co-workers
(1993), and Jones et al. (1993) have calculated the free
energy difference for the binding of two isomers of nicotine
to P450cam.

A

Tyr 96

The substrate-free structure indicates the presence of ap-
proximately six water molecules in the active site (Poulos
et al., 1986). When a ligand binds, some or all of this
solvent is displaced, making a favorable contribution to the
free energy of ligand binding. Any solvent remaining when
a ligand is bound may assist ligand binding by filling empty
space and bridging hydrogen bonds. Two water molecules
were located in the active site of the crystal structure of the
complex of P450cam with 2-phenyl-imidazole (2phelm;
Fig. 1 A). One acts as the sixth ligand to the heme iron
whereas the other, water 802, is a well defined solvent
molecule (with 95% occupancy and a B-factor of 0.25 nm2)
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FIGURE 1 The active site of cyto-
chrome P450cam in the crystal struc-
tures of the enzyme complexed with
(A) 2-phenyl-imidazole, with the
crystallographically well defined wa-
ter molecule WAT802 shown, bridg-
ing hydrogen bonds (dotted lines) be-
tween the ligand and the protein, and
(B) camphor, with the additional wa-
ter molecule DUW suggested by the
GRID calculations, but not observed
in the crystal structure, modeled into
an optimal geometry.
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participating in hydrogen bonds with 2phelm and adjacent
protein residues. This water molecule is clearly mediating
the ligand-protein interaction and influencing the ligand
binding mode and orientation. Indeed, an MD simulation of
P450cam complexed with 2phelm by Harris et al. (1995)
indicates the importance of water 802 for the orientation of
the ligand. In contrast, no water molecules were assigned in
the active site of the complex of P450cam with camphor
(Fig. 1 B) despite the presence of interfacial cavities large
enough to accommodate water molecules.

Water binding site proposed in previous
GRID calculations

In an earlier study (Wade, 1990), the interaction energy of a
probe water molecule in the active site of P450cam with the
protein was calculated with the GRID program (Goodford,
1985; Boobbyer et al., 1989; Wade et al., 1993; Wade and
Goodford, 1993). This program implements a computation-
ally fast method of determining energetically favorable li-
gand binding sites on molecules of known structure. The
probe molecule is moved through the protein matrix on a
grid, and at each point, energies are calculated as the sum of
Lennard-Jones, electrostatic, and hydrogen bond terms with
explicit modeling of hydrogen bond geometries. For the
camphor-bound form of P450cam, two energy minima be-
low -24 kJ/mol were located for a water molecule inside
the active site. One of them, which was labeled site D, is
located in a hydrophobic region of the active site but is
within hydrogen bonding distance of the camphor oxygen.
This is not a favorable site for a water probe in the absence
of camphor. In the presence of camphor, however, a water
molecule in this position could donate a hydrogen bond of
optimal geometry to the camphor oxygen. Thus, the hydro-
gen-bonding capacity of camphor would be fully satisfied
and the water molecule would contribute, along with Tyr
96, to stabilizing the binding of camphor in the active site in
the correct orientation for the regiospecific reaction. Fig. 1
B shows the arrangement of protein residues around an
optimally positioned water molecule in the proposed site D.

It was proposed that this cavity could be filled by cam-
phor analogues with a hydrophobic moiety added at the
camphor carbonyl position, which could make favorable
van der Waals contacts with the surrounding residues
(Wade, 1990). With these additional interactions, such com-
pounds were predicted to bind to P450cam with greater
affinity than camphor itself. In addition, any water in this
cavity would be pushed into the bulk solvent upon binding
of such ligands, with a resultant gain in entropy. In agree-
ment with this proposal, compounds designed to occupy this
region have been found to bind more tightly than camphor
(V. Helms, E. Deprez, E. Gill, C. Barret, G. Hui Bon Hoa,
and R. C. Wade, unpublished data).
As stated in the previous section, a water molecule was

not observed at site D in the crystal structure. This discrep-

indicates that the determination of the hydration state of an
interfacial cavity such as site D is not simple. Thus, we here
calculate the free energy of hydrating site D with a MD
simulation method. We also calculate the free energy of
placing the water 802, which provides a good example of a
water molecule mediating a protein-ligand interaction, at its
observed position in the complex of P450cam with 2phelm.

Calculation of free energies of cavity hydration
by MD simulations

The process of hydration of a cavity in a protein with a
water molecule can be considered as two steps: first, the
removal of one water molecule from bulk aqueous solvent
and, second, the insertion of one water molecule into the
cavity. The free energy changes associated with these
steps can be calculated by using MD simulations together
with the methods of thermodynamic perturbation and
thermodynamic integration (TI) (Beveridge and DiCapua,
1989; Reynolds et al., 1992; Straatsma and McCammon,
1992; van Gunsteren and Mark, 1992; Kollman, 1993; van
Gunsteren et al., 1993), which allow the calculation of
nonphysical, so-called alchemical, processes during a MD
simulation. We demonstrated this previously by calculating
the free energies of hydrating two cavities in sulfate-binding
protein, one of which was observed crystallographically to
be solvated whereas the other was not (Wade et al., 1991).
In agreement with experiment, we calculated the free energy
of cavity hydration to be unfavorable in the case of the
empty cavity for which no strong hydrogen bonds could be
made and favorable in the case of the occupied cavity for
which four hydrogen bonds to the water molecule could be
made.

For the cavities studied here at protein-ligand interfaces
in P450cam, we have followed the same basic approach.
These cavities are, however, larger than those studied pre-
viously and this has necessitated the development and use of
a more accurate and generally applicable protocol for cal-
culating the free energy differences. This involves (1) the
use of the multiconfigurational thermodynamic integration
(MCTI) method (Straatsma and McCammon, 1991) and (2)
the application of a flat-bottomed harmonic well (FBHW)
potential to the solvent molecule removed or inserted during
the simulations. These two features are outlined here.

The MCTI method

During a simulation to calculate a free energy difference,
system A is transformed smoothly into system B by cou-
pling the system Hamiltonian H to a coupling parameter A
that changes from 0 to 1.

H(A) = (1 - A)H(A) + AH(B)

In the MCTI method (Straatsma and McCammon, 1991),
the change in A is carried out in discrete steps, which are

ancy between the GRID and the crystallographic studies
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simulation consisting of an initial equilibration stage and a
subsequent data collection phase is performed. Derivatives
of H(A) with respect to A are calculated for each window as
the average from a representative statistical ensemble. The
total free energy difference between the two systems, A and
B, is obtained as the sum of the contributions of the single
windows. The statistical error in aH/8A accumulated during
a MCTI simulation can be calculated from the autocorrela-
tion of aHA/A during data collection in each of the windows
(Straatsma et al., 1986).

