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ABSTRACT: This study investigates the role of hydration and its
relationship to the conformational equilibrium of the host
molecule β-cyclodextrin. Molecular dynamics simulations indicate
that the unbound β-cyclodextrin exhibits two state behavior in
explicit solvent due to the opening and closing of its cavity. In
implicit solvent, these transitions are not observed, and there is
one dominant conformation of β-cyclodextrin with an open cavity.
Based on these observations, we investigate the hypothesis that the
expulsion of thermodynamically unfavorable water molecules into
the bulk plays an important role in controlling the accessibility of
the closed macrostate at room temperature. We compare the
results of the molecular mechanics analytical generalized Born plus
nonpolar solvation approach to those obtained through grid inhomogeneous solvation theory analysis with explicit solvation to
elucidate the thermodynamic forces at play. The work illustrates the use of continuum solvent models to tease out solvation
eﬀects related to the inhomogeneity and the molecular nature of water and demonstrates the key role of the thermodynamics of
enclosed hydration in driving the conformational equilibrium of molecules in solution.
binding.14,20−24 Thus, the comparison between explicit and
implicit solvent descriptions can be a useful paradigm to
discriminate continuum solvation phenomena from those that
depend critically on the molecularity of water.
Computational methods that evaluate solvation thermodynamic properties are valuable for determining the role of the
structure and displacement of speciﬁc water molecules.20,25−34
One such methodology, grid inhomogeneous solvation theory
(GIST), maps out the solvent density and thermodynamic
parameters of solvation on a grid around a solute of interest.
GIST has been used to analyze the solvation of small
molecules, DNA, host−guest, and protein−ligand systems
and has also been incorporated into docking scoring
functions.14,20,35−41 These studies have emphasized the impact
of displacing high energy water molecules from the receptor
surface upon ligand binding, which have been thought to
indicate binding site “hot spots” in the context of drug design.

1. INTRODUCTION
It is widely believed that the accurate treatment of solvation is
necessary for investigating folding and binding phenomena and
for the design of new drug molecules.1−9 Hydration drives and
mediates dynamic biological processes through desolvation,
water displacement, water reorganization, and the formation of
bridging water molecules between a receptor and a ligand.
Explicit and continuum molecular theories of solvation attempt
to capture these eﬀects. Implicit solvation models such as
Poisson−Boltzmann (PB) and generalized Born (GB) treat the
solvent as a continuous medium characterized by homogeneous bulk properties and estimate the solvation free energy of
a solute using speciﬁc functional forms dependent only on the
solute degrees of freedom, thereby reducing the computational
expense of a free energy calculation relative to an all-atom
solvent description, which requires extensive sampling. In
contrast, the more computationally intensive explicit solvation
models provide molecular details that are relevant to capturing
nonlinear eﬀects and phenomena related to the discrete nature
of water molecules.10−19 Such eﬀects include structural water
molecules enclosed in ligand binding cavities of receptors that
need be accounted for in macromolecular models of
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In this work, we investigate the role of water in the
conformational equilibrium of β-cyclodextrin (CD). β-CD is a
cyclic oligosaccharide composed of seven D-glucose monomers
which form a hydrophilic surface and a hydrophobic cavity.
Due to its simple molecular structure and the availability of
accurate experimental binding aﬃnities, β-CD is a popular host
molecule for the study of molecular recognition.38,41−52 Recent
work on β-CD host−guest systems has demonstrated the
importance of incorporating reorganization and water expulsion eﬀects into implicit solvent binding aﬃnity models.52
In these studies, implicit solvent hydration sites were
developed to account for the thermodynamically unfavorable
waters inside the cavity of the apo β-CD host, that when
displaced by a ligand during the binding process result in an
increased binding aﬃnity. We validated the use of these
customized hydration sites with a GIST map of the β-CD host
that revealed the presence of thermodynamically unfavorable
water molecules inside the cavity.38
In solution, molecules are often ﬂexible and are made up of
ensembles of signiﬁcantly diﬀerent conformations. In addition,
each conformation is often surrounded by a unique solvation
pattern that can impact the solvation energies and entropies.
Indeed, recent studies have shown that even small structural
changes to the solute can impact solvation thermodynamic
proﬁles.53,54 In contrast, solvation thermodynamics analysis of
receptors is often performed on one molecular conformation
using strong restraint forces on the solute atoms. This
approach can have signiﬁcant limitations when multiple
conformers exist. There is therefore a strong interest in
understanding not only how solvation patterns depend on
solute conformation but also how speciﬁc hydration eﬀects,
such as displacement of unfavorable water molecules, aﬀect the
conformational equilibrium in solution.
In contrast to the previous study, we investigate the
conformational dynamics of the apo β-CD host in solution.
In explicit solvent, β-CD exists in two states when the cavity of
the host is empty: the ﬁrst is similar to the one observed for βCD complexed with guests (open) and the second has a sugar
enclosed in the cavity (closed). Only the open state is observed
in implicit solvent. Thermodynamic decomposition of the two
states reveals that the open conformation is energetically
favorable relative to the closed conformation in vacuum and in
implicit solvent. Solvation thermodynamic calculations with
explicit solvation reveal that the hydration inside the cavity of
the β-CD is more favorable in the closed conformation. This
preliminary study demonstrates how we can use GIST and
multiple conformers to understand the role of water in driving
the conformational equilibrium of a biological molecule.

