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Abstract: The ability to reliably compute accurate proteiigand 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 energiGuing, 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 AGying Within 3 kJ/mol of the experimental value. This is the first successful
example of the computation &Gy, for a protein:ligand pair with full treatment of the solvent degrees of
freedom.

the simulation was not permittéf}; 12 possibly due to limitations

. . ) . of computational resources. Although qualitative agreement
_ Fundamental to understanding how proteins recognize their yith experiment could be obtained in some of these calculations
ligands and to the rational design of proteins and drugs is the (ith differences between calculated and experimental values
ability to compute proteirligand binding affinities. While a ¢ <12 k3/mol), a procedure with full treatment of the important
number of approaches are being pursued toward computinggegrees of freedom of the solvent is necessary to reliably obtain
ligand-protein binding affinities with use of empirical modéts, accurate results (within 4 kJ/mol of experimental values). To
and models that treat parts of the system as a contifum, geyelop and demonstrate such a procedure, we chose the binding
molecular dynamics simulations in full atomic detail employed ¢ the substrate camphor, to cytochrome P450cam from
with the FEP methc‘)‘d.ology_ offer tfle prospect of a“g(_ane.rally Pseudonomas putides an especially well-suited model system
appllcab’I’e rigorous “first principles” solution to the “binding  phecause camphor binds in a buried active site isolated from bulk
problem”. In applications to proteirligand binding, the FEP  gq\yent. This facilitates the identification of those solvent
methodology has usually been used to comphfEGs, i.e.,  molecules that are expelled from the active site into bulk solvent
differences between the binding free energies of two similar 5o ligand binding, and thus contribute to the thermodynamics
ligands to one protein target, or of one ligand to a protein and f the binding process. In addition, cytochrome P450cam has
a mutant. The "alchemical” mutations involved in such |5ng served as a model for understanding the struetiunection
simulations are often restncted_to mutation of a single non- relationships of the cytochrome P450 superfamily of enzymes
hydrogen atom although mutations of several non-hydrogen gng has thus been very well-characterized in biophysical
atoms have been performéd. In the few previous examples experiment$? Furthermore, cytochrome P450cam is, itself, an
of computing absolute ligand binding free energi&&iing, to important biotechnological target for bioremediation talSled

proteins, either no solvent was present in the bindind site e ability to compute binding constants for ligands to it is of
full relaxation of the solvent in the binding site at all stages of ¢jear value in design projects.
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Figure 1. The active site of cytochrome P450cam in the crystal structures with (a) camphor*banddb) six water molecules bouhtiThe
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 progréfn.

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 P450cath using the same methodology as
employed in this study. In agreement with the crystallographic
determinatio®’ and studies employing hydrostatic pressiire,
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 componentAGfing

that we have previously computed (and which correspond to
transformations in solutio)2! resulted in a computedGping

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 progfamsing the
GROMOSB87 force fieléf with the SPC/E water modét.

To compute theAGping 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 watét (transformation (2) in Figure 3) and the insertion
of a water molecule into bulk wat®r(giving the free energy change

(18) Helms, V.; Wade, R. CProteinsAccepted for publication.

(19) DiPrimo, C.; Hui Bon Hoa, G.; Douzou, P.; Sligar, Bur. J.
Biochem.199Q 193 383-386.

(20) Helms, V.; Wade, R. Biophys. J.1995 69, 810-824.

(21) Helms, V.; Wade, R. C1. Comput. Cheml997, 18, 449-462.

(22) Straatsma, T. P.; McCammon, J. A.Comput. Chem199Q 11,
943-951.

(23) vanGunsteren, W. F.; Berendsen, H. J.GBoningen Molecular
Simulation Library1987.

(24) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Chem.
1987 91, 6269-6271.

A full

2 inter-

action
8 %
]
Fe)
0
[
5 hydro-
-lé phobic
- H,;0
W
o i
r]
B dummy
g inter-
H action
]
stage 1 stage 2
-

simulation time

/

w
-

AG hydr [kJ/mol]

stage 1 stage 2

-

simulation time

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.

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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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.
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 topologf@sStages 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 0102 ps or

ca. 2.2 ns of simulation. Such long simulation times and the use of
separation shifted potential scalfigo 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 ntimol~* and a bottom radius of 0.6 n?f.
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AG pina= (1) +(2)+(3)=-29.1+2.6 kJ/mol The computed free energy change was corrected for the contribution
of this restraint potential as described in ref 18. Finally, a correction
expt. -32.4+0.3 kJ/mol factor to give the binding free energyrfé M standard state was also

Figure 3. Schematic diagram showing the thermodynamic transforma- COMPuted as described in ref 18.

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 Figure 2 shows how the particle interactions were modified
of hydration of camphof} and transformation (3) is equivalent to 6  qyring the simulations, and the free energy difference that was
times the excess hydration free energy of an SPC/E water m0|8CUIeobtained by this integration path. Note the smooth and nearly
without a polarization correction computed previou®lirhe absolute . : - .

