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1. ABSTRACT 
 

The roles of water in the structure and function of 
proteins have not been completely elucidated. Although 
molecular simulation has been widely used for the 
investigation of protein structure and function, it is not 
always useful for elucidating the roles of water because the 
effect of water ranges from atomic to thermodynamic level. 
The three-dimensional reference interaction site model 
(3D-RISM) theory, which is a statistical-mechanical theory 
of molecular liquids, can yield the solvation structure at the 
atomic level and calculate the thermodynamic quantities 
from the intermolecular potentials. In the last few years, the 
author and coworkers have succeeded in applying the 3D-
RISM theory to protein aqueous solution systems and 
demonstrated that the theory is useful for investigating the 
roles of water. This article reviews some of the recent 
applications and findings, which are concerned with 
molecular recognition by protein, protein folding, and the 
partial molar volume of protein which is related to the 
pressure effect on protein. 

2. INTRODUCTION 
 

Water plays vital roles in stabilizing the native 
structure of proteins in aqueous solution. As the solvent 
medium, water stabilizes the hydrophobic core of the 
protein interior (1,2), which is a representative of the 
protein architecture. Water moderates intraprotein 
electrostatic interactions, such as hydrogen bonding and 
salt bridging, by the dielectric screening (2). If we alter the 
solvent properties, for example, by adding cosolvent, the 
native structure of proteins is destabilized or stabilized 
depending on the properties of the cosolvent (3-5). 
Changing the thermodynamic conditions also can change 
the stability of the native structure (5,6). Since an increase 
of the temperature directly destabilizes the protein structure 
by the effect of the structural entropy of the protein itself, 
the effect of water is not so apparent in the thermal 
denaturation. In contrast, it is evident that the protein 
denaturation by lowering the temperature is explained by 
the change in the solvent properties. It is also considered 
that the pressure-induced structural transition of proteins is 
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due to the effect of water on the basis of the fact that the 
application of pressure generally swells proteins to reduce 
the system volume rather than compresses them directly 
(7,8). 
 

Water molecules buried in the cavities of a 
protein and trapped in the clefts are of significant 
importance in the structural stability of the protein at the 
atomic level. They maintain the specific local structure of 
the protein by mediating hydrogen bonds or simply filling 
void spaces in the protein (9,10). That is implied by the 
finding that a mutation with creating a hydrated cavity in a 
protein less destabilizes the native structure of the protein 
than a mutation with an empty cavity (11). It has also been 
found that the removal of internal water molecules by the 
reduction of the water content in the crystallization can 
modify the local structure of protein in the vicinity where 
the water molecules were located (12). The significance of 
such internal water molecules is also recognized by the fact 
that they are highly conserved in homologous protein 
families with the same structural motifs (13,14), as the key 
residues are. 
 

Water plays crucial roles also in the chemical 
processes related to protein functions, especially in the 
recognition of other molecules. A ligand molecule is bound 
to the receptor protein not only by the direct ligand-protein 
interaction but also by the water-mediated interaction 
(15,16). For instance, it was found that a water molecule 
bridges the binding of certain HIV protease inhibitors to the 
receptor (17). The bridging water molecule was the key to 
designing new drug molecules. Even if there are no water 
molecules explicitly mediating a ligand-protein binding, 
water as the solvent medium modulates the binding through 
some non-local effects such as the hydrophobic interaction 
and the dielectric screening. 
 

The effect of water is conceptually classified into 
two categories. One is the effect when water can be 
regarded as a continuous medium, which is represented by 
the hydrophobic effect and the dielectric screening. In 
considering this effect, we focus on the bulk properties of 
water, such as the density and the permittivity, more than 
the molecular properties at the atomic level, such as the 
ability as hydrogen-bonding donor and acceptor. The other 
is the effect which is assigned to individual water 
molecules, such as water molecules buried in the protein 
cavities and those bridging a ligand-protein binding. In this 
case, each of the water molecules acts as an integral 
component of the biomolecular systems. Both of the effects 
are equally important in considering the roles of water in 
protein structure and function. 
 

There are mainly two different approaches to 
theoretically or computationally investigate the roles of 
water. One is based on the continuum solvent model (18). 
The generalized Born (GB) model (19) is a representative 
of the continuum model and is currently prevalent among 
computational biochemists and biophysicists. The GB 
model gives an approximate analytical expression of the 
electrostatic contribution to the solvation free energy (SFE) 
for a solute molecule immersed in a continuous medium. 

An empirical method based on the surface area (SA) (20) is 
another approach to estimate the non-electrostatic 
contribution to the SFE. The SA method uses empirical 
relations between the SFE and the atomic SA of small 
organic compounds. In the method, the SFE of a large 
molecule is calculated with the empirical parameters which 
have been adjusted so as to reproduce experimental values 
of the SFE of small organic compounds. The GB and SA 
methods can be combined to obtain both of the electrostatic 
and non-electrostatic contributions. The GB/SA method or 
other continuum solvent approaches can approximately 
provide the SFE with minor computational cost, but it is 
not always successful in protein thermodynamics. In fact, 
the properties of water in the vicinity of a protein molecule 
can be largely different from those of bulk water. The 
effects are not described by the continuum nor empirical 
model because they are determined by cooperative many-
body protein-water and water-water interactions. The most 
fatal drawback of these approaches is that they can never 
take into account the contributions from the individual 
water molecules which could have special roles as 
described above. 
 

Molecular simulation with explicit water 
molecules can, in principle, incorporate the effects from the 
individual water molecules, if the simulation is performed 
correctly to sample the whole configuration space of water 
molecules. The SFE changes associated with chemical 
processes such as the structural transition of proteins and 
ligand-protein binding can be calculated accordingly, using 
advanced simulation techniques such as free energy 
perturbation and thermodynamic integration methods 
(18,21). However, such a free energy calculation requires 
very high computational expenses, so that the application is 
practically limited to a small perturbation of the chemical 
processes. 
 