The FBHW potential

When a system is simulated without periodic boundary
conditions, as is the case for our protein simulations, and the
interactions of one particle with the rest of the system are
completely removed, it is possible for the particle to escape
from the simulated system. One method to prevent the
particle from escaping is to assign it a very high mass as was
done in our previous work (Wade et al., 1991). This method
seemed suitable for small cavities in which the water mol-
ecule has little freedom to move, but tests with a mass of
9000 amu showed that it was not appropriate for the larger
cavities studied here in which the sampling of the cavity
space by the perturbed water was severely slowed by the
artificial mass.
Hermans and Shankar (1986) used a harmonic restraint

U(r) = 0.5(1 - A)K(r - ro)2 in their study of xenon binding
to myoglobin. The problem with this is that it restricts the
space sampled by the perturbed water during the simula-
tions. Therefore, we constructed a FBHW potential, which
prevents the water from escaping from a specified spherical
region but does not artificially perturb its motion when it is
inside the spherical region.

U(r) = K(r - ro)2 if r> rO

U(r) = 0 otherwise

where r is the distance of the particle from the center of the
FBHW, ro is the bottom radius, and K is a force constant.
This potential was used for the simulations described here
with a range of ro values between 0.02 and 0.8 nm. It
permits the calculation of the free energy of hydrating a

cavity by a water molecule that has considerable freedom to
move.

In the next section, we present the parameterization and
set-up of the simulated systems and the protocols for the
MD simulations. The results of the free energy calculations
for the complexes of P450cam with camphor and with
2phelm and for simulations of bulk water systems are given
in the subsequent section. Finally, the results of the simu-
lations and possible implications for the design of ligands
are discussed.

METHODS

Coordinates
The crystallographic coordinates of cytochrome P450cam, complexed with
camphor at 0.163 nm resolution (Poulos et al., 1987) and P450cam com-
plexed with 2phelm at 0.21 nm resolution (Poulos and Howard, 1987),
were taken from the files 2cpp and lphe, respectively, of the Brookhaven
Protein Data Bank (Bernstein et al., 1977). The structures consist of
residues 10-414 and do not contain coordinates for the first 9 amino acids.
An amino-terminal blocking group was added to residue 10 and the first 9
residues were omitted for the simulations. The coordinates of the missing
atoms of Lys216 were modeled with the QUANTA software package
(Molecular Simulation, Inc., Waltham, MA). If, as for lphe, two alternative
positions for residue side chains were given in the crystal structure, we
used set A. Crystallographic water 515 was replaced by a potassium ion
because it is octahedrally coordinated by four protein backbone oxygens
and two water molecules and specific binding of K+ to P450cam has been
demonstrated experimentally (Di Primo et al., 1990).

The environment of all aspartate, glutamate, and histidine residues was
analyzed graphically to determine their protonation states. Three histidines
were assigned as doubly protonated: His62, His270, and His355. The side
chain of Asp297 lies 0.27 nm from one of the heme propionate group
oxygens (Poulos et al., 1987). To carry out the simulations, either the
propionate group or the aspartate side chain must be protonated, although
in reality both functional groups could share a common proton. We tried
both possibilities in test simulations and found that protonation of Asp297
led to geometries closer to the crystal structure. Hydrogen atoms were
added to the polar protein atoms and the 203 crystallographic waters with
the ARGOS program (Straatsma and McCammon, 1990). The positions of
Tyr, Thr, Ser, and water hydrogens were adjusted by graphical inspection
to optimize hydrogen bond formation.

Parameterization

The standard 37D4 GROMOS force field (van Gunsteren and Berendsen,
1987) was used with an SPC/E water model (Berendsen and Grigera,
1987). Polar hydrogens were modeled explicitly; all aliphatic carbons were
modeled as united atoms.

The heme group and the camphor and 2pheIm ligands are shown in Fig.
2. The additional parameters that were constructed for them are listed in
Table 1. The bonded parameters of the heme moiety and the axial cysteine
ligand were taken from the 2cpp crystal structure. Improper dihedrals were
added to maintain the planarity of the heme during the simulation. The
Lennard-Jones nonbonded parameters for Fe were taken from Collins and
co-workers (1991). MD simulations (20 ps) of the substrate-free P450cam
structure with a sixth ligand water molecule were performed for five
different combinations of Fe and N charges and the remaining charge was
distributed over the porphyrin ring. The set of partial atomic charges that
resulted in the closest agreement of the average Fe-water oxygen distance
(0.201 nm) with the experimental crystal structure value (0.228 nm) was
chosen.

For camphor, missing bonded parameters were modeled based on the
2cpp crystal structure and partial atomic charges were assigned by analogy
to those for amino acid residues in the GROMOS force field, following the
common procedure for the use of this force field. The partial atomic
charges used result in a dipole moment of 2.24 D, which is lower than the
experimental value of 2.97 D measured in cyclohexane (Crossley et al.,
1968).

Bond and bond angle parameters for 2phelm were taken as average
values from the following three x-ray structures in the Cambridge Struc-
tural Database (Allen et al., 1979) that contain 2pheIm: #SORBAC (1),
#ACMPIM10 (2), and #GAFJOM (3). The dihedral angle between the two
rings could not be taken from these three crystal structures, as the dihedral
angle has a range of values (121.40 and -135.0° for the two units of (1),
-164.4° (2), and 151.40 (3)), whereas the two rings are almost planar
(-176.3°) in the lphe crystal structure. A calculation of the torsional
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FIGURE 2 Sketch of (A) the heme, (B) camphor, and (C) 2phelm.

barrier around the bond between the two rings with the MNDO semi-
empirical method implemented in MOPAC (Dewar and Thiel, 1977) re-
sulted in two energy minima at 900 and 2700 with a barrier height of 8.8
kJ/mol. This is in good agreement with an MM2 study for 5-phenyl-
imidazole that gave a torsional barrier of 7.7 kJ/mol, also with minima at
900 and 2700 (Garduno-Juarez and Ocampo-Garcia, 1989). As there is no
analogous chemical fragment in the GROMOS parameter set, partial
atomic charges for 2phelm were assigned from calculations using the
MNDO/ESP method (Besler et al., 1990).

Set-up of simulations
The MD simulations were done with versions 5.811 and 6.0 of the ARGOS
program (Straatsma and McCammon, 1990).

The solvent-solvent nonbonded pair list was updated every 10 steps, the
solvent-solute list every 15 steps, and the solute-solute list every 20 steps.
A twin-range nonbonded cutoff was applied in all simulations; all non-
bonded forces within 0.8 nm were calculated every step whereas interac-
tions between 0.8 and 1.0 nm were updated only every fifth step. All bond
lengths were constrained by the SHAKE algorithm (Ryckaert et al., 1977)
and a time step of 2 fs was used.