The MD simulation was performed for 200 ns with a time step
of 2 fs. Frames from the trajectory were saved every 10 ps.
Unrestrained Implicit Solvent Simulations. We obtained structural ensembles of β-CD in implicit solvent using
temperature replica exchange molecular dynamics (REMD)60
with a series of eight replicas between 300 and 600 K. Starting
structures for each replica were minimized and thermalized at
their corresponding temperatures for 100 ps using the Nose−
Hoover thermostat.61,62 Each T-REMD simulation was
performed for 21 ns for each replica with a time step of 1 fs,
and frames from each trajectory were saved every 2 ps. The
ﬁrst 1 ns was discarded to remove any initial structure bias
which left 10 000 frames per REMD trajectory for analysis. We
used the OPLS 2005 force ﬁeld57,58 and the AGBNP2 implicit
solvent model15,63 and the IMPACT MD engine64 for these
calculations. AGBNP2 includes an analytical pairwise descreening implementation of the generalized Born model for the
electrostatic term (Gel), a nonpolar hydration free energy
estimator for the nonelectrostatic term (Gnp), and a ﬁrst-shell
hydration correction term (Ghyd).
Gsolvation = Gel + Gnp + G hyd

(1)

The electrostatic term is calculated using the following
equation:
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where εin is the dielectric constant of the interior of the solute,
εw is the dielectric constant for water, qi and qj are the charges
on atom i and j and
fij =

rij 2 + Bi Bj exp( −rij 2/4Bi Bj )

(3)

where Bi and Bj are the Born radii of atoms i and j and rij is the
distance between atoms i and j.15,63
The nonpolar term contains two components: Gcav and
Gvdw.65,66
Gnp = Gcav + Gvdw =

∑ γiAi + ∑ αi
i

i

ai
(Bi + RW )3

(4)

Gcav accounts for the work required to make a cavity in
solution, and Gvdw accounts for the solute−solvent dispersive
van der Waals forces. In eq 4, the cavity component is a
function of the surface area of atom i (Ai) and the surface
tension parameter assigned to atom i (γi) while the van der
Waals dispersion term is expressed as a function of an
adjustable atom type-dependent van der Waals dispersion
parameter (αi),65 the Born radii of atom i (Bi), the radius is of
a water molecule (Rw), and

2. METHODS
Unrestrained Explicit Solvent Simulations. The initial
structure of the β-cyclodextrin (β-CD) host was built and
solvated using 1983 water molecules in a cubic box using
Maestro (Schrodinger, LLC). We relaxed and thermalized the
solvated β-CD system with the Desmond System Builder
facility using default parameters. The production run was
performed with the DESMOND molecular dynamics engine55
for 200 ns using the NPT ensemble at 300 K and 1 atm
pressure using Martyna−Tobias−Klein thermostat and barostat56 (using coupling constants of 1 and 2 ps, respectively)
without restraints. These calculations employed the OPLS
2005 force ﬁeld57,58 and the TIP3P explicit solvent model.59

ai = −

16
πρ εi w σi w 6
3 W

(5)
−3

where ρw = 0.033428 Å is the number density of water at
standard conditions and εiw and σiw are OPLS force ﬁeld
Lennard-Jones parameters of the oxygen atom of TIP4P
water.59
Ghyd accounts for ﬁrst-shell hydration eﬀects not accounted
for by linear dielectric screening, such as hydrogen bonding
with solvent and water ordering in the receptor binding site.
The hydration correction term is estimated using an analytical
B
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intermolecular hydrogen bond potential described by the
following expression:
G hyd =

