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ABSTRACT: The role of water in host−ligand binding was
investigated using a combination of molecular dynamics simulation
and three-dimensional reference interaction site model theory. Three
different hosts were selected (CB6, CB7, and CB8). Six organic
molecules were used as representative ligands: dimethyl sulfoxide
(DMSO), N ,N-dimethylformamide (DMF), acetone, 2,3-
diazabicyclo[2.2.2]oct-2-ene (DBO), cyclopentanone (CPN), and
pyrrole. From the binding free energy and its components, we divided
the ligands into two groups: those with relatively small molecular size
(DMSO, DMF, acetone, and pyrrole) and those with relatively large
molecular size (DBO and CPN). We established that the solvent water
in the CB6 cavity can be completely displaced by small ligands,
resulting in a greater binding affinity compared with larger CBs, except
in the case of the small pyrrole ligand, due to outstanding intrinsic properties such as the relatively high hydrophobicity and low
dipole moment. In the case of the large ligands, the solvent water can be displaced by DBO and CPN in both CB6 and CB7; there
were similar tendencies in their binding affinities, with the greatest affinity in the CB7 complexes. However, the tendencies of the
binding affinity components are completely different due to the difference between the complex structure and the solvation structure
when a ligand binds with a CB structure. The binding affinities suggest that the size fit between the ligand and CB cannot guarantee
the greatest binding affinity gain because the binding structure and intrinsic properties of CB and ligand equally play a crucial role.

1. INTRODUCTION
Molecular recognition (MR) is one of the most fundamental
processes in biological systems and has attracted much
attention in the field of physics, chemistry, biochemistry, and
drug/material design.1,2 It is regarded as a process in which a
ligand molecule binds within the cavity of a host molecule
through noncovalent chemical bonds between host and ligand
molecules, such as electrostatic interactions, hydrogen
bonding, and van der Waals forces. Basically, this process is
a fundamental mechanism of drug delivery systems.1−4 MR
also includes molecular aggregation and self-assembly, and it is
the subject of research in a wide range of scientific fields.5−7

MR is known as a stochastic process, governed by free energy
change of the system. Therefore, it is important to consider not
only the direct interaction between the host and ligand
molecules but also the influence of surrounding environments
in the MR process. For example, when MR occurs in an
aqueous solution, dehydration of both the host and ligand
molecules associated with ligand binding, and the resulting
reorganization of the entire solvent system and change in
translational entropy of the solvent, may play an important
role. In other words, the generation of new hydrogen bonds by
the dehydrated hydration water, resulting from the host−

ligand binding, leads to a rearrangement (reorganization) of
the hydrogen bond network of the surrounding solvent water.
The ligand binding also changes the effective volume of
translational movement of the solvent water, which in turn
changes the translational entropy of the solvent.8 Good
knowledge of these aspects can aid researchers in the design
of host−ligand complexes with high-affinity binding for specific
applications.

Cucurbit[n]uril (CBn) is a macrocyclic compound that
comprises n glycoluril monomers bridged by 2n methylene
units leading to a hollow pumpkin shape as shown in Figure 1.
There are two openings for in and/or out movement of the
ligand and solvent molecules. CB structures have a hydro-
phobic cavity and contain many hydrophilic carbonyl groups
around the cavity. Medium-sized CB, including CB6, CB7, and
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CB8, offers water solubility, and thus suitability for use in
biological systems.2,9,10 Therefore, CB−ligand complex for-
mation via intermolecular interactions can be useful for drug
design purposes.

CB−ligand binding systems have attracted much attention
due to the various intrinsic properties of CB structures.1,2

Their cavities can be varied, resulting in changes in the portal
size, which can then lead to the formation of larger ligands of
interest or involve more molecules inside the cavity.1,4

Moreover, CBn has low toxicity and is biocompatible; its
medicinal and pharmaceutical use has been suggested.11−16

In an aqueous solution, the CB pocket will be occupied by
water molecules when no ligand molecule binds with the CB
host. At this time, the ligands are solvated by the water
molecules in solution. To form a complex, the ligand moves
into the cavity of CB and displaces the water molecules. The
ligand occupies the region inside the cavity due to superior
intermolecular interactions. Subsequently, water molecules will
move out from the cavity. A schematic of the CB−ligand
binding process is illustrated in Figure 2.