Protein systems

For simulations of both the camphor and the 2phelm complexes, a 3.2-nm
sphere of solvent (constructed from a preequilibrated box of SPC/E water
(Berendsen and Grigera, 1987)) was superimposed on the protein and
centered on the oxygen of the water molecule to be perturbed. In the
P450cam-camphor complex, this water molecule was positioned at the
energy minimum (site D) located by the GRID program (Wade, 1990) (see
Fig. 1 B). During equilibration, this water molecule was treated as a
dummy atom without electrostatic and Lennard-Jones interactions. It was
named DUW (for dummy water). All added water molecules closer than
0.26 nm to any nonhydrogen atom of the protein were removed. Four
additional water molecules that were superimposed on a hydrophobic
region of the active site were also excluded from the simulations. In the
case of 2phelm, this resulted in a system of 11,457 atoms including 2,500
solvent molecules.

The same heating and equilibration protocol was used for both com-
plexes. The added hydrogens, Lys216 atoms and the amino-terminal block-
ing group were subjected to 100 steps of steepest descent energy minimi-
zation (SD-EM) whereas all other atoms were held fixed. Then, all water
molecules between 2.2 and 3.2 nm from the central water molecule were
restrained to their positions with a force constant of 2000 kJ/nm2 X mol
and the added water molecules within 2.2 nm were subjected to 100 steps
of SD-EM along with the hydrogens and modeled atoms. This minimiza-
tion was followed by an additional 100 steps of SD-EM in which the
crystallographic waters were restrained to their crystallographic positions
with a force constant of 2000 kJ/mol X nm2 rather than being fixed. The
same atoms were allowed to move during three successive MD simulations
under constant particle number, volume, and temperature (NVT) condi-
tions at 100 K, 200 K, and 300 K, after which they were again energy
minimized with 100 steps SD-EM.

The protein and solvent atoms were then heated at the same time. First,
all atoms within 1.8 nm of the center were allowed to move freely and the
remaining atoms were fixed, and 100 steps of SD-EM were performed.
Then all atoms within 1.2 nm of the center were assigned to be free and
atoms between 1.2 and 1.4 nm were restrained to their crystallographic
positions by a weak restraining force of 250 kJ/nm-2 mol' . The rest of the
system was held fixed. If any atom of a charge group was lying outside a
restraint distance range, all atoms of the charge group were either re-
strained or fixed. All water molecules beyond 2.8 nm from the center were
removed. This led to a system of 5574 atoms for the 2phelm system. A
total of 20 water molecules and 394 solute atoms were completely free to
move and 19 water molecules and 236 solute atoms were restrained. The
heating phase consisted of 5 ps of MD each at 100 K, 200 K, and 300 K
under constant particle number, volume, and energy (NVE) conditions.
New atomic velocities were assigned every 0.2 ps acccording to a Max-
well-Boltzmann distribution, and 100 ps of simulation followed at 300 K
under NVT conditions. The solute and solvent parts of the system were
separately coupled to a Berendsen thermostat (Berendsen et al., 1984) at
300 K with coupling times of 0.1 and 0.4 ps, respectively. Equilibration
was monitored by inspection of the individual energy components (data not
shown).

To check the effect of limiting the moving part of the system to a sphere
of 1.2-nm radius, we also constructed a bigger protein system for the
2phelm case. Starting from the system obtained after the solvent-only
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TABLE I Force field parameters used in MD simulations of the complexes of cytochrome P450cam with camphor and
with 2phelm

A: Parameters for the heme with a cysteine ligand B: Parameters for camphor-Continued
Bond parameters re k Angle parameters k

(nm) (J/nm-2 mol)| 0 (kJ rad-2 mol-1)
Fe-N 0.209 4.18 X 105 C1-C2-C3, C6-C1-C2, 109.50 460
Fe-SG 0.220 4.18 X 105 C3/C5-C4-C7

Angle parameters k C1-C7-C4 900 460
0 (U/rad-2 mol-1) C1-C2-O 1210 502

C1-C6-C5, C6-C1-C7, 1110 460
SG-Fe-N 1020 418 Cl/C4-C7-C8/C9, C8-C7-C9,
CB-SG-Fe 109.50 251 C2-C1-C7, C2/C6/C7-Cl-C1O
N1-Fe-Nj+j 900 418
Ni-Fe-Ni+2 155.60 418 Improper dihedral parameters k
C1-N-C4 1080 376 4) (kJ rad-2 mol-1)
N-C1-C2, C1-C2-C3, N-C4-C3, 1080 418 C2-C1-C3-O 00 502
C2-C3-C4

N-C1-CH, C2/C4-C3-CM, CH-C1-C2, 1260 418 Partial atomic charges'l q (e)
C1/C3-C2-CA, Ni/C3i-C4i-CH1+,, C2 0.38
C4i-CHi+,-Cli+,, Fe-N-Cl/C4 2 -0.38

C2-CA-CB, CA-CB-CG 1110 418 0 0
CB-CG-01/2 1170 502 Other atoms 0
O1-CG-02 1260 502

C: Parameters for 2phelm
Proper dihedral parameters k Atom label GROMOS

n (U/rad 2 mol-1) atom types
C2-C3-CA-CB 2 0.42

Ni. N3 NR5*
Improper dihedral parameters k C2 CB

(A (U/rad-2 mol-1) H3 H

Fe-Cl-C4-N 8.60 167 C4, C5 CR51

Improper dihedrals on pyrrole rings as for histidine, improper C6-C11 CR61
dihedrals on propionate groups as for aspartate in the Bond parameters re k
GROMOS87 force field (nm) (UJ nm -2 mol-F)

Lennard-Jones parameters A B N1-C2 0.131 4.18 X 105
(kJ nm-'2 molF-) (kJ nm-6 mol-1) C2-N3 0.138 4.18 X 105

Fe' 4.30115 X 10-5 8.86909 X 10-3 N3-C4 0.138 4.18 X i05
Kt 1.06892 X 10-3 8.8958 x 10-3 C4-C5 0.134 4.18 X 105

CS-Ni 0.139 4.18 X 10'
Partial atomic charges q (e) N1-C6 0.147 4.18 X 105

Fe 1.0 Angle parameters k
N -0.4 0 (kJ rad-2 mol- 1)
CH 0.1
CM 0.2 Nl-C2-N3, C4-C5-N1 1110 418
CG 0.27§ Nl/N3-C2-C7 124.50 418
01, 02 -0.635§ C2-N3-C4, N3-C4-C5 108° 418
SG -0.5 C2-C6-C7/C1l 1200 418
CB -0.1