∑ S(pw )hw
w

(6)

where S(pw) is a switching function, based on the fraction pw of
solvent-occupied volume in the hydration site “w” of the ﬁrst
solvation shell of the hydrogen bonding donor or acceptor
groups of the solute, and hw is an empirical parameter adjusted
to ﬁt experimental hydration free energies of small molecules15
that accounts for the water−solute interactions not accounted
for by the force ﬁeld and solvation model. This correction
parameter depends on the atom type of the solute (hydrogen
bonding donor or acceptor or nonpolar hydrogen). The sign of
this component determines whether the interactions formed
with the solvent are potentially favorable or unfavorable, while
its magnitude determines the strength of the excess interaction
with water. In this work, we utilize custom hydration sites
pointing toward the interior of the host to model the eﬀects of
displacing unfavorable water molecules into the bulk. The βCD host cavity contains 14 hydration sites that were each
assigned a value of hw equal to 0.4; this model is referred to as
AGBNP2-hs in the main text. This methodology has been
successfully applied in large scale binding free energy
calculation of β-CD host−guest systems.38,52 An additional
REMD simulation of the apo β-CD was performed without
these customized hydration sites; this model is referred to as
AGBNP2-nohs in the main text.
Structural Analysis of the β-CD MD Trajectories.
Deﬁnition of Collective Variables. We characterized the open
and closed conformational states observed in the unrestrained
simulation of β-CD based on the orientation of each D-glucose
monomer relative to the overall orientation of the β-CD ring.
The orientation of the whole β-CD is determined by as the
molecule axis C⃗

Figure 1. Deﬁnition of the collective variable used to characterize
open (left panel) and closed (right panel) conformations of β-CD.
The collective variable is deﬁned as the direction cosine of the ﬂip
angle (θFLIP), the minimum angle between the molecular axis (C⃗ n),
which is deﬁned by distance vectors between two adjacent oxygen
atoms of the linker region of the D-glucose monomers, X⃗ n−1 and X⃗ n,
and the vector formed by the O3 and C6 atoms on the one of the
seven D-glucose monomers (G⃗ n).

mostly parallel to the molecule vector, resulting in a large
cos(θFLIP) (Figure 1, left panel). While in the closed
conformation, one or more D-glucose monomers are rotated
to occupy the central cavity, so the corresponding monomer
vectors of those D-glucoses would have a relatively smaller
cos(θFLIP) (Figure 1, right panel). Structures of β-CD are
classiﬁed as belonging to the closed conformational state when
cos(θFLIP) is smaller than −0.2, and to the open conformational state when cos(θFLIP) is greater than 0.3.
Deﬁnition for Counting Water Molecules Inside the β-CD
Cavity in the Explicit Solvent Simulations. The transition
between open and closed conformations was also characterized
in terms of the number of water molecules within the interior
of the host. This analysis was done to examine the relationships
between solute conformation and water displacement. A water
molecule is considered to be inside the β-CD cavity if its
oxygen atom is located within a sphere of radius 2.8 Å centered
on the center of mass of β-CD (Figure 2).
Thermodynamic Analysis of the Trajectories. Scoring
Using the Molecular Mechanics Analytical Generalized Born
plus Nonpolar Solvation (MM-AGBNP) and Poisson−

7

C⃗ =

∑ Cn⃗
n=1

(7)

where C⃗ n is the normalized cross product of the distance
vectors between two adjacent oxygen atoms of the linker
region of the D-glucose monomers, X⃗ n−1 and X⃗ n (Figure 1)
Cn⃗ =

X⃗ n − 1 × X⃗ n
X⃗ n − 1 × X⃗ n

(8)