To date, many authors have utilized the continuum solvent
model4,17 and explicit solvent water in molecular dynamics
(MD) simulations18−21 to computationally study the behavior
of CB−ligand binding systems in aqueous solution. In those
studies, the essential role of solvent water has been pointed
out. Grimm et al. examined the ligand binding affinity of CB7
and CB8 by experimental and computational methods and
argued that the dominant factor in affinity is not the London
dispersion interaction, nor the electronic energy or entropy
factor, but the solvation effect specific to each host−ligand
combination.21 Biedermann et al. reported that solvent water
molecules are essential in governing the CB−ligand binding.18

The water molecules must be displaced from the CB pocket in
the complexation process due to unfavorable binding
compared with CB−ligand binding. Basically, the CB−ligand
complex can be formed in water environments with high

binding affinity because of the presence of high-energy water in
the CB cavity.21 The high-energy water was considered in
terms of the energy of breaking hydrogen bonds between water
molecules and the CB structure prior to forming a ligand of
interest. They also suggested that hydrophobic ligands tend to
provide greater binding affinities of the CB complex due to
favorable hydrophobic−hydrophobic interactions between the
ligand and the CB cavity. Moreover, they also investigated the
CB7−receptor complex for analyte molecules with high
selectivity.19 They concluded that the high-energy water
molecules are also key to a complexation driving force.
However, as mentioned, the origin of the driving force
governing complexation between CBn and ligand remains
unclear.2,18,19

To elucidate the details of the CB−ligand binding
mechanism, an integral equation theory of molecular liquids,
such as the three-dimensional reference interaction site model
(3D-RISM), may be effective because of its statistical
mechanical treatment of the solvent environments.3,22 As
mentioned earlier, solvents play an essential role in the MR
processes that occur in water. Statistical mechanics theory is
the best way to evaluate hydration properties related to
changes in the free energy of an entire system, such as
solvation entropy and solvent reorganization.

The 3D-RISM theory is based on the statistical mechanics
derived from the molecular Ornstein−Zernike equation.23−28

This fundamental equation describes the pair correlation of
liquids for a solute−solvent system at infinite dilution. The 3D-
RISM theory was selected for use in this study because it has
been successfully applied to study MR, and it provides
reasonable results compared with the available data.3 More-
over, 3D-RISM theory can handle the sampling method for the
entire configuration space in a solution containing a number of
water molecules. With this theory, the analytical method of
configuration integration is performed over the whole system.
This capability is a substantial advantage of 3D-RISM because
it can overcome the sampling difficulties in conventional MD
simulations. We can obtain the solvation structure from 3D-
RISM calculations. Furthermore, it also handles explicit solvent
water, to represent the reliability properties and phenomena of
interest, which is different from typical simulations of the
continuum solvent model. In addition, the simulations can
account for the changes in a partial molar volume (PMV) and
the solvation free energy (SFE)29 because the theory can treat
the reorganization of water molecules.30 This is crucial for the
investigations of solute−solvent and solvent−solvent inter-
actions. According to Imai, analysis of the PMV can provide
insight into the solvation effects of the host−ligand binding
system, offering a better understanding.31 The 3D-RISM
theory is briefly described later in the text.

Figure 1. Structures of cucurbit[n]urils.

Figure 2. Schematic illustration of CB−ligand binding. The orange
and blue beads represent ligand and water molecules, respectively.
The cage represents the CBn host structure.
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The accuracy of the SFE evaluated by the 3D-RISM theory
is examined in many previous studies.32−42 These studies have
shown that the SFE formalism in 3D-RISM has been improved
and is comparable in accuracy to experimental and MD data.
For example, a comparison of SFEs between 3D-RISM with
pressure correction, which employed in the present study, and
MD performed for over 400 organic molecules by Sergiievskyi
et al. showed that the mean error and its standard deviation
were only −1.5 and 0.97 kcal mol−1, respectively.34 Taking
advantage of these features, 3D-RISM has shown good
performance in SAMPL5,41 SAMPL6,40 and SAMPL7,39 and
it has also been successfully applied to molecular recognition
by supramolecules such as cyclodextrins.43−45 Thus, 3D-RISM
can be expected to be a suitable method for assessing the
binding affinity of ligands by CBs.