The integral equation theory of molecular liquids 
(22) is an alternative approach to investigate the solvent 
effects. In the theory, the density pair correlation functions 
such as the radial distribution function are calculated from 
given intermolecular interaction potentials by solving 
integral equations derived from statistical mechanics. The 
correlation functions describe the liquid structure and also 
serve as weighting factors for statistical averages of 
mechanical quantities to produce thermodynamic 
quantities. This means that the theory has the capability of 
describing the roles of water at the atomic and 
thermodynamic levels equally. The statistical mechanics of 
liquids has a rather long history, but it was quite recent that 
the theory was successfully applied to biomolecular 
solution systems. Originally, the application of the theory 
was limited to so-called simple liquids, which consist of 
monatomic, spherical particles. Later, the theory was 
extended so as to deal with molecular liquids by expressing 
the molecular correlation functions in terms of the atomic 
site-site correlation functions (23). It is known as the 
reference interaction site model (RISM) theory. The RISM 
theory was further extended to account for the charge 
distribution of molecules (24). The RISM theory was a 
possible candidate for a theoretical method to be used 
instead of molecular simulation. 
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The RISM theory has been successfully applied 
to a variety of chemical processes in solution (25,26). 
However, it was found that the theory failed in predicting 
the thermodynamic quantities when we apply the theory to 
the systems including very large molecules such as 
proteins, which have a large number of interaction atomic 
sites. The most conspicuous failure was inspected in the 
partial molar volume (PMV). We observed that the RISM 
theory systematically underestimates the PMV of amino 
acids and peptides (27), and even predicts negative values 
for the PMV of proteins, which are apparently unphysical. 
The problem is primary due to imperfect account of the 
solvent exclusion by the solute, which arises from partial 
neglect of the multi-site correlation effects in the site-site 
treatment. 
 

More recently, the RISM theory was generalized 
to describe the three-dimensional (3D) correlation functions 
of the solvent around the solute (28,29). The 3D spatial 
generalization made possible the perfect account of the 
solvent exclusion effect by the solute of arbitrary shape. 
That was proved by the fact that the use of the 3D-RISM 
theory drastically improved the quantitative estimation of 
the PMV of amino acids and peptides (27). It was in 2004 
that we succeeded in applying the 3D-RISM theory to 
proteins in aqueous solution (30). In that study, we 
demonstrated that the PMV values of proteins predicted by 
the 3D-RISM theory were in quantitative agreement with 
the corresponding experimental data. After that study, we 
have continuously applied the 3D-RISM theory to protein 
aqueous solution systems (31), and have succeeded in 
clarifying the roles of water in several chemical processes 
associated with protein structure and function at both the 
atomic and thermodynamic levels. 
 

This article presents a selective review of our 
recent studies on the roles of water in protein structure and 
function by the 3D-RISM theory. First, some studies 
concerning molecular recognition by protein are presented. 
The studies demonstrated that the 3D-RISM theory has the 
ability to detect the binding sites of ligand molecules as 
well as water molecules in a protein. Next, the essential 
roles of water in protein folding are discussed. It is found 
that the entropic as well as energetic contributions of 
hydration are significant in the stabilization of the native 
structure of proteins. Finally, the molecular mechanism of the 
PMV change associated with the pressure-induced structural 
transition of a protein is discussed. A theoretical analysis 
indicates that the penetration of water into the protein is the 
key to the process. Before discussing those results, we shall 
briefly review the 3D-RISM theory in the following section. 
 
3. THEORETICAL BACKGROUND 
 
3.1. Brief outline of the 3D-RISM theory 

For a solute-solvent system at infinite dilution, in 
which solvent may be mixture, the 3D-RISM integral 
equation is written as (26,28,29) 
 

( )( ) ( ') (| ' |) (| ' |) 'uv uv vv vvh c w h dγ η ηγ γ ηγ
η

ρ= − + −∑∫r r r r r r r ,    (1) 

where ( )uvhγ r  and ( )uvcγ r  are, respectively, the total and 
direct correlation functions of solvent site γ in the 3D space 
(r = (x,y,z)) around the solute molecule; ( )vvw rηγ  is the site-
site intramolecular correlation function, which determines 
the geometry of the solvent molecules; ( )vvh rηγ  is the site-
site total correlation function, which is obtained in advance 
from the RISM calculation for bulk solvent, as described 
below; and ργ is the number density of molecular species to 
which solvent site γ belongs. The 3D spatial distribution 
function ( )uvgγ r  is given by ( ) ( ) 1uv uvg hγ γ= +r r . The 3D-
RISM equation is complemented by a closure equation 
appropriate to the system. Conventionally, we choose the 3D 
spatial generalization of the hypernetted chain (HNC) 
approximation, 
 

( )( ) exp ( ) ( ) ( ) 1uv uv uv uvh u h cγ γ γ γβ= − + − −r r r r ,                    (2) 

 
where ( )uvuγ r  is the interaction potential between solvent 
site γ and the whole solute specified on the 3D grid, and β = 
1/(kBT) is the inverse of the Boltzmann constant times 
temperature. We may adopt another closure equation 
proposed by Kovalenko and Hirata, the so-called KH 
closure (26,32). The KH equation is given by partial 
linearization of the HNC equation. Specifically, it 
combines the HNC approximation in the spatial regions of 
density depletion where ( ) 1uvgγ <r , and the mean spherical 

approximation (MSA), ( ) ( )uv uvc uγ γβ= −r r , in the 

enrichment regions where ( ) 1uvgγ >r . Since the MSA-type 
linearization prevents the artificial divergence in the 
correlation functions due to a collective effect of large 
interaction potentials, the KH closure is appropriate for 
mixed solvent systems with strongly attractive chemical 
functionalities. 
 