§ monotonic shape of the free energy curve in Figure 2B; these

binding free energy of camphor to cytochrome P450cam is the sum o o . o
parts 1, 2, and 3. The errors given are calculated from the autocorrelationCharaCte”St'CS are important for obtaining converged results.

of the date! The small square represents camphor and the small circles Particularly important in obtaining satisfactory convergence was
represent water molecules (black: present; white: absent). The systenthe choice of perturbation path. The scheme shown in Figure
simulated is represented by a square (periodic box of water molecules)2A was validated with computations of the energetically most
or circles (the active site of cytochrome P450cam surrounded by the favorable hydration state of the active siteBy testing several
sphere of solvated protein whose dynamics is simulated and the schemes for the exchange of 6 water molecules with 6 different
remaining protein which is held fixed). 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

Results and Discussion

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 simulation tlme necessary (ca. 100 ps per. S|mullat|on window)
(MCTI),25 using separation shifted potential scafifip ensure proper was also e_st|mated f_rom t_hese control simulations for water
convergence. Full details of these simulations are given in refs 20 €xchange in the active site. The use of the flat-bottomed
and 21. The simulation of the transformation of six water molecules harmonic well restraining potential is also essential for conver-
into camphor in the active site of cytochrome P450cam (transformation gence, and we tested this previously in computations of the
(1) in Figure 3) was performed as follows. hydration free energy of interfacial cavities containing single
The parametrization and setup were the same as in our previouswater molecule® and the whole active sits.
work, 20?7 except tha@ the interaction between aliphatic car_pon atoms  The computed free energy change on converting six water
and water oxygens in the GROMOSB87 force fiéldias modified as  jacyles into a camphor molecule in the active site of
descn_bed in our recent study on the computation of hydratlon_ free cytochrome P450cam was the sum of 73:6.7 kd/mol for
energies for small moleculgs(the C12 parameter for the repulsive .
part of the Lennard-Jones interaction was changed from 421 to 690 Stage.l, 62.45 ,0'5 kJ/mol for stage 2, Fhe Cprrectlon for the
[kcal A-22mol-J¥3). Only the dynamics of a spherical region of the restraint potential of 1.3 kJ/mol for_the first window of stage 1
protein of radius 15 A around the geometric center of the active site @nd 2x 103 kJ/mol for the last window of stage 2, and the
was simulated; atoms at a distance between 15 and 17 A from the cente€orrection © 1 M standard state 6f5.1 kJ/mol, giving a total
were harmonically restrained to their crystallographic positions, and of 142.4+ 0.9 kJ/mol.
the rest of the solvated protein was held stationary. The results of this work were combined with those from our
Free energy changes were computed in two stages by M@uiing previous worR%2Lto give the absolute binding free energy of
molecular dynamics simulations. As shown in Figure 2a, the inter- camphor to cytochrome P450cam. The thermodynamic cycle
(25) Helms, V.; Deprez, E.; Gill, E.; Barret, C.; Hoa, G. H. B.; Wade, Used and the calculated values are shown in Figure 3. The

R. C.Biochemistry1996 35, 1485-1499. computed value oAGyjng 0f —29.14+ 2.6 kd/mol is ca. 3 kJ/
(26) Straatsma, T. P.; McCammon, J.JAChem. Physl991, 91, 3631
3637.
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mol above the experimental value ef32.4 & 0.3 kJ/mol?’ displaced from the binding site and simultaneously introducing

The AGping and AGnyqr computed from our calculations are the ligand. More extensive sampling than in the case studied

within 4 kJ/mol of the experimental value, a border that has here may be necessary if the number and location of the water

been termed “chemical accuracy'. molecules in the ligand-bound state are unknown. Another
This quality of agreement with experiment faGying can be extension of the approach would be to ligands binding at surface-

attributed to (i) the treatment of the contribution of water exposed sites on proteins. In such cases, the same general

molecules, (ii) the quality of the force field description, and procedure should be applicable but the effects of bulk solvent

(iii) a simulation protocol designed to ensure sufficient sampling on the simulated ligangwater molecule exchange process will

of the relevant degrees of freedom as discussed above. Theneed to be examined carefully.

explicit consideration of solvent is essential for computing

AGping. This was also the case in our previous computations Conclusions

of binding enthalpies for a set of camphor analogues binding |, conclusion, we have described a procedure for computing
to cytochrome P450cam, for which very good agreement ne gpsolute binding free energy of a ligand to a protein with
between experimental and calculated binding enthalpies wasg)| consideration of the contribution of water molecules by free
obtained when including all solvent contributichis.These  gnergy perturbation using molecular dynamics simulations. A
calculations were performed with a modification of the Gro- .omputed value within 3 kJ/mol of the experimental value is
mos87 force field which gives a better description of carbon  gpiained for the binding of camphor to cytochrome P450cam.
water interactions and whose parameters were derived antrne excellent agreement provides support for the validity of
validated by computing\Gnyqr for small compounds that are  he model and the calculation procedure which is expected to
chemically related to camphéf. . be applicable to other systems. Simulations of this type are
Although calculations for cytochrome P450cam are facilitated computationally demanding at preséatut further develop-
by the buried nature of its active site, meaning that the water ments in software and hardware will undoubtedly increase their
mole_cu_les_ displaced on_blndlng are clearly defined, as well as efficiency. The ability to computaGying values accurately will
the similarity of the protein structure in the presence and absenceloe”,nit not only the optimization of lead compounds but also

of substrate (see Figure 1), these are not absolute requirementgy,o design and evaluation of completely novel protein ligands.
The method presented here should be generally applicable to

the calculation of proteinligand AGping vValues. Although in Acknowledgment. We thank Tjerk Straatsma for providing
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AGying could be calculated with use of the dual topology scheme

by simultaneously removing all water molecules from the JA9738539
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