Herein, the 3D-RISM theory was applied to study the CB−
ligand binding in aqueous solution. We chose CB6, CB7, and
CB8 as complex hosts in this study. Six organic molecules,
namely dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), acetone, 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO),
cyclopentanone (CPN), and pyrrole, were used as representa-
tive ligands (as also mentioned by Biedermann et al.).18 Our
computational results, such as differences in binding free
energy, were qualitatively compared with available experimen-
tal data.18 To shed more light on the driving force for CB−
ligand complexation, the internal energies, the SFEs, and their
components were analyzed and described. The CB size
dependencies of ligand binding affinities were systematically
studied, and detailed results are presented.

2. METHODS AND COMPUTATIONAL DETAILS
2.1. Theoretical Framework. Here, we now briefly

describe the equations related to the 3D-RISM theory that is
utilized in our discussion. A more detailed explanation can be
found elsewhere.3,25,30,46,47 We assume that the CB and ligand
molecules are in finite dilution in the solvent water molecules,
and all solute and solvent molecules are treated by the RISM
method.

The total free energy G can be expressed as

= +G E Gmm solv (1)

where Emm and Gsolv are the solute internal potential energy
and SFE, respectively. Therefore, the binding free energy
ΔGbind can be defined as

= +G E Gbind mm solv (2)

The internal energy change ΔEmm is calculated from MD
simulation results as follows:

= +E E E E( )mm complex CB ligand (3)

where ECB, Eligand, and Ecomplex are the internal energies with
respect to CBn, ligand, and CBn−ligand complex, respectively.
In the RISM method, the change in SFE ΔGsolv can be given by

= +G G G G( )solv solv
complex

solv
CB

solv
ligand

(4)

where Gsolv
CB , Gsolv

ligand, and Gsolv
complex are the SFEs with respect to

CBn, ligand, and the CBn−ligand complex, respectively.
In our study, the Kovalenko−Hirata (KH) closure was

utilized to solve unknown functions,25 including total and
direct correlation functions, in the RISM equations. This
closure’s advantages are well-known, and the convergence is
well behaved and sufficiently treated in finite dilution systems.

With this closure, the thermodynamic properties related to the
solvation effect can be readily obtained from the standard
thermodynamic derivative of the free energy.48−50 In RISM
calculations, the interaction potential between every solute and
solvent site is treated by conventional Lennard-Jones (LJ) and
electrostatic interaction potentials. This can be written as
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where εαγ and σαγ are the LJ energy and size parameters for a
pair of solute α and solvent sites γ, respectively, ε0 is the
dielectric constant in the vacuum, and q is the effective partial
charges in each site.

The PMV (ΔV̅) is an important quantity to investigate the
effective molecular volume in solution. ΔV̅ of the solute in the
finite dilution can be calculated using the Kirkwood−Buff
equation generalized to the interaction site representation of
liquid and solutions as shown48
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(6)

where χT is the isothermal compressibility of the solution
obtained from the site−site correlation function.
2.2. Molecular Dynamics Simulation. We performed

MD simulations using AMBER20 software.51 Before running
the MD simulation, the initially isolated structures of CBn and
ligands were optimized with HF/6-31G(d) calculations in
vacuum using the Gaussian16 software52 to prepare initial
structures and effective point charges for MD simulations. The
effective point charges were evaluated based on the restrained
electrostatic potential (RESP) charge method. The potential
parameters in the MD simulation were assigned according to
the general Amber force field (GAFF) procedure via the
Antechamber tool.53 In this study, we chose the TIP3P54 for
water molecules in the explicit solvent water. The tleap module
was used to generate topology and coordinate input files for all
structures. About 2500 water molecules were added to hydrate
the CBs and their complexes, while about 1500 water
molecules were added in the case of the free ligands. The
corresponding cuboid box volume is approximately 100,000
and 60,000 Å3, respectively. In this study, we made use of six
ligands: DMSO, DMF, acetone, DBO, CPN, and pyrrole (see
Figure 3). The molecular properties of the ligands are
summarized in Table 1.

Figure 3. Structures of ligands used in this study.
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The PMEMD module was used in energy minimization,
while the GPU-accelerated PMEMD code61−63 was utilized in
MD simulation steps. Initially, each model was minimized
sequentially using the steepest descent method of 5000 cycles
and the conjugate gradient method of 5000 cycles to prepare
the suitable structures. Thereafter, the isothermal−isobaric
ensemble was carried out at 300 K and 1 bar for 500 ns, with a
time step of 0.002 ps. The equilibrium state was run for 100 ns,
while the rest of the time is the production state. The
temperature and pressure were controlled by the Berendsen
thermostat and barostat,64 respectively. The SHAKE method65

was applied to constrain bond lengths involving hydrogen
atoms. All 2000 snapshots were extracted from the MD
trajectory and utilized for further analysis; they were
subsequently used as initial structures for 3D-RISM runs.