The site-site total correlation functions of solvent 
( )vvh rηγ  used in the 3D-RISM calculation are calculated 

independently from the ordinary RISM theory for radial 
correlations. Similarly to the 3D-RISM calculation, the 
RISM equation, 
 

,
( ) ( ') (| ' '' |)vv vv uvh r w r cαγ αη η

η ν

= −∑∫ r r
 

( )(| '' |) (| '' |) ' ''vv vvw h d dνγ ν νγρ− + −r r r r r r ,       (3) 

 
is solved simultaneously with the HNC closure for the 
radial correlations, 
 

( )( ) exp ( ) ( ) ( ) 1vv vv vv vvh r u r h r c rαγ αγ αγ αγβ= − + − − ,                   (4) 

 
where ( )vvu rαγ  is the pair interaction potential between 
solvent sites α and γ. We may also employ the KH 
approximation instead of the HNC, if it is more 
appropriate. 
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The 3D potential functions ( )uvuγ r  are 
constructed from the site-site pair potential functions 

( )uv
au rγ  by 

 
( ) (| |)uv uv

a a
a

u uγ γ= −∑r r r ,                                                   (5) 

 
where the subscription a denotes an atomic interaction site 
of the solute molecule. The pair potential function can be 
taken from the standard model generally used in molecular 
simulation, which consists of the Lennard-Jones and 
electrostatic interaction terms. For example, the Amber or 
Charmm force field for protein and the SPC/E or TIP3P 
model for water are used. The 3D potential may be 
calculated using the minimum image convention and the 
Ewald summation methods. In that case, the special 
electrostatic correlations for the 3D supercell finiteness are 
added to Equation 2, in order to provide an accurate 
calculation for the solute containing site charges (33). Other 
input data for the 3D-RISM calculation are the temperature 
and the number density of each solvent species, which 
determine the thermodynamic condition of the system. There 
are no parameters particular to the theory. 
 

In order to visually recognize the 3D distribution 
function, isosurface plots of the 3D distribution function of 
water oxygen gO(r) around hen egg-white lysozyme 
obtained by the 3D-RISM theory are given in Figure 1. The 
green surfaces show the areas where gO(r) is larger than 2, 
4, and 8 in the left, center, and right pictures, respectively. 
The lysozyme molecule is represented by the standard 
space-filling model. As can be seen in the figure, the 3D 
distribution function provides the solvation structure 
around the solute at atomic resolution. 
 
3.2. Calculation of thermodynamic quantities 

The thermodynamic quantities are calculated by 
integration of the correlation functions. There are mainly 
two theoretical ways to obtain the thermodynamic 
quantities from the correlation functions. One is the 
Kirkwood-Buff (KB) solution theory (34), which is a 
general theory of solution and is independent of the 
approximation used in the theory. The other is the Singer-
Chandler (SC) formulation (35), which is only valid under 
the HNC approximation and its certain modifications such 
as the KH approximation. 
 

The solvation free energy (SFE) is calculated by 
the 3D generalization of the SC equation from the 3D 
spatial correlation functions obtained by the 3D-
RISM/HNC calculation (26): 
 

21 1( ) ( ) ( ) ( )
2 2i i i i

i

uv uv uv uv
s B i

i
k T h c h c dγ γ γ γ

γ

µ ρ  ∆ = − − 
 

∑ ∑∫ r r r r r , 

(6) 
 
where the subscript i indicates the label of molecular 
species of solvent, and γi denotes the site label of the ith 
solvent molecule. The corresponding equation for the KH 
approximation has been also proposed. Similar equations 

for the derivatives of SFE, such as the solvation entropy, 
can be obtained by the differentiation of the SC equation 
with respect to the corresponding thermodynamic 
quantities, such as the temperature (36,37). 
 

The partial molar volume (PMV) can be also 
obtained from the differentiation of the SC equation, but it 
is generally calculated on the basis of the KB theory. Using 
the 3D-RISM expression, the KB equation for the PMV at 
infinite dilution for the solute molecule is written as (27,38) 
 

0 0 1 ( )
i

i

uv
T B i

i

V k T c dγ
γ

χ ρ
 

= −  
 

∑ ∑∫ r r ,                                (7) 

 
where 0

Tχ  is the isothermal compressibility of the bulk 
solvent. It is obtained from the site-site correlation 
functions of solvent as follows (38): 
 

1

0 2

,
1 ( )4

i j

vv
T B i j

i j
k T c r r drα γ

α γ

χ ρ ρ π
−

  
= −      

∑ ∑ ∑∫ .          (8) 

 
4. MOLECULAR RECOGNITION BY PROTEIN 
 
4.1. Water molecules in protein cavities 

As described above, water molecules confined in 
restricted spaces within a protein play important roles in the 
structure and function of the protein. In a certain sense, the 
confinement of water molecules is the most fundamental 
process of the molecular recognition by protein. Therefore, 
prediction of the coordination structure of water molecules 
can be characterized as a starting point of the theoretical 
investigation for the molecular recognition by protein. 
Although the 3D-RISM theory had proven itself to be 
capable of predicting the hydration structure and 
thermodynamics at least qualitatively, it was not entirely 
sure that the theory can be applied to water molecules 
confined in small cavities of protein because statistical-
mechanical theories including the 3D-RISM theory are not 
designed for such heterogeneous systems but have been 
developed for homogeneous fluids. However, the following 
result (39,40) unambiguously demonstrates that the 3D-
RISM theory has the ability of detecting water molecules 
confined in a protein cavity at the atomic level. 
 

Figure 2A shows isosurface representation of the 
3D distribution functions g(r) of water oxygen and 
hydrogen in one of the major internal cavities of lysozyme 
obtained by the 3D-RISM/HNC theory. The green and pink 
surfaces (or spots) indicate the major peaks of the 
distribution functions of water oxygen and hydrogen, 
respectively, which are defined by g(r) > 8. There are four 
distinct peaks of oxygen and eight peaks of hydrogen, 
which are apparently assigned to four water molecules. 
Figure 2B presents the most probable model of the 
hydration structure reconstructed from the peaks of the 
distribution functions. The distribution predicted by the 
theory is in almost perfect correspondence with the 
crystallographic water sites found by X-ray analysis (41), 
which is shown in Figure 2C. 
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Figure 1. Isosurface representation of the three-dimensional distribution function, g(r), of water oxygen around lysozyme 
calculated by the 3D-RISM theory. The green surfaces show the areas where the distribution function is larger than 2 (left), 4 
(center), and 8 (right). The lysozyme molecule is represented by the standard space-filling model. 
 

 
 
Figure 2. Water molecules in the largest cavity of lysozyme. Only the surrounding residues are displayed with the standard 
space-filling model. The residues in the front side are deleted to facilitate visualization of the inside of the cavity. A. Isosurface 
plots of the three-dimensional distribution functions of water oxygen (green) and hydrogen (pink) calculated by the 3D-RISM 
theory. The surfaces (or spots) show the areas where the distribution function is larger than 8. B. The most probable model of the 
hydration structure reconstructed from the three-dimensional distribution functions. C. Water oxygen atoms detected by X-ray 
crystallography. 
 