The orientation of each D-glucose monomer is determined
by a vector G⃗ n connecting the O3 and C6 atoms (Figure 1).
We deﬁne the collective variables of the conformational
equilibrium as the orientation of each monomer relative to the
molecular axis C⃗ quantiﬁed by the corresponding angle θn,
ij C⃗·Gn⃗ yz
zz
θn = arccosjjjj
⃗ ⃗ zz
k |C ·Gn| {

(9)

and report the minimum angle sampled by all of the 7 Dglucose monomers as the ﬂip angle,
θFLIP = min({θn})

Figure 2. Illustration of the solvent region within the β-CD cavity. In
this diagram, the β-CD host molecule is represented as a blue
ellipsoid. The center of mass of the β-CD conformation is represented
by a small blue circle. Water molecules are considered to be inside the
cavity if they are located inside the red sphere with a radius of 2.8 Å
from the center of mass of the β-CD conformation.

(10)

of a conformation of β-CD.
Open and closed macrostates were deﬁned based on the
direction cosine of the ﬂip angle, which ranges from −1 to +1.
In the open conformation of β-CD, all monomer vectors are
C
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Boltzmann (PB) Calculations. Structures obtained from the
unrestrained β-CD simulation in explicit solvent were
postprocessed using the IMPACT software package.64 Energies
were obtained for each structure using the OPLS 2005 force
ﬁeld57,58 in vacuo and using the AGBNP2 implicit solvent
model.15,63 Poisson−Boltzmann electrostatic calculations were
performed using the DelPhi program67 with a grid spacing of
0.25 Å. An external and internal dielectric of 80.0 and 1.0 were
used to be consistent with the AGBNP2 implicit solvent
model. The OPLS2005 charge and AGBNP2 radii sets were
used in all of the calculations. These calculations were
performed on the entire trajectory made up of 20 000
structures. As discussed above, energy scores with implicit
solvation were used to assess the eﬀect of not modeling water
explicitly.
Grid Inhomogeneous Solvation Theory (GIST). GIST
analysis was performed on representative conformations of
the open and closed conformational macrostates (Figure 1).
Molecular dynamics trajectories were obtained at 300 K for
100 ns using the NVT ensemble with the Nose−Hoover61,62
thermostat using DESMOND55 with a time step of 2 fs.
Harmonic restraints were applied to the heavy atoms of β-CD
with a restrained weight of 8.0 kcal/mol A2. Structures were
written to the trajectory ﬁle every 0.5 ps. GIST was
implemented on a cubic grid of dimensions 20.5 Å × 20.5 Å
× 20.5 Å. GIST maps were visualized using visual molecular
dynamics (vmd) software.68

Figure 3. Time evolution of the direction cosine of the ﬂip angle (top
panel) and the number of water molecules (bottom panel) in βcyclodextrin (gray). The running average was calculated using 2 ns
windows (green). The open and closed states for the β-CD molecule
are labeled based on their corresponding deﬁnition in the Methods.

3. RESULTS
Conformational Dynamics of β-CD in Explicit Solvent.
Molecular dynamics simulations show that two states exist
when the cavity of β-CD host does not contain a guest (Figure
3). The ﬁrst state resembles the one typically observed for a βCD-guest complex (open) and the second has a sugar
monomer ﬂipped inside the cavity (closed) (Figure 4).
Initially, the simulation sampled mostly open conformations
(cos(θFLIP) > 0.3) to then switch to closed conformations
(cos(θFLIP) < −0.2). These transitions continue throughout the
simulations, establishing a two-state conformational equilibrium between the open and closed conformational states of βCD.
In a closed conformation, a sugar monomer partially
occludes the β-CD cavity thereby reducing water occupancy
(see the Methods for the deﬁnition of water occupancy). As
shown in Figure 3, the β-CD cavity contains almost three water
molecules on average (mean = 2.81 and mode = 3) while in
the open conformation and one water molecule when in the
closed conformation (mean = 1.45 and mode = 1). It should
also be noted that the range of waters is broader for the
structures sampling the open conformation relative to the
closed conformation (0−6 water molecules for the open vs 0−
4 molecules for the closed conformation). In the open
conformation, a network of water molecules is located inside
the cavity, and most of these water molecules are displaced in
the closed conformation where a sugar monomer forms a
hydrogen bond with the only water molecule, restricting its
movement in and out of the cavity (Figure 5).
Comparison of Implicit and Explicit Solvent Simulation Results. To probe the role of solvation on the
conformational equilibrium of β-CD, we compare the
populations of the open and closed states sampled in explicit
and implicit solvent. The implicit solvent ensembles were
generated using replica exchange molecular dynamics and the

Figure 4. Conformations of β-cyclodextrin observed in the explicit
solvent simulations. One conformation contained an open cavity (left
panel) while the other conformation contains a monomer in the
ﬂipped conformation leaning inside the cavity (right panel).