2.3. Three-Dimensional Reference Interaction Site
Model Calculation. In this part, the CB and ligand were
treated as solute molecules in 3D-RISM calculations. All
explicit water molecules were stripped from the MD snapshot
before carrying out 3D-RISM calculations. The 3D-RISM was
utilized in our system at the limit of finite dilution. The KH
closure25 was chosen due to the rapid convergence
attained.24,66 We set the number of grid points to 1283, with
a grid spacing of 0.5 Å. All 3D-RISM calculations were carried
out using in-house 3D-RISM packages developed by our
group.67−69

3. RESULTS AND DISCUSSION
3.1. Solvation Properties of CBs and Ligands. Prior to

discussing the binding process, the solvation properties of CBs
and ligands were investigated in aqueous solution.

In Figure S1, the root-mean-square deviations (RMSDs) of
heavy atoms in CBs during the MD simulation are depicted.
The RMSDs of CB6 and CB7 remained low throughout the
entire MD trajectory. By contrast, the variation in RMSD of
CB8 with time indicated two stable structures. In Figure S2a,
the representative structures of CB8 in each state are shown.
Since the initial structure of the CB8 for MD simulation takes a
circular form, the structures of lower RMSD have a circular
form, while those of higher RMSD have an elliptical form. As
the trajectory and the thermodynamic properties in Figure
S2b,c show, the elliptical form is only a few kcal mol−1 more
stable than the circular one, so these structures are likely to be
in equilibrium. In the discussion that follows, we used averaged
values over the trajectory, including both forms.

The SFEs of the CBs increase negatively with an increasing
number of glycoluril units (see Figure 4a). This is because the

Table 1. Dipole Moment μ Calculated from the Partial
Charges, Octanol−Water Partition Coefficient log Kow, and
Empirical Parameters of Solvent Polarity ET(30)

ligand
dipole moment

(debye)a log Kow

ET(30)
(kcal mol−1)

DMSO 4.77 −1.3555 45.1,56 45.057

DMF 4.40 −1.0158 43.2,56 43.857

DBO 3.87 3.27b, 1.76c N/A
CPN 3.31 0.3859 39.4,56 43.057

acetone 3.19 −0.2455,59 42.256,57

pyrrole 1.89 0.7555 51.060

aValues obtained from the partial charge determined by the RESP
procedure. bData provided in https://www.chemspider.com/
Chemical-Structure.121537.html. cData provided in https://www.
chemeo.com/cid/24-739-5/2-3-Diazabicyclo-2-2-2-oct-2-ene.

Figure 4. Solvation free energy (Gsolv) and V̅ of (a, c) CBs and (b, d) ligands, respectively.
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C�O functional groups in the glycoluril units are highly
polarized (see Table S1) and may be electrostatically stabilized
upon interaction with the solvent water. Figure 4c shows an
increasing PMV, reflecting the molecular weight increase.

The SFEs of ligand molecules are also shown in Figure 4b.
The DMSO and DMF show favorable SFEs. The larger dipole

moment of DMSO and DMF contributes to greater
stabilization in the solvent water. The other four ligands
show similar SFEs: about −10 kcal mol−1. However, PMV
values of DBO and CPN are greater than those for the other
ligand molecules, depending on the number of contained
atoms.

Figure 5. Binding free energy and its components for all combinations of CBs and ligands. (a) Total binding free energy ΔGbind, (b) solute
structural and interaction energy change ΔEmm, and (c) solvation free energy change ΔGsolv. All the values are given in kcal mol−1.