The hydration number is as significant as the 
hydration structure, and prediction of the former is 
admittedly more difficult than that of the latter. The 
equilibrium number of water molecules in a cavity is not 
always equal to the number of binding sites found in the 
cavity. For example, Figure 2B represents only an average 
structure of water molecules, but it does not indicate that 
there are four water molecules in the cavity. The 
equilibrium number of water molecules in a cavity is 
calculated by integrating the distribution function within 
the cavity space. In this case, the equilibrium number of 
water molecules in the cavity was calculated to be 3.6, 
which is actually less than the number of water-binding 
sites, 4, detected by the 3D-RISM theory as well as X-ray 
analysis. The “reduction” in the hydration number was 
confirmed by molecular dynamics simulation with a special 
treatment. The simulation was started with the initial state 
in which four water molecules were placed at the four X-

ray water sites. In the simulation, we observed that the most 
and the second most outer water molecules sometimes 
leaved and entered the cavity in the nano-second time scale 
and the average number of water molecules which stayed in 
the cavity was 3.5, which is in good agreement with the 
theoretical prediction. Although the 3D-RISM theory takes 
no explicit account of the dynamics of the water molecules, 
it can provide the reasonable hydration number through the 
statistical-mechanical relations. 
 

This result not only proves that the 3D 
distribution function obtained by the 3D-RISM theory 
correctly describes water molecules around a protein, but 
also implies that the thermodynamic quantities calculated 
from the 3D correlation functions properly reflect the effect 
of water at the atomic level. The roles of water in protein 
structure seen through thermodynamic quantities are 
discussed in Sections 5 and 6. 
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Figure 3. Isosurface plots of the three-dimensional distribution functions, g(r), of xenon and water (oxygen and hydrogen) 
around lysozyme calculated by the 3D-RISM theory. The yellow, red, and white surfaces (or spots) show the areas where the 
distribution functions are greater than 8 for xenon, oxygen, and hydrogen, respectively. A. Overall view. The blue surface 
represents the molecular surface of lysozyme. B. The distributions at the internal xenon-binding site. In the lower panel, the 
isosurface of g(r) > 0.02 instead of g(r) > 8 is presented for xenon in order to show the minor peak in the region, which is 
indicated by the yellow arrow. The mesh surface is of the internal cavity. The orange sphere represents the xenon found in the X-
ray structure. 
 
4.2. Toward the theoretical prediction of ligand 
recognition by protein 

The 3D-RISM theory is a promising method to 
investigate the recognition of ligand molecules by a 
protein. In order to apply the theory to the problem of 
ligand recognition, we have only to replace water solvent in 
the calculation described above by aqueous solution of 
ligand molecules. By analyzing the 3D distributions of 
ligand and water molecules around the protein, we can find 
distinct peaks of them at their binding sites. If, for 
example, the ligand-binding structure bridged by a 
water molecule is stable, we will find the 
corresponding peaks of the ligand and water 
molecules at the binding site. The 3D-RISM theory 
thus enables us to predict the ligand-binding and the 
effect of water with atomic resolution both for ligand 
and water. As the first step in this direction, we 
applied the theory to a feasible system including 
simple ligands, which is concerned with the binding 
of noble gases to lysozyme (42). The following are 
some results demonstrating the ability of the theory. 

Figure 3A shows the 3D distribution functions of 
xenon and water (oxygen and hydrogen) around lysozyme, 
obtained by the 3D-RISM/HNC calculation for lysozyme in 
water-xenon mixture at the concentration of 0.001 M, 
which is in the same order of the solubility of xenon, 
0.0044 M. The yellow, red, and white surfaces indicate the 
regions where g(r) > 8 for xenon, oxygen, and hydrogen, 
respectively. Since the binding affinity of xenon is not so 
high, a number of peaks of xenon are found over the 
protein surface. Interestingly enough, the well-defined 
peaks of xenon are separated from those of water. In other 
words, the theory predicts the preferential binding of ligand 
or water on each site of the protein surface. 
 

It is meaningful to compare the distribution of 
xenon obtained by the 3D-RISM theory with the xenon 
sites in the X-ray structure (43), even though their 
conditions are different; the former is an aqueous solution 
under atmospheric pressure, whereas the latter is crystal 
under xenon gas pressure of 1.2 MPa. Here, we focus our 
attention on one of the internal cavities, which is a xenon 
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Figure 4. A. Coordination numbers of noble gases at the 
internal cavity of lysozyme in the 0.001 M aqueous 
solution and in vacuum (ideal state), plotted against the 
atomic diameter (Lennard-Jones σ) of the gases. B. The 
water-effect coefficient γ, which is defined by the ratio of 
the coordination number in the aqueous solution to that in 
the ideal state. 
 
binding site found by X-ray analysis. Figure 3B compares 
the theoretical result of the 3D distribution of xenon with 
the X-ray xenon site in the cavity. In fact, the xenon peak 
found there is a minor one probably because of the 
difference in the system condition; nevertheless, the 
location is in complete agreement with the X-ray site. It 
should be noted that the peaks of water are shifted away 
from the xenon binding site. (It was found that an 
outstanding peak of xenon distribution at the substrate-
binding site was also in good correspondence with the other 
X-ray xenon site.) 
 

It is more interesting to investigate the size 
dependence of the coordination number, N, of noble gases 
at the binding site, because the ligand-size dependence of 
binding affinity is regarded as the most essential origin of 
molecular recognition by protein. The coordination 
numbers of some noble gases are plotted against their 
atomic diameter (the Lennard-Jones σ parameter) in Figure 
4A. The result shows that the coordination number 
becomes larger with increasing the gas size up to σ ≈ 3.4 Å, 
while it decreases in the region where σ > 3.4 Å. As a 
result, argon has the strongest binding affinity to the 
internal cavity among the noble gases. 
 