Proper dihedral parameters k
B: Parameters for camphor n (kJ rad-2 mol- )

Atom label GROMOS
atom types N1-C2-C6-C7 2 2.09

Cl, C2, C7 C Improper dihedral parameters
C4 CH1 On imidazole ring as for histidine, on phenyl ring as for
C3, C5, C6 CH2 phenylalanine in the GROMOS87 force field
C8, C9, C10 CH3 Partial atomic charges q (e)O -

Bond parameters re k Ni, N3 -0.4
(nm) (U nm 2 mol-1) C2, H3 0.3

C4, CS 0.1
C1-C2, C1-C6, C1-C7, C4-C7, 0.153 3.34 X 105 Others 0

C7-C8, C7-C9, Cl-ClO

'Taken from Collins et al., 1991.
t Taken from Aquist, 1990.
§ Taken from the aspartate residue of the GROMOS87 force field.
11 Assigned with the same charges as equivalent groups in proteins in the GROMOS87 force field; they are also the same as used by (Paulsen and Ornstein, 1991).
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equilibration stage, the protein and solvent were energy minimized with all
atoms within 2.2 nm of the center allowed to move. The heating stages
were done with all atoms within 2.0 nm free, atoms between 2.0 and 2.2 nm
restrained with a force constant of 250 kJ/nm-2 mol-1, and all remaining
atoms fixed. As for the small system, 100-ps MD equilibration were then
performed at 300 K under NVT conditions. The number of freely moving
atoms was 2317 for the big system (204 water molecules and 1704 solute
atoms free and 111 water molecules and 359 solute atoms restrained). The
amount of computing time necessary for the big system was three times as

great as that for the small system. However, analysis of the individual
components of the system energy (data not given) showed that, in contrast
to the small system, the big protein system was not fully equilibrated after
100 ps of MD simulation at 300 K. Therefore, a detailed comparison of
atomic mobilities and torsional flexibilities was not justified. In general,
the atomic mobilities were quite similar: for the big system, the root mean

square (RMS) fluctuations of most active site residues had a broad uniform
distribution of 0.04-0.05 nm, whereas for the small system the differences
between single residues were more pronounced with values between 0.029
and 0.070 nm. The RMS fluctuations for 2phelm and water 802, e.g., were
0.088 and 0.072 nm for the small system and 0.071 and 0.088 nm for the
big system. This indicates that the restriction of the moving system to a

sphere of 1.2 nm gives a reasonable description of the atomic mobilities of
the active site residues.

In addition, the fluctuations of the torsional dihedrals on the protein
backbone for the smaller system were approximately 8-10°. This can be
compared with a MD simulation of the camphor-bound P450cam complex
in vacuo (Paulsen et al., 1991) where only crystal waters were included, but
all atoms were treated as dynamic, which showed average RMS fluctua-
tions of 12.9° for the backbone dihedral angles. Moreover, Harris et al.
(1995) found that similar hydroxylation ratios could be predicted from MD
simulations of the full protein and from simulations in which only the
active site region was dynamic.

Large changes in pressure during the simulations could influence the
free energies calculated. To ensure that such pressure abnormalities were

absent, we monitored the energy due to the harmonic restraint potential
applied to atoms in the restrained shell region. If, for example, the pressure
in the inner dynamic region was too high, one would expect that the
removal of a water molecule would be followed by a relaxation of the at-
oms in the restrained shell. In our simulations, no drift in the restraint
energy was observed, either for the removal of a water molecule from the
2phelm complex or for the introduction of a water molecule into the cam-

phor complex.

Bulk water systems
Two systems were constructed by replication of a preequilibrated box of
216 water molecules (298 K, constant particle number, pressure, and
temperature (NPT) conditions):

(1) A cubic box of 461 water molecules of 2.4-nm box dimensions,
treated with periodic boundary conditions; 200 ps MD of equilibration
were performed under NVT conditions at 300 K.

(2) A 2.6-nm radius sphere of water molecules. Molecules in the inner
1.2 nm were allowed to move freely, molecules in the region between 1.2
and 1.4 nm from the center were restrained to their starting positions by a
harmonic potential with a force constant of 2000 UJ nm -2 mol-1, and the
remaining waters were fixed. The system contained 2459 water molecules
in total; 238 molecules were in the inner region and 46 molecules were in
the restrained region. Although the spherical system has a smaller number
of freely moving atoms, the amount of computing time necessary was
larger than for the cubic box by a factor of 2.1 because a large number of
nonbonded interactions with the fixed atoms had to be calculated.

The spherical system with extended wall boundary conditions is equiv-
alent in dimensions to the systems set up for the protein calculations. One
characteristic of extended wall boundaries is that, during processes of
particle insertion or removal, work is done against the restraining potential
on atoms in the restraint region (van Gunsteren et al., 1993). This unde-
sirable contribution to a calculated free energy can, in principle, be reduced

by cancellation of errors on combining results for a spherical water system
with the results for the spherical protein systems. Yet in a spherical water
system, it is possible for the water molecule that is mutated to move close
to the border region and this could introduce an artifact because of the
anisotropic motion of the water molecule's surroundings in such configu-
rations. To separate the effect of the extended wall boundary from that of
the FBHW potential, all simulations to study the dependence of the
calculated free energy difference on the size of the FBHW bottom radius
were done for the cubic water box. The comparison of free energy differ-
ences calculated in the spherical and cubic solvent systems allows the
effects of any artifacts due to the spherical boundary region to be detected.
For the cubic box, two different starting configurations for the MCTI
calculations were used, both starting from the coordinates and velocities
obtained after 200-ps NVT equilibration. The first configuration, A, was
with the water molecule to be removed, named WAT, 0.41 nm from the
edge of the box. For bottom radii up to 0.3 nm, the FBHW was centered
on WAT, for a bottom radius of 0.3 nm it was shifted by 0.1 nm toward the
center of the box and for a bottom radius of 0.5 nm it was shifted by 0.2
nm. The second configuration, B, was with the water molecule closest to
the center of the box assigned as WAT and the FBHW centered on WAT.
Both starting configurations can be considered as equally valid.

Free energy calculations

During the perturbation simulations, the interaction of the perturbed water
molecule with its surroundings was gradually switched on or off by
coupling it linearly to variable A during each simulation. Lennard-Jones
and electrostatic nonbonded interactions were coupled to A simultaneously.
Electrostatic decoupling, as used in our previous work (Wade et al., 1991)
to prevent the problems associated with simulating perturbed charged
atoms when they have small radii, was not necessary. Instead, we used a
recently developed separation-shifted scaling method (Zacharias et al.,
1994) for the bulk water and 2phelm simulations that enables singularities
to be avoided when the interactions of the perturbed atoms become very
small. Shifting of the interactions was done with the adjustable parameter
set to 0.05 nm.