Figure 6. Components of ΔEmm for all combinations of CBs and ligands. (a) The intersolute interaction energy, ΔEmm
interaction, and the structural

energy changes of (b) ligands ΔEmm
ligand and (c) CBs ΔEmm

CB . All the values are given in kcal mol−1.
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These factors play an essential role in determining the
binding affinity to CB, as discussed below.
3.2. Binding Free Energy. The binding free energies of

CBn with ligand molecules in aqueous solution are now
discussed. In Figure 5, the binding free energy and its
components are plotted for all the combinations of CBn and
ligands. The effect of CB size on the binding affinity is a
distinctive characteristic, depending on the ligand molecule.
For solvents DMSO, DMF, acetone, and pyrrole, CB6 has a
greater affinity than CB7, while for DBO and CPN, CB7 has a
greater affinity than CB8. These behaviors qualitatively agree
with results of earlier experiments.18 To assess the accuracy of
the binding free energy obtained here, we also compared the
3D-RISM results with the calculated binding free energy via
other methods, i.e., Molecular Mechanics/Poisson−Boltzmann
Surface Area (MM/PBSA) and Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA). The results
are shown in Figure S3. The qualitative trends are almost the
same for all the methods. In addition, the 3D-RISM and MM/
PBSA show similar quantitative results, although the MM/
GBSA shows greater stabilization compared with the other
methods. In Figure S4, the computational results are also
compared with the experimental results.18 The 3D-RISM and
MM/PBSA results achieve a good correlation with the
experimental data, and therefore, the 3D-RISM data obtained
in this study are considered to be reasonable.

In all cases, ΔGbind and ΔEmm are negative, whereas ΔGsolv is
positive. The components of ΔEmm given in eq 3 can be
rewritten as

= + +E E E Emm mm
interaction

mm
ligand

mm
CB (7)

where ΔEmm
interaction, ΔEmm

ligand, and ΔEmm
CB are the CB−ligand

interaction energy, and structural energy changes of the ligand
and the CB due to the binding, respectively. These
components are plotted in Figure 6.

At a glance, ΔEmm
interaction can be recognized as a major

component; the contributions of structural energy changes
ΔEmm

ligand and ΔEmm
CB are limited. Only ΔEmm

CB of CB8 shows a
relatively large contribution, although still small compared with
ΔEmm

interaction. These results imply that the structural change due
to binding is very small. The CB size dependence of ΔEmm

interaction

show different tendencies for the different ligands. The smaller
ligands (DMSO, DMF, acetone, and pyrrole) show greater
stabilization in terms of ΔEmm

interaction for CB6, whereas the larger
ligands (DBO and CPN) show greater stabilization for CB7.

ΔGsolv can also be split into three components, as follows:

= +G E E T Ssolv interaction
uv

reorg
vv

(8)

where ΔEinteraction
uv , ΔEreorg

vv , and −TΔΔS are the solute−solvent
interaction energy, solvent reorganization energy, and solvation
entropy changes, respectively.70

ΔEinteraction
uv is given by

= r r rE u g( ) ( ) dinteraction
uv

(9)

and the solvation entropy term is evaluated by the numerical
differentiation of the SFE with respect to temperature.

The solvent reorganization energy is obtained from ΔEreorg
vv =

ΔGsolv − ΔEinteraction
uv + TΔΔS. In addition, we employed the

pressure correction method34,38 as a correction term.
Consequently, ΔGsolv has four components; they are plotted
in Figure 7. ΔEinteraction

uv has a positive value, whereas the

Figure 7. Components of ΔGsolv for all combinations of CBs and ligands. (a) The solute−solvent interaction energy, ΔEinteraction
uv , (b) the solvent

reorganization energy, ΔEreorg
vv , (c) the solvation entropy change, −TΔΔS, and (d) the pressure correction term. All the values are given in kcal

mol−1.
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solvation entropy and solvent reorganization energy terms are
negative. The dehydration of both the ligands and the CBs due
to the binding contributes to a decrease in the solute−solvent
interaction energy�this is a reason for the positive values of
ΔEinteraction

uv . At the same time, the solvent water released from
the CB cavity acquires translational entropy and stabilizes by
reorganization of the hydrogen bond network. These energy
gains correspond to the “high-energy water” concept reported
in earlier studies.18,19 For DMF, DBO, and acetone, ΔEinteraction

uv

decreases slightly with increasing CB size�CB7 shows the
highest value for CPN and the lowest for DMSO and pyrrole.
Here, the reorganization energy and the solvation entropy
terms show similar trends but have opposite signs.

The host−ligand direct interaction ΔEmm
interaction, the release of

“high-energy water” ΔEreorg
vv , and −TΔΔS can be regarded as

driving forces of ligand binding. The CB size dependence of
the components of binding free energy differs depending on
the specific ligands (mentioned above). Based on these
characteristics, ligands can be divided into two types: small
ligands (DMSO, DMF, acetone, and pyrrole) and larger

ligands (DBO and CPN). The following subsections provide a
detailed discussion of each type.