Figure 5. Representative conformations of the open (left panel) and
closed states (right panel) of β-CD. Water molecules inside the host
cavity are indicated in van der Waals representations. Closed
conformations tend to hold fewer water molecules.

D
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AGBNP2 implicit solvent model which incorporates the eﬀects
of solute-water hydrogen bonds as well as the free energy of
water molecules conﬁned in the host interior (see Methods).
As the results in Figure 6 show, the open conformation is

Table 1. Energetic Analysis of the Open and Closed States
of β-CD Observed in the Explicit Solvent Simulationa
open state
population
avg no. of water molecules in
interior
avg gas-phase potential
energy
avg PB hydration energy
avg AGBNP2 hydration
energy (without custom
hydration interior sites)
avg AGBNP2 hydration
energy (with custom
interior hydration sites)
avg eﬀective energy69 (PB)
avg eﬀective energy (without
custom hydration interior
sites)
avg eﬀective energy (with
custom hydration interior
sites)
a

Figure 6. Histogram of the population of the direction cosine of the
ﬂip angle for the most bent sugar monomer observed in the
simulations in explicit solvent (green) and implicit solvent simulations
with AGBNP2 with and without custom hydration sites in the host
cavity (in red and blue respectively).

closed state

diﬀerence

61.22%
2.81

26.32%
1.45

34.90%
1.36

263.2 ± 0.2

265.3 ± 0.4

−2.1 ± 0.6

−110.2 ± 0.1
−66.7 ± 0.1

−109.7 ± 0.2
−66.0 ± 0.1

−0.5 ± 0.3
−0.7 ± 0.2

−62.3 ± 0.2

−63.4 ± 0.2

+1.1 ± 0.4

153.0 ± 0.3
196.5 ± 0.3

155.6 ± 0.6
199.3 ± 0.6

−2.6 ± 0.9
−2.8 ± 0.8

200.9 ± 0.4

201.9 ± 0.6

−1 ± 1

All energies are reported in kcal/mol.

the AGBNP2 model with custom hydration sites. This
provides a potential explanation for why the closed state is
never sampled in the AGBNP2 simulations without custom
hydration sites and is visited, albeit with small probability, with
the AGBNP2 model with custom hydration sites (Figure 6).
Understanding How Solvation Thermodynamics
Drive the Conformational Dynamics of β-CD. In order
to investigate the potential eﬀects of enclosed waters in the βCD cavity, GIST calculations were performed on both the
open and closed conformations of the apo β-CD host. Figure 7
shows the solvation free energy proﬁles of the high-water
density regions around both conformations. The cavity of the
open conformation contains a region of unfavorable hydration
relative to bulk water by 2.0 kcal/mol. In the closed
conformation, this volume of unfavorable hydration is reduced
inside the cavity due to the occupancy of the sugar. This result
suggests that unfavorable solvation may play a role in the
formation of the closed conformation.
A breakdown of the GIST quantities inside the cavity of
both conformations was performed to further the understanding of the role of water in this conformational switch.
Table 2 shows the results of integrating the solvation
thermodynamic densities inside the cavities of both conformations. The change in the free energy solvation density is
approximately 2.0 kcal/mol between the open and closed
conformations as 1.6 waters are displaced from the cavity of βCD. Overall, the waters inside the open conformation are 4.1
kcal/mol energetically unfavorable relative to the closed
conformation. This energetic preference for the closed state
is driven by solute-water interactions that are 7.0 kcal/mol
more favorable inside the β-CD host because a hydrogen bond
is formed between the closed sugar and a water molecule
(Figure 5). In both conformations, the water−water energies
are quite unfavorable in the cavity, 15.4 and 18.2 kcal/mol,
respectively, because waters inside the open cavity are unable
to form the full complement of hydrogen bonds that they can
in neat water. In the closed conformation, water−water
energies are extremely unfavorable because the volume of the
cavity decreases, limiting potential water molecules from
entering and exiting the cavity. In addition, one of the high
occupancy waters inside the cavity is unable to hydrogen bond

