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Free-energy differences govern the equilibrium between bound and unbound states of a host and its
guest molecules. The understanding of the underlying entropic and enthalpic contributions, and their
complex interplay are crucial for the design of new drugs and inhibitors. In this study, molecular dynamics
(MD) simulations were performed with inclusion complexes of a-cyclodextrin (aCD) and three
monosubstituted benzene derivatives to investigate host – guest binding. aCD Complexes are an ideal
model system, which is experimentally and computationally well-known. Thermodynamic integration
(TI) simulations were carried out under various conditions for the free ligands in solution and bound to
aCD. The two possible orientations of the ligand inside the cavity were investigated. Agreement with
experimental data was only found for the more stable orientation, where the substituent resides inside
the cavity. The better stability of this conformation results from stronger Van der Waals interactions and a
favorable antiparallel host – guest dipole – dipole alignment. To estimate the entropic contributions,
simulations were performed at three different temperatures (250, 300, and 350 K) and using positional
restraints for the host. The system was found to be insensitive to both factors, due to the large and
symmetric cavity of aCD, and the nondirectional nature of the host – guest interactions.

Introduction. – a-Cyclodextrin (aCD) belongs to a family of cyclically closed
oligosaccharides linked by a-bonds, where the number of glucose units ranges from six
(aCD) to eight (gCD). The central cone-shaped cavity of cyclodextrins has hydro-
phobic character relative to bulk water, although actually semipolar [1] [2], while the
rims of the cavity are hydrophilic due to the OH groups of glucose. The ability of aCD
to bind small organic compounds in this cavity together with its small size renders it an
ideal model for computational studies of host – guest binding [3 – 5]. In addition, the
system is well-studied experimentally [2] [6 – 12]. Molecular dynamics (MD) simu-
lations have reproduced the experimental relative free energies of binding [3]. These
free-energy differences are a complex interplay of enthalpic and entropic contribu-
tions; however, the main driving force of complexation has not been identified yet.
Possible effects are changes in Van der Waals forces [10] [13], hydrophobic interactions
[14], and dipole – dipole alignment [10] [15], as well as electronic repulsion between
frontier orbitals [16] (for an overview, see [12]). Liu and Guo [10] and Estrada et al.
[16] found the electronic effects to be more important in aCD inclusion complexes,
whereas Cai et al. [13] concluded that Van der Waals interactions are the most decisive
ones. In addition, guest orientation in the cavity, steric effects, and the flexibility of the
host may affect the equilibrium of the system. As the relative contributions of the
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different driving forces mentioned above cannot be determined experimentally, MD
simulations can give additional insight. Here, we provide, as complement to experi-
ment, an analysis of these various factors for three ligands.

Computational Methods. – Computation of Relative Free Energies and Entropies.
For the calculation of the free-energy difference DGBA between two states A and B,
only the regions of phase space that are relevant to the transition from state A to B
must be sampled. There are various approaches to estimate DGBA from MD
simulations, wherein thermodynamic integration (TI) [17] is one of the most accurate
methods. Applying TI, the system is changed stepwise, under the control of a coupling
parameter l, from state A (l¼ 0) to state B (l¼ 1). This change involves changing the
character and interactions, i.e., force field parameters, of a small set of atoms from their
value in state A to those in state B [18]. In the present case, the l-dependence of the
potential energy of the system is specified in [19 – 21]. The free-energy difference DGBA

is then given by Eqn 1.

DGBA ¼ GðlBÞ �GðlAÞ ¼
ZlB

lA

@VðlÞ
@l

� �
l

dl (1)

DGBA is obtained by performing a finite number (Nl) of simulations at discrete l

values ranging from 0 to 1 and subsequent numerical integration using interpolation
formulae. Thus, given sufficiently long simulations, the system is at each l value at
equilibrium. Compared to free-energy differences, the estimation of relative entropies
requires more extensive sampling of the phase space. There are different approaches to
reduce the sampling problem, providing estimates with varying degree of accuracy. The
possibly most accurate method [22] is based on a finite temperature difference using

the relation S ¼ � @G
@T

� �
Np

, where DSBA can be expressed as

DSBA ¼ �
DGTI

BAðT þ DTÞ � DGTI
BAðT � DTÞ

2DT
(2)