MCTI calculations (Straatsma and McCammon, 1991) were performed
for 21 windows with A values of 0.0, 0.05, --., 1.0. For the protein
systems, each window consisted of 1000 MD steps of equilibration fol-
lowed by 1000 steps of data collection. Dynamic windows were used for
data collection for the bulk water systems with the number of data collec-
tion steps varying between 2000 and 5000 steps. Data collection for a
window was stopped when both of the following criteria were met: statis-
tical error from data autocorrelation of a1-/cIA < S kJ mol-1 and drift in
aH < 5 kJ mol' during the window length. The convergence of the
simulations was monitored by following the free energy change versus the
length of the data collection window (Zacharias et al., 1994). For the
protein simulations, coordinate sets were recorded every 100 steps during
data collection to analyze the extent of spatial sampling of the perturbed
water molecule.

In parallel with the MCTI analysis, a multi-step thermodynamic pertur-
bation analysis was performed. The results of both analyses showed no
significant differences (data not shown).

Control over the mobility of the perturbed water

The force constant K for the FBHW potential was taken as 2000 kJ nm-2
mol'1, which is a typical restraining force in MD simulations. The influ-
ence of the size of the bottom radius on the calculated free energy was
investigated by varying the bottom radius from 0.02 to 0.5 nm in the bulk
water periodic box system.

Application of the FBHW in the spherical bulk water system was also
tested. A 60-ps equilibration at 300 K under NVT conditions was per-
formed. Then the closest water to the center of the sphere was assigned
as WAT. During two independent MCTI calculations, WAT was removed
by applying the FBHW potential with a bottom radius of 0.8 nm (21 X
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(1000 + 3000) steps) and with a bottom radius of 0.4 nm (21 X (1000 +
2000) steps). A 33

3 1

Energy calculations with GRID and GROMOS
energy functions

The interaction energies for a water probe in the 2cpp-DUW position and
the lphe-WAT802 position were calculated with version 11 of the GRID
program. Interaction energies for the GROMOS force field were calculated
for these positions in the crystal structures of the proteins after minimizing
and equilibrating the added hydrogens and the added solvent with the
ARGOS program. The position of the water molecule was minimized,
keeping all other atoms fixed, and the nonbonded energy between the water
molecule and the rest of the system was calculated.

Calculation of accessible volume for water
molecules during MD simulations

The spread in the positions of a water molecule in superimposed snapshots
taken at 0.5-ps intervals during a MD simulation was considered as a

representative measure of the accessible conformational space of the water
molecule during the simulation. A van der Waals surface was constructed
around the resultant water blob (water oxygen positions) and its volume
was calculated with the GRASP program (Nicholls and Honig, 1992).

RESULTS

Bulk water system

The excess free energy (before correction for polarization)
of an SPC/E water molecule allowed to move without
any restraints in a periodic box of water was calculated to
be -30.4 ± 0.9 kJ mol-1 in an MCTI calculation of 21 x
(1000 + 5000) steps (total simulation time of 252 ps). This
result was taken as a reference point for the following
simulations in which a FBHW restraint potential was ap-

plied to the perturbed water molecule.
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Simulations with the FBHW potential

Fig. 3 shows the results for a simulation under periodic
boundary conditions which was started from starting struc-
ture A with a 0.5-nm bottom radius. In this simulation, the
calculated AF was 30.1 ± 1.2 kJ mol-1 after 21 X (1000 +
2000) steps (total of 126 ps of simulation) and 31.3 ± 1.1 kJ
mol-1 after 21 x (1000 + [2000 - 5000]) steps (160.4 ps)
(see Fig. 3 A). This example demonstrates the improvement
in the accuracy of the statistical error and the convergence
of the free energy as sampling is increased. Application of
dynamic windowing successfully prevented unnecessary
data collection as only windows 1-5, 7, 11, 13, and 15
were extended to the maximal number of 5000 data collec-
tion time steps. This particular simulation therefore lasted
only 160.4 ps instead of 252 ps for a simulation with 21 X
(1000 + 5000) steps.

Fig. 4 summarizes the results for all simulations with a
FBHW potential and shows the dependence of the calcu-
lated total AF value upon the size of the bottom radius for

FIGURE 3 Calculated free energy changes (AF) during a MCTI simu-
lation in which a water molecule was removed from a box of 460 water
molecules under periodic boundary conditions with a FBHW potential with
a bottom radius of 0.5 nm. (A) AF versus the number of time steps in the
data-gathering window, (B) cumulative AF versus A, and (C) cumulative
statistical error in AF versus A.

the A and B starting configurations. The results for A and B
differ by approximately 3 kJ mol-1 for bottom radii of 0.1
and 0.5 nm, which is far more than the statistical error of the
single simulations (approximately 1 UJ mol-1). To account
for this, a mean value for AF was calculated from all of the
simulations with different bottom radii as AF = 30.3 kJ
mol-1 with a standard deviation of 1.7 kJ mol-1. The
average statistical error during the simulations was 1.1 kJ
mol-'. The two sources of error were then simply added, as
they can be considered to be independent of each other. One
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FIGURE 4 The excess free energy AF calculated for removing one water
molecule, WAT, from a periodic box of 460 water molecules versus the
bottom radius of the flat-bottomed harmonic well FBHW potential applied
to WAT. Two different starting coordinates and velocities were used: In A,
WAT was located at its position after 200-ps NVT equilibration (0); in B,
WAT was exchanged with the closest water molecule to the center of the
box after equilibration (0).

describes the inherent statistics of each simulation; the other
describes differences between separate simulations due to
different starting conditions (A or B) and different simula-
tion conditions (size ofFBHW radius). This gave an overall
AF for SPC/E water of 30.3 ± 2.7 kJ mol-1 for a broad
range of bottom radii. These results are summarized in
Table 2.
Two simulations were carried out with zero bottom radius

(ro = 0), one in which the water oxygen was restrained to
its starting position by a 200-UJ nm-2 molF- harmonic
restraint and the other in which it was fixed in this position.
The resultant free energies were AF = 32.8 + 1.1 kJ mol-1
and 32.3 ± 1.1 kJ mol-', respectively. Comparable results
were obtained from simulations with an unphysically heavy
mass on the perturbed water oxygen. Results for 21 X (1000
+ [2000 < x < 5000]) window simulations are 31.4 ± 1.1
UJ mol-F for a 64 amu mass on the oxygen, 31.2 ± 1.1 kJ
mol-F for 500 amu, 33.8 ± 1.0 UJ mol-F for 1000 amu, and
33.7 ± 1.1 kJ mol-F for 9000 amu.