The binding affinity obtained by the 3D-RISM 
theory includes not only the contribution from the direct 
interaction between the ligand and protein but also the 
effect of water. To evaluate the effect of water, here we 
define a coefficient given by 
 

binding site

binding site

( )

( )

lig ligV
id id

lig ligV

g dN
N g d

ρ
γ

ρ
∈

∈

= =
∫
∫

r r

r r
,                                  (9) 

 
where Nid and ( )id

ligg r  are, respectively, the coordination 
number and the distribution function of noble gas (ligand) 
in the ideal state where no water exists. The ideal 
distribution function is calculated from the direct 
interaction potential between the ligand and protein ulig(r) 
by ( )( ) exp ( )id

lig ligg uβ= −r r . Thus, the coefficient γ 

indicates how significant the effect of water is in increasing 
(γ > 1) or decreasing (γ < 1) the coordination number 
relative to the ideal state. The size dependence of the ideal 
coordination number, Nid, and the water-effect coefficient, 
γ, are shown in Figure 4. The result indicates that the 
coordination number is increased by water and the effect is 
more enhanced by an increase of the gas size. Since the 
cavity is hydrophobic, it is reasonable to consider this 
effect as the hydrophobic effect. The noble gases larger 
than argon are destabilized by some van der Waals overlap 
with the protein in the ideal state. Water moderates the 
destabilization by the hydrophobic effect. As a result, the 
effect of water shifts the peak of the binding affinity to the 
larger gas, increasing the overall binding affinity. 
 

Although the present study gives only a simple 
demonstration, the present approach can be used for other 
general problems of molecular recognition by protein. 
Actually, the 3D-RISM theory has succeeded in describing 
selective ion-binding to mutant human lysozyme molecules 
(44,45) and also preferential binding of some organic 
compounds such as urea to staphylococcal nuclease (46). 
As an advanced application, we can, in theory, deal with 
the drug design taking the effect of water into account, by 
replacing noble gases with drug molecules and lysozyme 
with the receptor protein. However, calculation for a 
mixture including such large molecules would not be as 
straightforward in practice and would require further 
improvement of the site-site description in RISM. 
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5. PROTEIN FOLDING 
 
5.1. Controversial issue on the roles of water in protein 
folding 

The molecular mechanism of protein folding, 
especially on the roles of water, has not been completely 
elucidated. Since a polypeptide chain of protein folds into a 
unique native structure from a large number of random coil 
structures, it is evident that the protein undergoes a large 
loss of the conformational entropy through the folding. 
Therefore, there must be a certain free energy factor 
prevailing over the entropy loss to drive protein folding. It 
was considered that the entropic penalty can be 
compensated by an energy gain through the formation of 
intramolecular interactions, such as hydrogen bonding, salt 
bridging, and van der Waals attraction (2). However, the 
reduction of protein surface by folding reduces the 
intermolecular interactions between solvent water and the 
protein. This gives a large loss in the hydration energy, 
which competes against the gain in the intramolecular 
interaction energy. In a typical case, the hydrogen bonds 
between protein and water are partly replaced with the 
intraprotein and water-water hydrogen bonds. Thus, it is 
now considered that the total energetic contribution is 
almost unchanged upon protein folding (47-49). 
 

The hydrophobic effect was proposed as another 
possible candidate for a factor suppressing the 
conformational entropy loss (1,2,50). The water molecules 
in the vicinity of hydrophobic groups are entropically 
unfavorable because they are restricted in the rotational 
motion. When a protein folds, the hydrophobic groups are 
buried and such entropically unfavorable water molecules 
are released. It is generally considered that this process can 
lead to a sufficiently large entropic gain, which 
compensates for the large loss of the conformational 
entropy. This is a conventional idea of the hydrophobic 
effect which is currently prevalent but has not been proved. 
 

Recently, Harano and Kinoshita proposed a new 
concept for protein folding (51,52). They argued that the 
translational motion of water molecules drives a protein to 
fold by lowering the free energy of water. When the folding 
process is considered under the isochoric (constant volume) 
condition, the free energy lowering arises from the 
translational entropy gain for water which is attributable 
primarily to the decrease in the excluded volume generated 
by the protein. They evaluated the translational entropy 
gain upon the folding using the hard-body model for 
protein and the hard-sphere model for solvent water in 
order to exclusively investigate the entropic term. Their 
result demonstrated that the native structure is stabilized by 
the translational entropy gain for water against the 
conformational entropy loss for the protein. The change in 
the translational entropy of water is a major constituent of 
the hydration entropy. On the other hand, the hydrophobic 
effect is also related to the hydration entropy. However, the 
concept proposed by Harano and Kinoshita is substantially 
different from the traditional idea of the hydrophobic 
effect. In the former the hydration entropy gain upon the 
folding stems from the increase in the total volume 
available to the translational motion of water molecules in 

the whole system, whereas in the latter it is ascribed mainly 
to the reduction of the rotational entropy loss for water in 
the vicinity of nonpolar groups of the protein. 
 

The elucidation of the roles of water in protein 
folding is thus a controversial issue. Both the energetic and 
entropic contributions of hydration are still unresolved. 
Specifically, the following questions should be answered: 
(i) whether the intramolecular energy gain is canceled by 
the loss of the hydration energy through the folding 
process, (ii) whether the hydration entropy is a substantial 
driving force of the folding, and (iii) what is the physical 
origin of the hydration entropy. The use of the 3D-RISM 
theory realizes the direct analysis of the changes in the 
thermodynamic quantities upon protein folding, which 
gives the answers to these questions (53). 
 
5.2. Revealing the essential roles of water in protein 
folding 

To answer the above questions, here we consider 
the free energy change in the transition from random coil 
(unfolded) structures to the native (folded) structure of 
protein G, which is a model protein of 56 amino acid 
residues. The Helmholtz free energy of the protein with a 
fixed conformation in aqueous solution is given by 
 
F E µ= + ∆ ,                                                                   (10) 
 
where E is the intramolecular interaction energy of protein 
itself and ∆µ is the hydration free energy (HFE). The free 
energy difference between the native and random coil 
conformers is expressed by 
 

F E T S µ∆ = ∆ − ∆ + ∆∆ ,                                                 (11) 
 
where ∆E, ∆S, and ∆∆µ are the differences in the protein 
intramolecular energy, the protein conformational entropy, 
and the HFE, respectively. 
 