3.2.1. Small Ligands. In the case of DMSO, CB6 shows the
greatest ligand affinity and CB7 the lowest. This greater
stabilization of DMSO binding to the CB6 is attributed to the
large ΔEmm stabilization, compared with CB7 and CB8; it
mainly originates from the intermolecular interaction between
CB6 and DMSO (see Figure 6a). The representative CB−
ligand complex structures and the solvation structures are
depicted in Figure 8. The solvation structures of ligand
unbound CBs are depicted in Figure S5. As seen in the former
figure, the DMSO is bound to the center of the CB6 cavity and
the water molecules inside the cavity are completely expelled.
This means that the DMSO ligand fits well into the CB6
cavity; thus, the DMSO−CB6 can interact strongly. The
dehydration of the CB6 cavity and the ligand DMSO itself
contributes to the energy penalty on the solute−solvent
interaction energy ΔEinteraction

uv shown in Figure 7a. In the case
of CB7, the binding free energy ΔGbind is slightly higher than in
the case of CB6. This is a result of change in the binding

Figure 8. Solvation structures of CB−DMSO/DMF/acetone/pyrrole complexes. Isosurfaces of water oxygen distribution, gO(r) = 4.0, are depicted
in red.
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conformation of DMSO. In Figure 8, the water distribution can
be found inside the CB7 cavity, unlike in CB6. This indicates
that dehydration of the CB7 cavity is incomplete due to the
loose fit of DMSO into the CB7 cavity. Consequently,
ΔEmm

interaction is about 8.6 kcal mol−1 higher and ΔGsolv is about
6.7 kcal mol−1 lower than in the case of CB6. For CB8, ΔGbind
of the DMSO shows a medium value, between that of CB6 and
CB7.

As mentioned earlier, the form of CB8 without ligands can
fluctuate�it can take both elliptical and circular forms. Figure
S6 shows CB8 taking both elliptical and circular forms upon
creation of the CB8−DMSO complex. (In the figure, the
elliptical and circular forms correspond to large and small
RMSD values, respectively.) In Figure S7, representative
snapshots of the CB8−ligand complex structures are depicted.
In both cases, the cavity of CB8 is large enough to contain the
DMSO; therefore, the partial dehydration occurs in a similar
fashion to in CB7, as shown in Figure 8. The behavior of the
components of ΔGbind is very similar to that in CB7�the
numerical difference is only a few kcal mol−1.

The DMF and acetone cases also exhibit basically the same
behavior as the DMSO case, although the order of affinity of
CB7 and CB8 is inverted from that of the DMSO case. By
contrast, the pyrrole shows a different feature for the CB size
dependence on the binding affinity�CB8 has a greater affinity
than CB6. The ΔEmm value of a CB8−pyrrole complex is
similar to that of a CB6−pyrrole complex, but ΔGsolv of the
CB8−pyrrole complex is much lower than that of the CB6−
pyrrole complex. In other words, the pyrrole is strongly
stabilized by the interaction with CB8, as in the CB6 case, but
the dehydration penalty due to the binding is much lower. The
RMSD plot of the CB8−pyrrole complex also shows unique
behavior (see Figure S6). The CB8-bound pyrrole takes only
an elliptical form, unlike with the other small ligands. This
feature may be attributed to the hydrophobicity of the pyrrole
molecule. As is evident from Table 1, pyrrole has a positive log
Kow value and relatively low dipole moment. Therefore, the
elliptical form, which offers greater dehydration and can
interact with the hydrophobic part of the CB cavity, is
considered preferable.

3.2.2. Large Ligands. The DBO and CPN ligands have
relatively large molecular sizes (see Figure 4d). These two
ligands show greater affinities for the CB7 than the other CBs.
Although the CB size dependence of the total ΔGbind is
qualitatively the same for these two ligands, there are different
trends in the component of ΔGbind. In the cases of CB6 and
CB7, ΔEmm is very close for the DBO ligand, whereas ΔEmm of
CB6 for the CPN ligand is higher than that of CB7. In both
cases, ΔEmm of CB8 is higher than those of CB6 and CB7.
ΔGsolv also exhibits a different feature: it gradually decreases
with increasing CB size for DBO; ΔGsolv of CB7 has the
highest value for CPN. To address these differences, the
solvation structures of CB−ligand complex structures are
depicted in Figure 9, and the superposition representation of
complex structures is depicted in Figure S8.