The results for the removal of a water molecule from a

2.6-nm sphere of water molecules were AF = 28.2 ± 1.3 kJ
mol-F with a 0.8-nm bottom radius and 29.8 ± 1.5 kJ

mol-1 with a 0.4-nm bottom radius. They are within the
error range of the results for the cubic box.

Complex of P45Ocam with camphor

First, test simulations were performed starting from the
crystal structure of P450cam with the addition of a water
molecule at the GRID energy minimum site D. When the
water molecule was not restrained, we observed that, after
the 15-ps NVE heating stage, the hydrogen bond between
Tyr96 and camphor was broken after 3 ps of the NVT
equilibration. For approximately 80 ps, two intermediate
hydrogen bonds were formed; the water molecule accepted
a hydrogen bond from Tyr96 and donated a hydrogen bond
to the camphor carbonyl oxygen. But these hydrogen bonds
were present only 83% (Tyr-DUW) and 64% of the time
(DUW-Cam) and finally the camphor keto group turned
away from these hydrogen bond partners. This is in clear
contrast to the experimental finding of a strong hydrogen
bond between camphor and Tyr96. Within our parameter-
ization, camphor and the SPC/E water molecule have ap-

proximately the same total dipole moment, but the dipole
along one of the water 0-H bonds is approximately 1.5
times that along the camphor-carbonyl bond. This makes
water an energetically more favorable hydrogen bond part-
ner for Tyr96 than camphor. Transient occupation of region
D by a crystallographic water molecule has also been ob-
served in a MD simulation of P450 cam with 1-norcamphor
(Harris and Loew, 1995).
The next step was to introduce a water molecule gradu-

ally into site D with the MCTI procedure. Fig. 5 summarizes
the results of the different simulations and shows the de-
pendence of the calculated total AF for the insertion of a

water molecule into site D of the camphor-bound P450cam
upon the size of the bottom radius. Graphical inspection of
the recorded coordinate sets of the simulations with the
larger bottom radii (in the range 0.2-0.5 nm) showed that
the water molecule drifted away from its starting position
once it had picked up some kinetic energy (it was inserted
with zero velocity) and moved away from camphor into the
hydrophobic region of the cavity.
We divided the calculated values into two classes (small

and large) according to whether the bottom radius was less

TABLE 2 Free energy AF in kJ mol-' for the insertion of a water molecule into solvent and protein environments

SD* Statistical error* AF§ AFhydr"

Bulk water 1.7 1.1 -30.3 ± 2.7
Size of bottom radius of FBHW potential Large Small Large Small Large Small Large Small
2cpp: site D water 0.6 1.2 1.7 0.6 -14.5 ± 2.3 -24.9 ± 1.8 15.8 ± 5.0 5.4 ± 4.5
lphe: water 802 2.4 0.6 1.5 0.9 -41.9 ± 3.9 -53.0 ± 1.5 -11.6 ± 6.6 -22.7 ± 4.2

* SD of the AF values in the separate simulations from the mean value for AF.
* RMS value of the statistical errors in each of the simulations.
§ mean of the AF values calculated in the separate simulations. Errors given are the sum of SD and the statistical error.
II AFhydr = AFprotein site - AFwater iS the free energy of hydration of the site in the protein.
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than or greater than 0.09 nm, choosing this criterion from
the grouping of the energy values apparent in Fig. 5. Errors
were evaluated as for bulk water. The results are shown in
Table 2.

Complex of cytochrome P450cam with 2phelm

When comparing the average structure during equilibration
with the crystallographic starting structure, the most obvi-
ous difference was the relative orientation of the two rings
of 2pheIm, which are almost planar in the crystal structure.
As we had modeled the torsional dihedral of 2phelm with
minima at 900 and 2700 and as there were no obvious steric
constraints, 2phelm assumed a twisted structure with the
two rings at 900 in the simulation. This is in contrast to the
crystal structure, but the phenyl ring is neither in contact
with the hydration site nor is it making direct contacts with
any active site residue except the heme in either of the two
conformations.
The strong hydrogen bond coordination of water 802

observed in the x-ray crystal structure weakened slightly
during the MD equilibration. Two hydrogen bonds were

well preserved; the hydrogen bond with Asp251 became a

bit longer (average water oxygen-082 distance during the
100-ps NVT simulation at 300 K was 0.30 nm compared
with 0.26 nm in the x-ray structure) and the one with
2phelm a bit shorter (average N3-water oxygen distance of
0.30 nm compared with 0.31 nm). But the hydrogen bond to
Thr185 was present in only 20% of the 200 saved coordi-
nate sets (average Oy-water oxygen distance of 0.39 nm

compared with 0.30 nm). As in the simulation of the cam-

phor complex, Thr185 turned slightly and donated a hydro-
gen bond to Asp251. Also, the weak hydrogen bond be-
tween Val247 and water 802 in the crystal structure was

present only 28% of the time during the simulation (average
carbonyl 0-water oxygen distance of 0.40 nm compared
with 0.34 nm).
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FIGURE 5 The excess free energy AF calculated for inserting a water
molecule into site D in the active site of cytochrome P450cam complexed
with camphor versus the bottom radius of the FBHW potential.

The calculated atomic fluctuations for water 802 of 0.072
nm during the MD equilibration correspond to a B-factor of
0.14 nm2, which compares reasonably with the experimen-
tal B-factor of 0.25 nm2.

Fig. 6 summarizes the results for the MCTI calculations
with the FBHW potential and shows the dependence of the
calculated final AF difference for the removal of water 802
upon the size of the bottom radius. Analysis of AF versus A
(data not given) showed that the free energy results for
different bottom radii started to diverge in the first few
windows when the interactions of the water molecule were

only slightly modified.
As in the case of camphor, we divided the calculated AF

values into two classes (small and large). In this case, the
boundary between the two classes, chosen on the basis of
the grouping of the calculated energies, was a bottom radius
of 0.11 nm. The results are shown in Table 2.

Interaction energies for ideal water geometries in
the crystal structures

The interaction energies of the DUW at site D in the crystal
structure of the camphor complex and the crystallographic
water 802 in the crystal structure of the 2phelm complex
were calculated for the GROMOS and GRID energy

functions. The energies for DUW were -19.6 kJ mol 1
(GROMOS) and -31.8 kJ mol-1 (GRID). The energies for
WAT802 were -45.6 kJ mol-1 (GROMOS) and -47.2
kJ/mol (GRID). In both cases, the GRID interaction energy

was more favorable than the GROMOS energy.