Computation of Relative Free Energies of Binding. Free energy of binding DGbinding

is the free-energy difference between the bound and the unbound state for a specific
ligand, and can be derived using the experimentally available binding constant Ki and
the relation

DGbinding ¼ �RT ln Kið Þ (3)

As these DGbinding values are computationally inaccessible with unbiased computa-
tional methods, only the relative binding free energies DDGBA

binding between two ligands
A and B can be compared. Making use of a thermodynamic cycle, one finds

DDGBA
binding ¼ DGB

binding � DGA
binding ¼ DGbound

BA � DGunbound
BA (4)
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where DGA
binding and DGB

binding are taken from experiment, and DGbound
BA and DGunbound

BA are
determined computationally.

Molecular Model. For the six a-glucose residues in aCD, standard building blocks of
the GROMOS force field 53A6 were used [23]. Building blocks for the three ligands,
bromobenzene (PhBr), chlorobenzene (PhCl), and toluene (PhMe), were generated
based on existing Ph groups in 53A6, e.g., Phe, with additional parameters for the
substituents (Table S11)) [23] [24] [3]. The system was solvated in a periodic, cubic box
with 2060 simple point charge (SPC) water [25] molecules and edge length of 3.99 nm,
or 1056 water molecules and edge length of 3.145 nm for the complex or the free ligand
in solution, respectively. The initial structure of the inclusion complex was derived from
a crystal structure of aCD with 4-hydroxybenzoic acid [26]. Two kinds of perturbations
exist between the three ligands. While PhBr and PhCl differ mostly in the size of the
substituent, the dipole moment changes most between PhCl and PhMe. In the
transformation between PhBr and PhMe, both dipole moment and the size of the
substituent are perturbed. Asymmetric ligands like monosubstituted benzene deriva-
tives can bind to aCD in two different orientations. In conformation a (Fig. 1, a), the
substituent points out of the cavity into the solvent, whereas it is enclosed inside the
cavity in conformation b (Fig. 1, b).

Simulation Protocol. All simulations were performed under NpT conditions with
the GROMOS96 package of programs [19 – 21] and the 53A6 GROMOS force field
[23]. Simulations were carried out at three different temperatures, 250, 300, and 350 K,
where for each temperature an equilibration/thermalization of a total length of 200 ps
was applied. The temperature was kept to a reference value by weak coupling to a
temperature bath with a relaxation time t¼ 0.1 ps [28], and the pressure was
maintained at 1.013 bar (1 atm) by the same type of algorithm using t¼ 0.5 ps and an
isothermal compressibility of 45.75 · 10�5 kJ mol�1 nm�3. For the nonbonded inter-
actions, a twin-range method was used with cutoff radii of 0.8 nm (short-range) and
1.4 nm (long-range). Outside the long-range cutoff, a reaction field correction [29] with
a relative dielectric permittivity e¼ 66.6 [30] was applied. Bond lengths were
constrained to minimum-energy values with SHAKE [31], allowing an integration
time step of 2 fs. The center of mass motion was removed every 2 ps. Configurations of

Fig. 1. a) Monosubstituted benzene derivative bound to aCD (red) in conformation a, where the
substituent X is solvent exposed. b) Same ligand bound to aCD (red) in conformation b, where the

substituent X resides inside the cavity. Molecular graphics generated with VMD [27].
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the system were saved every 0.5 ps. The systems were simulated at equilibrium for 5 ns.
In TI, 1-ns simulations were performed at 21 equally spaced l values between 0 and 1,
where the first 100 ps were considered as equilibration and discarded for analysis. For
positional restraining of the host, a force constant of 2.5 · 104 kJ mol�1 nm�2 was used.
Unbiased simulations starting with either orientation of the ligand in the cavity resulted
in preferred sampling of conformation b. For the calculation of DGBA of conformation
b, the corresponding frames were extracted from the unbiased trajectories. Simulations
of conformation a were performed by applying distance restraints between the
substituent X (X¼Cl, Br, or Me) of the ligand and the C(5)-atoms of the glucose units
of aCD, and between H7 of the ligand, the H-atom opposite to the X atom, and the
C(5)-atoms of the glucose units, respectively (Fig. 1). A force constant of 250 kJ mol�1

nm�2 was used.
Analysis. All analyses (energies, free energies, dipole moments) were performed

using the tools of the GROMOS96 simulation software [19]. The time series of values
of the different Hamiltonian components and of their derivatives with respect to l were
extracted from the simulation trajectories at each l value. Errors on the corresponding
averages were obtained using block averaging [32]. Polynomial interpolation was used
to calculate the free-energy differences DG.