For the DBO ligand, no water distribution was found inside
the cavities of CB6 and CB7, unlike in CB8 (see Figure 9).
Indications are that the DBO fits into both the CB6 and CB7
cavities, resulting in complete dehydration via complex
formation. These tight-fit bindings create greater stabilization
in ΔEmm

interaction. ΔEmm
interaction of CB6 is slightly higher than that of

CB7, but the total ΔEmm is comparable due to the
conformational stabilization contribution of ΔEmm

CB of CB6
upon binding. ΔGsolv of DBO gradually decreases with
increasing CB size. CB8 has the lowest dehydration penalty
because it remains partially hydrated. Both CB6 and CB7 are
fully dehydrated; however, as seen in Figure S5, CB6 should
pay a higher dehydration penalty because of the stronger
solvent distribution in CB6.

For the CPN ligand, solvation structures are similar to the
DBO cases; no water distribution was found inside the cavities
of CB6 and CB7, unlike in CB8. ΔEmm

interaction of CB6 is about 8.8
kcal mol−1 higher than that of CB7. In Figure S8, CPN shows a
characteristic orientation in CB6 and CB7, while DBO shows a
random orientation. Specifically, the molecular axis of the
ligand is oriented in the direction of the axis of rotation of the
CB6, whereas it is perpendicular to the axis of rotation of the
CB7. This suggests that the ligands are oriented only in a
specific direction because the cavity size is not large enough in
CB6. Therefore, ΔEmm

interaction of CB6 is presumably higher than
that of CB7 because of the repulsive interaction between the

Figure 9. Solvation structures of CB−DBO/CPN complexes. Isosurfaces of water oxygen distribution, gO(r) = 4.0, are depicted in red.
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ligand and the CB due to the tight fit into the cavity. ΔGsolv of
CPN and DBO show different trends. ΔGsolv of the CB6−CPN
complex is lower than that of CB7−CPN. In Figure 7a,
ΔEinteraction

uv of CB6 is lower than that of CB7, meaning that the
dehydration penalty of the CB6 complex is lower. In Figure S9,
the solvation structure of the CB6−CPN complex is depicted.
There it is seen that the carbonyl oxygen of the ligand forms a
hydrogen bond with the solvent water. CPN retains hydrogen
bonds after complex formation, contributing to the reduction
of the dehydration penalty. By contrast, CPN in CB7 is not
oriented with the carboxyl groups facing out of the cavity;
hence, such hydrogen bonds cannot form.

These results show that even ligands of similar size exhibit
completely different CB size dependence due to the different
binding structures in the cavities.

4. CONCLUSIONS
The role of water in the binding of six ligands to three types of
CBs (CB6, CB7, and CB8) was investigated using the 3D-
RISM theory and MD simulation. From the binding free
energy and its components, the ligands were divided into two
types: relatively small ligands, namely DMSO, DMF, acetone,
and pyrrole, and relatively larger ligands, namely DBO and
CPN.

In the case of the small ligands, the solvent water is released
from the CB6 cavity and the cavity is fully dehydrated, whereas
the CB7 and CB8 retain hydration water in their cavities after
complex formation. This indicates that these small ligands fit
well into the cavity of CB6. They exhibit greater affinity
compared with the larger CBs, except in the case of the pyrrole
ligand. The pyrrole is strongly stabilized by the interaction with
CB8, as in the CB6 case�the CB8-bound pyrrole takes an
elliptical form�however, the dehydration penalty due to the
binding is much lower. This is the cause of the characteristic
CB size dependence of the binding affinity of pyrrole.

In the case of the large ligands, no water distribution was
found in the CB6 and CB7 cavities. This indicates that DBO
and CPN fit into both the CB6 and CB7 cavities. Although
these two ligands exhibit similar CB size dependencies of
binding affinity, the tendencies of the binding affinity
components are completely different. The reason for the
difference arises from the difference between the complex
structure and the subsequent solvation structure.

Prediction of ligand affinity by CBs is a target of SAMPL8,
which has received the most attention in evaluating the
predictive performance of molecular recognition processes.71

Although the size-dependent affinity of CBs for specific ligands
was examined in this paper, the method is expected to be
applicable to a wide range of ligands, as shown in SAMPL8.
Our findings are expected to contribute to a deeper
understanding of the CB binding affinity and to the
development of ligand design.
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