Accessible volumes of conformational space for
water molecules

During the MD equilibration of the 2pheIm complex, which
was done without any restraining FBHW potential, the
volume inside the van der Waals surface around WAT802
(calculated from snapshots from the 30- to 100-ps interval
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FIGURE 6 The excess free energy AF calculated for removing crystal-
lographic water 802 from the cytochrome P450cam-2phelm complex ver-

sus the bottom radius of the FBHW potential.
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of the 300 K NVT trajectory), was calculated as 0.070 nm3.
The corresponding volumes during MCTI calculations,
where a restraining FBHW potential was applied, were
0.059 nm3 for the 0.05-nm bottom radius FBHW potential
and 0.080 nm3 for the 0.1-nm bottom radius FBHW poten-
tial. The values for larger bottom radii increased rapidly up
to 0.353 nm2 for a 0.5-nm bottom radius.

For the camphor system, values could be calculated rea-
sonably only for the MCTI calculations. For the 0.05-nm
bottom radius FBHW potential, the volume was 0.063 nm3,
which is similar to that for the same bottom radius in the
2phelm complex.

DISCUSSION

Bulk water system

Although many simulations have been reported previously
in which the excess chemical potential of water was calcu-
lated, the simulations of the bulk system are interesting for
several reasons. First, they provide a good calibration point
because the experimental value of the excess chemical
potential of water is known. Second, our methodology can
be compared with other methods of calculating the excess
chemical potential of water. Third, the bulk water system
provides a very good test of the properties and usefulness of
the FBHW potential, because simulations with and without
the FBHW potential can be compared. In simulations of the
insertion or removal of a water molecule in a spherical
system, special devices, such as the FBHW potential, have
to be employed to prevent the escape of the water molecule
from the system, whereas simulations for a periodic system
can be performed both with and without such devices.
The free energy change on removing a SPC/E water

molecule from a periodic box was calculated as -30.4 ±
0.9 kJ mol-1 from a single MCTI calculation without a
FBHW potential. Use of the separation-shifted potential
(Zacharias et al., 1994) guaranteed a smooth accumulation
of AF as A increased for all the bulk water simulations. The
SPC/E water model includes implicit polarization (Be-
rendsen and Grigera, 1987) and therefore the above value
has to be corrected by a polarization contribution of +5.2 UJ
mol-1 (Berendsen and Grigera, 1987) to yield the excess
chemical potential of SPC/E water. The corrected value for
SPC/E water of -25.2 ± 0.9 UJ mol-1 agrees well with the
experimental value of the excess chemical potential of water
of -26.4 UJ mol-' (Ben-Naim and Marcus, 1986).
The above result may be compared with previous calcu-

lations. The Gibbs free energy of TIP4P water was calcu-
lated as -25.5 ± 1.3 kJ mol-' by Monte Carlo simulations
(Jorgensen et al., 1989). The free energy of hydration of
SPC water was calculated by Hermans et al. (1988) as
-23.0 kJ mol-1, by Heiner (1992) as -24.1 UJ mol-F by
free energy simulations and as -26.4 UJ mol-F by the
Widom particle insertion method, and by Quintana and

Wade et al. (1991) calculated the free energy of hydration of
SPC/E water as -26.8 ± 1.7 kJ mol-F.
The results for simulations of the spherical system were

in good agreement with the simulations with periodic
boundary conditions (both with a FBHW potential). All
additional testing was therefore done for the periodic box
that was computationally more efficient by a factor of 2.

Simulations of the removal of a water molecule from a
periodic box, applying a FBHW potential of varying bottom
radius produced AF values that agree well with the above
result obtained without a FBHW potential. Indeed, the dif-
ferences in the AF values obtained in simulations starting
with different initial positions of the perturbed water mol-
ecule were as large as the differences obtained by applying
different bottom radii (Fig. 4). We observed a weak ten-
dency to higher AF values for the very small bottom radii
(0.02 nm). A sphere of 0.02-nm radius is less than the
thermally accessible volume of a water molecule at 300 K;
a typical temperature factor of 0.30 nm2 for water molecules
bound to protein corresponds to RMS fluctuations of ap-
proximately 0.11 nm. A similar trend toward higher AF
values was also observed when the water mobility was

reduced by restraining the water oxygen to its starting
position or increasing the oxygen mass. According to sta-
tistical mechanics, the thermodynamic properties of shape-
less point particles are independent of their mass. However,
this might not be the case for water molecules, which form
dense hydrogen bond networks with strong directionality.

Ignoring the trend toward higher AF for small bottom
radii, we calculated an average value of AF from the sim-
ulations using the FBHW potential with different bottom
radii between 0.02 and 0.5 nm as 30.3 ± 2.7 UJ mol-F. It
has been previously recognized (see, e.g., Chipot et al.,
1994) that statistical errors for single calculations underes-
timate the actual error of free energy calculations and that
separate calculations from different starting structures can

give a more complete idea of the involved error. To provide
a cautious error estimate, we have assumed that the two
sources of errors (error within a simulation and error be-
tween simulations) are independent.

Protein systems

The free energies of hydration of the protein sites are given
in Table 2. Hydration of the water 802 site in the 2phelm
structure is favored by -11.6 ± 6.6 kJ molF- (large FBHW
radius). Hydration of site D in the camphor structure is
unfavorable; the hydration free energy is +15.8 ± 5.0 kJ
mol-1

Computational aspects

Comparison of the protein simulations with the bulk water
simulations shows a marked difference in the influence of
the bottom radius of the FBHW potential on the calculated

Haymet (1992) as -23.8 UJ molF- by Ewald summation.
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isotropic water system but has a considerable effect in the
nonuniform protein system. For both the hydration sites
considered, the calculated AF is shifted by approximately
10 kJ mol-1 to a more negative value on going from large
to small FBHW bottom radii (see Table 2). This indicates
that the region immediately surrounding the initial positions
that the water molecules were inserted at, i.e., the crystal-
lographically observed location of water 802 and the GRID
energy minimum in the camphor complex, are more ener-
getically favorable than other regions in the cavities sur-
rounding these positions. This is of course to be expected as
the hydrogen bond geometries are optimized at the insertion
positions. Comparison of the accessible volume for the
water molecule in the 2pheIm complex during MD equili-
bration (0.070 nm3) and during MCTI calculation shows
that the water mobility was restricted only by the flat-
bottomed potential when its bottom radius was equal to or
less than 0.1 nm. This radius corresponds to that for distin-
guishing between small and large bottom radii on the basis
of calculated free energy.