Results and Discussion. – Changes in Temperature and Host Restraining. TI
Simulations of the three ligands in solution and bound to aCD were performed at 250,
300, and 350 K. Each transformation was carried out in both directions, i.e., from ligand
A to ligand B, and from ligand B to ligand A. In the simulations of the complex, the host
was either unrestrained or positionally restrained to estimate the entropic contribution
of its motion to binding. The absolute free-energy differences of all three sets of
simulations are shown in Fig. 2. The absolute values were taken for better comparison
between the transformation directions. DGBA has a positive sign for the transformation
from PhBr to PhCl and to PhMe, respectively, as well as from PhCl to PhMe. For the
corresponding backward transformations, DGBA has a negative sign. The hysteresis
between forward and backward directions is found largest for the largest perturbation
(PhBr to PhMe) in both the bound and the unbound state (Fig. 2,a – c). An effect of
the temperature could only be observed for the dipole perturbations (PhBr to PhMe,
and PhCl to PhMe) of the free ligands in solution. Water is highly entropic, and DS in
these transformations comes from water around the substituent, which gains motional
freedom with decreasing dipole moment of the unbound ligand. This is not the case
when the ligand is bound in the cavity of aCD, so these free-energy differences are
insensitive to temperature changes. However, overall the temperature-dependent
differences in DGBA are too small to calculate reliable entropy differences using the
finite difference temperature method (Eqn. 2). In addition, DGBA of the complexes is
also not affected by rigidifying the host. It appears that for these inclusion complexes
the flexibility of the host plays no role in binding.

Guest Orientation. In aCD complexes, asymmetric ligands like monosubstituted
benzenes can bind in two different orientations, here called conformations a and b (see
Methods). During simulations, flips between conformations a and b were rarely
observed, although conformation b was sampled preferentially independent of the
starting conformation, indicating that b is more stable. To further study the difference
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between the two conformations, additional simulations of conformation a using
distance restraining were performed. The free-energy differences for both conforma-
tions are shown in Fig. 3. From these DGBA values, the relative binding free-energy
differences DDGBA

binding were calculated for both conformations and compared with
experimental values [10] [11] (Table 1). The differences in DGBA shown in Fig. 3 are
significant for all three ligands, where DGBA is always smaller for conformation a. This
can be explained by the type of functional group of the ligand that resides deepest
inside the cavity of aCD. In conformation b, this group is either Br, Cl, or a Me group,
while, in conformation a, it is always a H-atom. Thus, the change in DG in conformation
a comes largely from the substituent surrounded by water, resulting in DDGBA

binding of
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Fig. 2. Absolute free-energy differences jDGBA j of the three ligands free in solution (a) , bound to a fully
flexible aCD (b) , and bound to a positionally restrained aCD (c) at 250 (grey) , 300 (stripes) , and 350 K
(white) in an unbiased simulation. TI Perturbations were performed in both directions, which are shown

in the same shade.



nearly zero for the transformations of the ligand in this conformational state (Table 1).
The relative free-energy differences of binding in conformation b on the other hand
show very good agreement with the experimental values (Table 1), indicating that b is
also the dominant conformation in nature. The reason for the difference in stability of
the two conformations was further investigated. Averages of the different terms of the
potential energy together with the dipole moment of the ligand, the host and their
scalar product are shown in Table 2 for PhBr bound in both conformations to a
positionally restrained aCD at 300 K. While, in conformation b, the substituent resides
inside the cavity resulting in a larger nonbonded ligand – host energy term (both
Van der Waals and electrostatic), in conformation a, the substituent is more accessible
to solvent, as reflected by a larger ligand – solvent Van der Waals term Elig�water

vdW

� �
.

However, the latter effect is less pronounced leading to an overall stabilization of b
compared to a. Although the biggest contribution to the stabilization of conformation b
comes from the ligand – host Van der Waals term Elig�host

vdW

� �
, it is also supported by the

favorable antiparallel dipole – dipole arrangement shown in the negative scalar product
of the dipole vectors of ligand and host

�
~mlig �~mhost

�
. Similar, but less pronounced, results

were obtained for the other two ligands (data not shown).