The protein intramolecular energy is readily 
calculated by the ordinary molecular mechanics with a 
proper force field. The HFE is obtained from the 3D-RISM 
calculation described above. However, the protein 
conformational entropy is not treated directly by this theory 
and therefore should be estimated from somewhere else. 
Nevertheless, this is not so serious because the entropic 
contribution (−T∆S) is obviously positive as described 
above and our aim here is primarily to find the free energy 
factors competing against the positive contribution of the 
conformational entropy. Therefore, instead of Equation 11, 
hereafter let us consider the free energy difference 
excluding the conformational entropy: 
 

F E µ∆ = ∆ + ∆∆ .                                                            (12) 
 

The HFE is further decomposed into the protein-
water interaction energy ∆εuv, the water reorganization 
energy ∆εvv, and the hydration entropy terms ∆s: 
 

uv vv T sµ ε ε∆ = ∆ + ∆ − ∆ .                                                (13) 
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Figure 5. Changes in the free energy components upon the transition from coil to native state of protein G in aqueous solution. 
The value of each component for coil state is the average value for 32 random coil model structures. F, free energy excluding 
conformational entropy (F = E + ∆µ); E, protein intramolecular energy; ∆µ, hydration free energy (∆µ = ∆εuv + ∆εvv −T∆s); ∆εuv, 
protein-water interaction energy; ∆εvv, water reorganization energy; and ∆s, hydration entropy. 
 
Each of these terms is also obtained within the 3D-RISM 
framework. The hydration entropy is calculated by the 
temperature derivative of the HFE at constant density of 
water: 
 

s
T ρ

µ∂∆ ∆ = − ∂ 
.                                                              (14) 

 
This derivative may be calculated using the first-order 
finite difference. The protein-water interaction energy is 
calculated from the 3D potential and distribution function 
by 
 

( ) ( )uv uv uvu g dγ γ
γ

ε ρ∆ = ∑∫ r r r .                                          (15) 

 
The water reorganization energy is defined by 
 

2
2

0
,

( ) ( )4
2

vv vv vvu r g r r drαγ αγ
α γ

ρε δ π
∞

∆ = ∑∫ ,                           (16) 

 
where ( )vvg rαγδ  is the first-order perturbation to the radial 

distribution function of water ( )vvg rαγ due to the insertion of 
the protein at infinite dilution. This term is the energy 
arising from the structural changes induced in solvent 
water. In practice, as the total HFE ∆µ is calculated by 

Equation 6, the water reorganization energy is more 
conveniently calculated from the decomposition ∆εvv = ∆µ 
− (∆εvv − T∆s). 
 

Figure 5 illustrates the structural change of 
protein G along with the changes in the free energy 
components calculated by the 3D-RISM/HNC theory (53). 
In the calculation, it was assumed that the values for the 
native structure are represented by those for a single 
conformation based on the PDB structure (2GB1) and the 
values for the random coil structures are approximated by 
the average values for 32 energy-minimized random coil 
structures. The total free energy change ∆F = −95.0 kcal 
mol−1 is reasonable because it is comparable in magnitude 
with the experimental and empirical estimations of the 
conformational entropy loss of the protein, −T∆S = 41.9 
kcal mol−1 (54) and 110.5 kcal mol−1 (55,56). 
 

The gain in the protein intramolecular energy ∆E 
= −631.2 kcal mol−1 is largely canceled by the loss of the 
hydration energy ∆ε = ∆εuv + ∆εvv = 592.8 kcal mol−1. This 
result is consistent with the intuitive idea that the protein-
water interactions are partly replaced with the intraprotein 
and water-water interactions through the folding process. 
However, the energy balance is not complete. The folding 
results in an energy gain of −38.4 kcal mol−1. Thus, the 
energy terms as a whole stimulate the protein to fold, even 
through the effect is much less than expected in vacuum. 
This is the answer to the first question. 
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Figure 6. Partial molar volumes of five representative 
proteins, bovine pancreatic trypsin inhibitor (BPTI), bovine 
pancreatic ribonuclease (RNase) A, hen egg-white 
lysozyme, bovine milk β-lactoglobulin A, and bovine 
pancreatic α-chymotrypsinogen A, calculated by the 3D-
RISM theory ( theorV ), plotted against the corresponding 

experimental data ( exptV ). The solid line marks the exact 
coincidence. 
 

The result of the free energy decomposition 
indicates that the hydration entropy also drives the protein 
to fold: −T∆s = −56.6 kcal mol−1. Interestingly enough, the 
hydration entropy gain is comparable with or even larger 
than the total energy gain, −38.4 kcal mol−1. This result 
answers the second question; that is, the hydration entropy 
has a substantial significance in protein folding. 
 

It is actually not so straightforward to answer the 
third question. However, the following analysis provides us 
with a certain way to the answer. Here, let us further 
decompose the hydration entropy into nonelectrostatic and 
electrostatic contributions. In the decomposition, first the 
nonelectrostatic contribution ∆s0 is calculated using a 
hypothetical protein whose partial charges are completely 
removed. Then, the electrostatic contribution is obtained by 
∆sq = ∆s − ∆s0. The decomposition shows that the change 
in the hydration entropy term, −T∆∆s = −56.6 kcal mol−1, is 
determined mainly by the nonelectrostatic contribution, 
−T∆∆s0 = −43.9 kcal mol−1, but much less includes the 
electrostatic contribution, −T∆∆sq = −12.6 kcal mol−1. 
According to previous studies (57,58), the nonelectrostatic 
contribution −T∆s0 of a sufficiently large solute molecule is 
ascribed to the translational entropy loss for water 
originating mainly from a reduction of the configurational 
phase space for water molecules due to the volume 
exclusion by the solute, rather than the rotational entropy 
loss due to the reorganization of solvation structure in the 
vicinity of the solute. On the other hand, the electrostatic 
contribution −T∆sq is substantially due to the electrostatic 
confinement or reorganization of hydration structure near 
the protein. Thus, the result implies that the gain in the 
hydration entropy is mainly due to a reduction of the 
excluded volume of the protein through the folding. 