dominant in both explicit and implicit solvent while the closed
conformation is rarely observed in implicit solvent simulations
even when the unfavorable eﬀects of conﬁned water are
considered (Figure 6). These results suggest that discrete water
molecules may be necessary to sample the closed conformation
in the simulation. Furthermore, by comparing the conformational distributions sampled by the AGBNP2-nohs and
AGBNP2-hs models, it is apparent that sampling of the closed
conformation depends on the inclusion of ﬁrst-shell hydration
eﬀects (via AGBNP2-hs or explicit water methods) thus
demonstrating the importance of enclosed water molecules in
driving the equilibrium between the open and closed state.
Energetic Decomposition of Open and Closed
Conformations. To understand the structural preferences
of the β-CD host in solution, we performed energetic
decomposition on the β-CD ensemble generated from the
explicit solvent simulation (Table 1). The ensemble was
separated into open and closed macrostates based on the
direction cosine of the ﬂip angle as deﬁned in the Methods.
The diﬀerence in populations implies that the open state is
more favorable than the closed state by only 0.5 kcal/mol of
free energy. As shown in Table 1, the molecular mechanics
force ﬁeld (gas-phase) potential energy favors the open state
by 2.1 kcal/mol on average. The solvation contribution
estimated using implicit solvation favors either the open or
the closed state depending on the speciﬁc model. The
Poisson−Boltzmann model and the AGBNP2 model without
custom hydration sites in the host interior slightly favor the
open state. In contrast, the AGBNP2 model with custom
hydration sites favors the closed state by approximately 1 kcal/
mol, thus demonstrating the inﬂuence of water displacement in
favor of a smaller host cavity. All implicit solvent eﬀective
potential energy models (molecular mechanics + implicit
solvent hydration) favor the open conformational state,
particularly the Poisson−Boltzmann model and the AGBNP2
model without custom hydration sites and, to a lesser degree,
E
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Figure 7. Contour plots of the solvation free energy for the open (left panel) and closed (right panel) conformation of β-CD for regions of water
density. Contours are shown at 1.0 kcal/mol/water (silver) and 2.0 kcal/mol/water (blue) for regions of high water density.

Table 2. Solvation Thermodynamics Inside the β-CD Cavity of the Open and Closed Conformation Calculated with GISTa
open
closed
open−closed

avg no. of waters

ΔEsw

ΔEww

ΔEsolv

−TΔStrans

−TΔSorient

−TΔSsolv

ΔGsolv

3.60
1.98
1.62

−12.11
−19.14
7.03

15.43
18.28
−2.85

3.32
−0.86
4.18

1.55
2.81
−1.26

2.31
3.18
−0.87

3.86
6.00
−2.14

7.18
5.14
2.04

a

Solvation thermodynamic quantities are reported in kcal/mol at 300 K.

opening of a speciﬁc cleft in the binding pocket was dependent
on ligand substituent due to protein reorganization and the
ligand desolvation penalties.72 MD simulations of the unbound
protein found that the open conformation of this pocket was
unstable relative to the closed conformation and solvation
thermodynamic analysis conﬁrmed the presence of energetically unfavorable water molecules inside the binding cleft. In
another joint experimental and computational study, Maeno et
al. noted the existence of two states for the L99A mutant of T4
lysozyme under high pressure conditions: a ground state with
an enlarged hydrophobic cavity and a high energy state where a
phenylalanine was ﬂipped inside the cavity.73 3D-RISM
analysis of the ground state X-ray conformations show that
three to four ordered water molecules can occupy this cavity
and would be displaced by the phenylalanine side chain in the
high energy state. Lastly, Oruguchi et al. have noted the
importance of a wetting/dewetting transition of a hydrophobic
cavity for domain motion of hexameric glutamate dehydrogenase using AFM and MD simulations.74 The examples above
illustrate how hydration and reorganization are intertwined and
must be both considered to fully understand conformational
change and binding mechanisms of biomolecules.
Hydration-driven conformational reorganization processes
such as these are signiﬁcant because they can negatively aﬀect
the beneﬁt of water displacement in ligand binding in a drug
design context. To allow a ligand to enter its cavity, the closed
conformation of β-CD must expend more free energy to form
the open bound conformation with enclosed hydration eﬀects
than without them. While there will be a boost to the binding
free energy after the ligand displaces the water molecules from
the cavity of the open conformation, the initial oﬀset from
transforming the closed to the open conformation will cancel
out some of these favorable eﬀects. In contrast, the price of
reorganization may be caused by energetic strain if a low