Conclusions. – For this host – guest system, differences between entropic contribu-
tions to binding for different ligands play a minor role as indicated by the insensitivity
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Fig. 3. Absolute free-energy differences jDGBA j of the three ligands bound to a fully flexible aCD at 250
(grey) , 300 (stripes) , and 350 K (white) in conformation a (a) and b (b). TI Perturbations were

performed in both directions, which are shown in the same shade.



of the free-energy differences to changes in temperature. In addition, no significant
difference could be observed between perturbations using a fully flexible or a rigidified
host. The reason lies, on the one hand, in the symmetry and size of the cavity of aCD,
which is large enough to accommodate both PhBr and PhMe without needing structural
rearrangement or affecting the strength of the host – ligand interaction. The other
reason is the nature of the binding between the studied benzene derivatives and aCD,
which is dominated by Van der Waals forces and a favorable antiparallel host – guest
dipole – dipole alignment, both interactions that are rather insensitive to molecular
motion inside the complex. However, guest orientation may play an important role in
binding considering the different stabilities found for conformations a and b. Here,
simulation can be used to interpret the experimental data at the experimentally non-
observable level. While the two conformations are experimentally not distinguishable,
the computed relative free energies of binding show only good agreement for
conformation b, suggesting that this is the dominant conformation.
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Table 1. Experimental and Computed Relative Binding Free Energies DDGBA
binding [kJ mol�1] of Fully

Flexible aCD with Three Ligands BrBn, ClBn, and MeBn at 300 K for Two Conformations, a and b.
Computed results are shown for both TI perturbation directions. The experimental values are calculated

from binding constants measured at room temperature (298 K) [10] [11] using Eqns. 3 and 4.

Transformation DDGbinding (conf. a) DDGbinding (conf. b) DDGbinding (exper.)

PhMe!PhCl 0.205� 0.001 3.04� 0.08 2.79
PhCl!PhMe � 0.027� 0.002 � 2.63� 0.02
PhCl!PhBr 1.342� 0.002 2.71� 0.07 3.92
PhBr!PhBr � 1.213� 0.001 � 2.30� 0.02
PhMe!PhBr 1.452� 0.001 5.87� 0.20 6.71
PhBr!PhMe � 1.068� 0.015 � 5.84� 0.05

Table 2. Averages of the Total Potential Energy ( Epot

� �
) , Bonded Term for the Complete Solute ( Esolute

bnd

� �
) ,

and Nonbonded Term for the Ligand ( Elig
nb

� �
) ; Average Dipole Moment for the Ligand (

�
~mlig

�
) , the Host

( ~mhosth i) , and their Product (
�
~mlig �~mhost

�
) for BrBn Bound to a Restrained aCD at 300 K in Both

Conformations a and b. The nonbonded energy term for the ligand ( Elig
nb

� �
) is further split into its different

contributions ( Elig�host
vdW

� �
, Elig�water

vdW

� �
, Elig�lig

vdW

� �
, Elig�host

crf

� �
, Elig�water

crf

� �
, and Elig�lig

crf

� �
), with electrostatic

interactions denoted by crf.

Conformation a Conformation b

Epot

� �
[kJ mol�1] � 83608� 219 � 83632� 208

Esolute
bnd

� �
[kJ mol�1] 486� 18 522� 19

Elig
nb

� �
[kJ mol�1] � 80� 8 � 96� 8

Elig�host
vdW

� �
[kJ mol�1] � 43� 4 � 55� 4

Elig�water
vdW

� �
[kJ mol�1] � 31� 4 � 25� 4

Elig�lig
vdW

� �
[kJ mol�1] � 1.47� 0.03 � 1.47� 0.03

Elig�host
crf

� �
[kJ mol�1] � 0.2� 3 � 8� 3

Elig�water
crf

� �
[kJ mol�1] � 7� 6 � 9� 7

Elig�lig
crf

� �
[kJ mol�1] 2.7� 0.2 2.7� 0.2�

~mlig

�
[D] 1.4 1.4�

~mhost

�
[D] 12.4 12.4�

~mlig �~mhost

�
[D2] 12.0 � 7.2
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