In conclusion, a protein folds to reduce the 
translational entropy loss for water by decreasing the 
excluded volume of the protein. This mechanism is 
different from the traditional idea based on the hydrophobic 
effect. The balance between the intraprotein, protein-water, 
and water-water interaction energies also results in 
stabilizing the folded structure of the protein. The energetic 
contribution is comparable with or somewhat less than the 
entropic contribution. However, the entropic contribution 
becomes much more significant as protein is larger, 
because the entropic contribution originating from the 
translational entropy loss for water monotonically increases 
with the protein size or volume, whereas the energetic 
contribution does not have such the nature of the 
monotonic dependence on the protein size. The dependence 
of the protein size on the balance between the energetic and 
entropic contributions needs to be investigated in the future 
work. 
 
6. PARTIAL MOLAR VOLUME OF PROTEIN AND 
PRESSURE-INDUCED STRUCTURAL TRANSITION 
 
6.1. Partial molar volume of protein 

The partial molar volume (PMV) of a protein is 
of principal importance in the analysis of the pressure 
effects on the structure and function of the protein (59,60), 
such as pressure-induced denaturation (structural transition) 
and pressure control of enzyme reaction. That is expressed 
by the following equation: 

 
ln

BT

K V
p k T

 ∂ ∆
= − ∂ 

,                                                        (17) 

 
where K is the equilibrium constant and V∆  is the 
difference in PMV between reactant and product, namely 
the reaction volume. In the case of protein denaturation, 
reactant and product correspond to native and denatured 
states, respectively. According to the relation, the question, 
“Why and how does pressure denaturalize a protein?” can 
be converted into “Why and how is the PMV of the 
denatured structure of the protein smaller than that of the 
native structure?” 
 

In this context, the problem is how we obtain the 
PMV of a protein for a given state (structure). Since the 
PMV of a solute is defined as the volume change of 
solution when the solute is immersed into the solution, the 
PMV is affected not only by the intrinsic volume of the 
solute molecule but also by the solute-solvent interaction or 
solvation. Therefore, the geometric volume computation 
(61-63) is not sufficient for the PMV calculation, though it 
has been conventionally used. As described above, the 
PMV can be calculated by the 3D-RISM theory coupled 
with the KB theory (Equation 7). In the calculation, the 
effect of solvation is naturally included through the 
correlation functions obtained from the 3D-RISM theory. It 
has been demonstrated that the 3D-RISM theory can 
quantitatively reproduce the experimental data of the PMV 
for biomolecules of various sizes, from amino acids to 
proteins (27,30,64). Figure 6 provides a comparison 
between theoretical results and experimental data for the 
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Figure 7. Volume components in the partial molar volume 
of eight representative peptides and proteins, (i) honey bee 
venom melittin, (ii) sea snake venom erabutoxin B, (iii) 
bovine pancreatic trypsin inhibitor, (iv) human erythrocyte 
ubiquitin, (v) bovine pancreatic ribonuclease A, (vi) hen 
egg-white lysozyme, (vii) bovine milk β-lactoglobulin A, 
and (viii) bovine pancreatic α-chymotrypsinogen A, 
calculated by the 3D-RISM theory in combination with the 
geometric volume computation. 
 
PMV of several proteins, exhibiting an almost perfect 
correspondence of the theory to experiments. 
 

It is essential for understanding the PMV change 
to extract the effect of water from the PMV. In our 
analysis, the effect of water is obtained from a theoretical 
decomposition of the PMV. The decomposition is given by 
(60,64-66) 

 
0

W V T I T BV V V V V k Tχ= + + + + ,                                      (17) 
 
where the volume components are defined and calculated 
as follows. The van der Waals volume VW is the volume 
occupied by the atomic spheres of solute. The void volume 
VV is defined as void space inside of the solute and on its 
surface that the solvent probe cannot access. The sum of 
them corresponds to the so-called molecular volume of the 
solute. The two geometric volume terms are obtained from 
the conventional volume computation, using the atomic 
diameters converted from the LJ parameters employed in 
the 3D-RISM calculation (64). The so-called thermal 
volume VT is a volume contribution of solvation, which is 
regarded as average empty space around the solute due to 
thermally-induced imperfect packing of solvent. In the 
calculation, it is defined by 0

0 ( )T W V T BV V V V k Tχ= − + − , 

where 0V  is the PMV of a hypothetical molecule whose 
atomic charges are completely removed. The so-called 
interaction volume VI is the change in the solvent volume 
induced by the electrostatic interaction between the solute 
and solvent. It is obtained by 0IV V V= − . The PMVs V  

and 0V  are calculated from the 3D-RISM theory as 

described above. The last term, 0
T Bk Tχ , is the ideal 

contribution only from the translational degrees of freedom 
of the solute. The ideal term is naturally included in the 3D-
KB equation (Equation 7). 
 

Figure 7 shows the decomposition of the PMV of 
several peptides and proteins of different sizes. The ideal 
term is omitted from the figure because it takes a small 
constant value of 1 cm3 mol−1 under the thermodynamic 
condition of ambient water, irrespective of the chemical 
properties of the solute (38). It is obvious that the van der 
Waals volume accounts for the most part of the PMV. The 
void volume also makes up a significant part of the PMV. 
In contrast, the solvation components, especially the 
interaction volume, make only a minor contribution to the 
PMV. However, this result never implies that the solvation 
is insignificant in analyzing the PMV of proteins. When we 
consider the volume change upon a conformational 
transition such as discussed below, it is most likely that the 
change in the van der Waals volume is negligible unless 
unusual van der Waals overlaps occur. In such cases, the 
solvation components become much more significant (66-
68). 
 
6.2. Volume change upon the pressure-induced 
structural transition of protein 

The pressure-induced structural transition of 
proteins has been continuously attracting the attention of 
biochemists and biophysicists (7,8,59). As described above, 
the molecular mechanism can be revealed by analyzing the 
PMV change upon the transition through Equation 17. If 
both of the low- and high-pressure structures (LPS and 
HPS) are available, we can readily calculate and analyze 
the PMV change associated with the structural change by 
the 3D-RISM theory. There are, however, only a few 
proteins whose 3D structural data in aqueous solution under 
high pressure have been resolved. One of them is ubiquitin. 
The 3D atomic coordinates of the LPS and HPS under 3 
MPa and 300 MPa, which are shown in Figure 8A, have 
been determined by high-pressure NMR technique (69). 
We have recently applied the volume analysis based on the 
3D-RISM theory to the system of ubiquitin, and found out 
a significant role of water in the PMV change upon the 
structural transition (68). 
 

