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Free-Energy Analysis of Solvation with the Method of

Energy Representation
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The free-energy analysis is essential to understand and control a chemical process in
condensed phase. The current status of theoretical/computational chemistry is, however, that
the free energy remains a most difficult quantity to compute. For the fast computation and
molecular understanding of the free energy, a new theory of solutions is introduced and is
combined with molecular simulation. This theory is called the method of energy representation,
and constructs the solvation free energy as a functional of distribution functions of the solute-
solvent interaction energy. The method of energy representation greatly expands the scope of
solution theory and is amenable to such frontline topics of physical chemistry and biophysics
as supercritical fluid, flexible molecules with intramolecular degrees of freedom, inhomogeneous
system, and quantum-mechanical/molecular-mechanical (QM/MM) system. We present a brief
introduction to the distribution-function theory of solutions, and describe the method of energy
representation with its performance. As an application to inhomogeneous system involving flexible
species, the molecular binding into micelle and lipid membrane is analyzed by treating micelle
and membrane as a mixed solvent system consisting of water and amphiphilic molecule.
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Fig.1 0O-O and O-H radial distribution functions g(r)

of water at 1 gcm 3 and 25 C.
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Fig.2 The distribution function pe¢(¢) of the pair

interaction energy € of water at 1 g cm -3 and
25 C. pr is the number density of bulk water.
The graduation of the ordinate is changed at 100

A3 mol kcal —1.
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Fig.3 Scheme of free-energy calculation and analysis.
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The solvation free energy Au calculated by the approximate method of energy representation and the exact,

free-energy perturbation method. The thermodynamic state is specified by the solvent (water) density and

temperature.
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(b) The structure of DMPC. The molecule is
divided into three portions of the hydrophobic
tail, backbone,

glycerol and hydrophilic

headgroup.
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(a) The densities of the hydrophobic tail, the headgroup, and water in the SDS micellar system as functions
of the distance r from the center of mass of the dodecyl sulfate anions forming the micelle. The density of
the hydrophobic tail refers to the sum of the (number) densities of the methyl and methylene groups of the
dodecyl sulfate anion, and the density of the headgroup is the sum (number) density of the sulfur and oxygen
atoms. The water density is expressed with respect to the center of mass of the water molecule. Six regions
. VI from
the micelle inside to outside. (b) The densities of the hydrophobic tail, the glycerol backbone, the hydrophilic

are introduced by dividing the domain of r < 30 A with an interval of 5 A, and are numbered I ..

headgroup, and water in the DMPC membrane system as functions of the separation z along the z-axis from
the center of mass of the DMPC molecules. The densities obtained over the positive and negative z-domains
are averaged, and the averaged density is shown against the positive z-abscissa. The densities of the tail and
glycerol refer to the sums of the (number) densities of the carbons and oxygens contained in the tail and
glycerol portions of Fig.5(b), respectively, and the density of the headgroup is the sum of the (number) densities
of the carbons, oxygens, nitrogen, and phosphorus in the corresponding portion. The water density is expressed
with respect to the center of mass of the water molecule. Six regions are introduced by dividing the domain of

7 <30 A with an interval of 5 A, and are numbered I ... VI from the membrane inside to outside.
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