Conformational changes seen during the standard MD
simulations are consistent with the calculated hydration free
energies. Water 802 remained bound in a stable conforma-
tion in the 2phelm complex, whereas the additional water
molecule in the camphor complex caused deviations from
the crystallographic structure by pushing the camphor mol-
ecule away from Tyr96.
The interaction energies calculated with the GRID and

GROMOS energy functions are negative (favorable) for
both site D and water 802. The GRID and GROMOS
interaction energies are almost identical for the water 802
site, whereas for site D, the GRID energy is far more
favorable than the GROMOS energy. Thus, the GRID and
GROMOS energy scales are not simply shifted with respect
to each other. Comparing the GRID energy to the excess
chemical potential of water (-26.4 UJ mol-1), the water
802 site should be occupied, but in contrast to the simulation
results, site D would also be expected to be hydrated, albeit
by a less strongly bound water molecule. The situation is
different for the GROMOS interaction energy, for which
occupation of site D is unfavorable relative to bulk solvent.
The GROMOS interaction energies are more negative than
the AF calculated from the simulations for large bottom
radii by 5.1 UJ mol-1 (site D) and 3.7 kJ mol-1 (water 802).
These differences may be partly attributed to the loss of
entropy of the water molecule and the protein on water
binding. They are of similar magnitude to the entropic cost
of transferring a water molecule from solution to protein
estimated to be between 0 and 8 UJ mol-1 from the standard
entropies of anhydrous salts and their corresponding hy-
drates (Dunitz, 1994).

Although the free energies calculated here with the GRO-
MOS energy function are consistent with experimental ob-
servations, possible problems with its modeling of water-
hydrophobic and water-protein interactions have recently
been raised. Smith and van Gunsteren (1994) calculated

from MD simulations and found them to be much shorter
than expected. The authors suggest that the strength of the
interaction between protein and solvent may be underesti-
mated in the force field. On the other hand, a recent MD
study of a decane-water interface using the SPC/E model
(van Buuren et al., 1993) has shown that, in simulations
with surfactant/oil/water systems, it appeared that the solu-
bility of decane in water was far too high. The Lennard-
Jones part of the intermolecular potential parameters was

then optimized in a set of simulations. A modification of the
original GROMOS force field was also used in a MD study
of flavodoxin (Leenders et al., 1994) in which the van der
Waals repulsion properties of polar atoms were increased
with respect to the normal repulsion parameters. It is diffi-
cult to estimate the importance of these two force field
corrections for this work. However, they have approxi-
mately opposite effects and would partly cancel each other
out. In addition, it should be noted that in the MD sim-
ulations no account is taken of induced electronic polariza-
tion on insertion of the water molecule into the protein
and electrostatic interactions with aromatic protons are

neglected.

Comparison with experimental data

The solvation of the active site of P450cam has been studied
by high pressure techniques (Di Primo et al., 1992) and the
inactivation volume change upon application of hydrostatic
pressure has been found to be directly related to the initial
degree of hydration of the heme pocket. Camphor has a

larger activation volume than camphor analogues designed
to fill site D (E. Deprez, V. Helms, C. Barret, E. Gill, G. Hui
Bon Hoa, and R. C. Wade, unpublished data), suggesting
that the analogues do not displace more water and thus that
site D is unoccupied in the presence of camphor.
The results from the MD simulations are in agreement

with the crystallographic structures determined by Poulos
and co-workers (1987) for the camphor and 2pheIm com-

plexes. No water molecules were detected in the active site
of the camphor complex. However, recent time-resolved
crystallography of the complex of P450cam with its product
seems to indicate electron density for water molecules
within the active site including one near site D (I. Schlich-
ting, unpublished data). Thus this site may be transiently
occupied.

Implications for protein-ligand interactions and
protein design

The interfacial cavity at site D in the camphor complex
raises two questions. Why is it present and why is it pref-
erential for it to be empty rather than hydrated?
The presence of a cavity means that the packing of the

surrounding atoms is not optimal and its formation therefore
has an energetic cost (which we have not attempted to

average water residence times on the surface of a protein
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calculate). In the case of P450cam, this cost may be toler-
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ated because the cavity may play a functional role as it is
near a proposed substrate access channel between Thr185,
Phe87, and 1le395 (Poulos et al., 1986).

Statistical studies (Hubbard et al., 1994) of protein struc-
tures show that empty cavities rarely exceed 0.05 nm3.
However, they also indicate the importance of polarity in
determining cavity solvation. Although the number of hy-
drogen bonds formed by water molecules in protein cavities
varies from zero to four, three is the most common
(Williams et al., 1994). Thus it can be anticipated that
the enthalpic contribution of favorable hydrogen bonds to
a water molecule in a cavity can compensate the ener-
getic cost of cavity formation. Therefore, as argued by
Wolfenden and Radzicka (1994) on the basis of experiments
with cyclohexane as a model for a nonpolar protein envi-
ronment, the occupation of nonpolar cavities in proteins by
water molecules is expected to be highly unlikely. However,
contrary to this expectation, water molecules with long
residence times were recently detected in a completely
nonpolar, buried protein cavity in a recent nuclear magnetic
resonance study of interleukin 1f3 (Ernst et al., 1995). In the
cytochrome P450 complexes examined here, water 802
makes three hydrogen bonds in the crystal structure whereas
a water at site D could make only one. Thus, for site D; the
satisfaction of camphor's hydrogen-bonding capacity by a
water molecule is apparently outweighed by its own hydro-
gen-bonding capacity being unfulfilled.

It has been shown that both empty and hydrated cavities
can be engineered into proteins. For example, Fitzgerald
et al. (1994) created a cavity in cytochrome c peroxidase
that was observed to be occupied by five ordered water
molecules. Eriksson et al. (1992a) introduced a hydrophobic
cavity into lysozyme with the ability to bind benzene and
showed that cavities can be introduced into lysozyme with
only minor conformational rearrangements of the protein
(Eriksson et al., 1992b). However, a more general under-
standing of the hydration properties of engineered cavities is
necessary so that their effects on protein stability and their
ability to bind diverse ligands can be predicted. In the case
of P450cam, the ability to predict ligand-binding affinities
requires a good understanding of the solvation structure and
thermodynamics of the whole unliganded active site (a
subject we are addressing in ongoing studies.)

In conclusion, the MD simulation method described here
enables the probability that a water molecule mediates a pro-
tein-ligand interaction by occupying an interfacial cavity to be
calculated. The protein-ligand complexes studied here provide
examples of empty and hydrated interfacial cavities that are
distinguished in the calculations. The calculations show that an
empty interfacial cavity can be tolerated and suggest that such
cavities are likely to be unhydrated unless the surrounding
protein and ligand atoms have the capacity to make more than
one hydrogen bond to a water molecule in the cavity.
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