The PMV values of the LPS and HPS of 
ubiquitin calculated by the 3D-RISM/HNC theory were 
5788.4 cm3 mol−1 and 5741.2 cm3 mol−1, respectively. It 
should be noted that the PMVs were calculated under the 
ambient pressure of 0.1 MPa both for LPS and HPS in 
order to consider the two-state LPS-HPS equilibrium on the 
basis of Equation 17. The PMV decreases by −47.2 cm3 
mol−1 upon the structural transition. The volume 
decomposition analysis indicated that the changes in the 
van der Waals, void, thermal, and interaction volume 
components were ∆VW = −3.6 cm3 mol−1, ∆VV = −101.3 
cm3 mol−1, ∆VT = 34.9 cm3 mol−1, and ∆VI = 22.8 cm3 
mol−1. The result demonstrates that the total PMV 
reduction is primarily caused by the decrease in the void 
volume, which is partially cancelled by the increases in the 
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Figure 8. Changes in the structure, in the volume components, and in the distribution of internal water associated with the 
pressure-induced structural transition of ubiquitin. A. Solid ribbon representation of low-pressure (3 MPa) and high-pressure (300 
MPa) structures. Each 10 superimposed structures included in PDB files 1V80 (3 MPa) and 1V81 (300 MPa) are displayed. The 
dark gray residues are the segments that undergo the largest (71-76) and second largest (32-42) displacement through the 
transition. The data given are the total change in the partial molar volume (V ) and the changes in the van der Waals (VW), void 
(VV), thermal (VT), and interaction (VI) volumes. B. Isosurface representation of the three-dimensional distribution function of 
water oxygen. The blue surfaces show the areas where the distribution function is larger than 2. The dark gray and light gray 
surfaces indicate the molecular surfaces of residues 32-42 and the others, respectively. The upper parts (the front parts in the 
figure) are clipped to bring the internal water distribution (marked by the yellow dotted circle) into view. 
 
two hydration contributions. These volume changes can be 
related to the changes in the protein structure as follows. 
The decrease in the void volume indicates partial 
disappearance of the structural voids in the protein. The 
increase in the thermal volume implies the generation of 
additional empty space around the protein, primarily due to 
the extension of the protein surface (64,66). On the basis of 

those finding, we concluded that the PMV reduction was 
caused by the penetration of water molecules into the 
protein interior. That is because the water penetration can 
eliminate the void space within the protein, and at the same 
time it can expand the protein surface. It is an important 
point that the former effect makes the total PMV decrease, 
suppressing the volume increase due to the latter effect. 
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Furthermore, we estimated the changes in the 
volume components of some fragments of the protein in 
order to find which part of the protein exerts the most 
substantial effect on the volume changes. The analysis 
indicated that the volume changes were primarily 
determined by a specific small part of the protein, which 
corresponds to the segment which has undergone the 
secondary outstanding displacement through the structural 
transition, namely the segment of residues 32-42, which is 
designated in Figure 8A. It follows that the water molecules 
penetrated into that small area to reduce the PMV of the 
protein. The water penetration was confirmed in terms of 
the water distribution. Figure 8B shows isosurface plots of 
the 3D distribution functions of water oxygen for LPS and 
HPS, which is also obtained by the 3D-RISM theory. It is 
apparent that a structural channel is created in the 
aforementioned part of HPS so that the water distribution is 
enhanced there. This change in the water distribution 
obviously indicates the water penetration predicted above 
by the volume analysis. 
 

In conclusion, the PMV reduction upon the 
pressure-induced structural transition of ubiquitin is caused 
by the penetration of water into a specific internal region of 
the protein, which eliminates the structural voids in the 
region more than the volume expansion due to the 
additional hydration. This implies that the application of 
pressure generally stabilizes the protein structure swelled 
by the water penetration, which would be the very 
“pressure-denatured structure” or its precursor. Our 
conclusion supports the earlier model that the water 
penetration is a driving force of the pressure-induced 
denaturation of proteins (7,8,59,70-75). 
 

It should be emphasized that it was essential for 
the conclusion to connect the water distribution analysis at 
the atomic level and the volume analysis at the 
thermodynamic level within the single framework of the 
3D-RISM theory. If we observed only the water penetration 
in HPS, we could not conclude whether the water 
penetration was the cause or the result of the structural 
transition; in other words, whether the water penetration 
induces the structural transition or the structural transition 
(by other effects) leads to the water penetration. In the 
present study, we found that the water penetration (atomic-
level observation) indeed causes the reduction of the PMV 
of the protein (thermodynamic-level observation), which 
induces the structural transition. 
 
7. PERSPECTIVE 
 

We have reviewed some recent applications of 
the 3D-RISM theory to protein aqueous solution systems. 
These studies demonstrate that the 3D-RISM theory is 
useful for understanding the roles of water in protein 
structure and function, which should be sometimes 
explained at the atomic level and sometimes at the 
thermodynamic level. Such a multilevel function of water 
is hardly approached by the conventional molecular 
simulation as well as experiments. Therefore, the roles of 
water have not been sufficiently understood, and what is 
even worse, it is sometimes misunderstood, even though 

the importance has been well recognized since the early 
stages of protein science. The studies presented here are 
only the first step toward the complete elucidation of the 
water-involved molecular mechanisms underlying protein 
structure and function by the 3D-RISM theory. In the near 
future, the theory will reveal the roles of water in biological 
molecular recognition processes such as the binding of drug 
molecules to the receptor protein, ion permeation in ion 
channels, and anesthetic action at the molecular level. The 
findings can be directly applied to pharmaceutical and 
biomedical studies such as drug design. The entire 
understanding of the roles of water in the 
conformational stability of proteins will shed new light 
on the longstanding issue on protein folding and protein 
structure prediction. 
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