to as many neighboring water molecules since it is hydrogen
bonding to the closed sugar inside the cavity (Figure 7). The
eﬀects of this bridging water are also observed in solvation
entropies that are 2.0 kcal/mol more unfavorable for the closed
conformation than the open conformation.

4. DISCUSSION
In this work, we model the conformational equilibrium
between the closed and open states of β-cyclodextrin (βCD) in water solution (Figure 1). The open macrostate
corresponds to the structure of holo β-CD, in which the
interior cavity is large enough to hold four to ﬁve water
molecules. In the closed state, the host cavity is partially
occluded by a glucose monomer and holds less than two water
molecules on average. Previous work has also noted the
existence of these two conformations in explicit solvent with
diﬀerent force ﬁelds and water models.41,49,70
The displacement of water from the interior of the cavity
appears to play a critical role in the reorganization mechanism
of β-CD from the open to closed conformation. Water
molecules enclosed in the host cavity experience unfavorable
free energies relative to bulk water. It is known that
displacement of unfavorable water molecules into the bulk
can enhance the strength of ligands binding to receptors.14,20,71
We show that a similar mechanism is responsible for the
conformational reorganization of apo β-CD. When a ligand is
not present a sugar monomer ﬂips into the host cavity driven
by the favorable free energy resulting from the displacement of
enclosed water molecules.
Similar occurrences have been observed in the context of
protein and protein−ligand systems. In a recent joint
experimental/computational study, Rechlin et al. investigated
the binding of a series of 2-carbamoyl-phenyloxy acetic acid
derivatives to human aldose reductase and found that the
F
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energy conformation in the unbound state must transform into
a high energy conformation in the bound state. This eﬀect is
likely observed in human aldose reductase, where the existence
of a binding cleft is dependent on the presence of the ligand.72
Therefore, while there is a bonus for displacing water, many of
these beneﬁts can be canceled out when there are shifts in the
conformational equilibria between the bound and unbound
state of the receptor.75,76
The thermodynamics of conﬁned hydration is linked to the
speciﬁc size and the interaction geometry of water molecules.
To show that the conformational reorganization of β-CD is
driven by water expulsion, we studied the process with bulk
continuum dielectric models that are not expected to represent
the free energy of transfer of conﬁned water to bulk. According
to our analysis, the intramolecular potential energy substantially favors the open state and so the closed state would not
occur to a signiﬁcant extent in the absence of hydration forces.
Continuum dielectric models (AGBNP and PB) further favor
the open state relative to the closed state. As a result, we do
not observe formation of the closed state with these models. In
contrast, the AGBNP2 hydration energies with custom
hydration sites and GIST, which include water enclosure
eﬀects, favor the closed state. In explicit solvent, the solvation
thermodynamics favor the closed state by 2.0 kcal/mol due to
unfavorable hydration inside the cavity. The analysis of
energetic contributions demonstrates the balance between
solute energetics and solvation allowing for the sampling of
both states at room temperature. These results also suggest
that the molecularity and speciﬁc properties of water play a
role in sampling the closed conformation.
As part of this work, we have also a developed a novel
approach to calculate conformational free energy diﬀerences
using MM-AGBNP-nohs to calculate the molecular mechanics
energy and GIST to calculate the solvation components. Using
the MM-AGBNP-GIST approach, we calculate a free energy
diﬀerence of approximately 0.8 kcal/mol, favoring the open
state of β-CD relative to the closed state. The free energy
diﬀerence based on the conformational populations in explicit
solvent yields a similar free energy diﬀerence of 0.5 kcal/mol.
These calculated free energy diﬀerences are similar to those
obtained using thermodynamic integration.77
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