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In supramolecular host ± guest chemistry, the de novo
design of a host molecule often does not lead to selectivity
for the desired guest.[1] Alternatively, host ± guest recognition
can be reformulated from the perspective of a known host
molecule that requires the identification of suitable guest
molecules. This would allow the application of existing host
molecules in other fields, for example, for sensing other guest
molecules, or for carrying other drugs in artificial drug-carrier
systems. The identification of guests is a well-known problem
in medicinal chemistry, where lead discovery aims at the
identification of possible binders to an enzyme, for example.
In this field, one approach to overcome the limitations of
de novo design is the development of rapid (virtual) screening
techniques.

Docking is a computational method often used to identify
new leads or suggest possible binding modes of known
guests.[2] When used for the identification of leads, docking
starts from a simplified representation of the binding pocket
of a protein or receptor, for example, one derived from a
crystal structure. Subsequently, a large number of potential
ligands are fitted into this binding site and the docking
algorithm finds guests that yield a favorable interaction
energy with the host. The success of this approach in
identifying potential binders for a receptor inspired us to
investigate whether it would also allow the rapid screening of
large numbers of guests for synthetic receptors.

In supramolecular chemistry, cyclodextrins (Figure 1a) are
often used because of their unique ability to complex a variety
of small organic guests in water.[3] Previously, we reported the
binding properties of cyclodextrin dimer 1 (Figure 1b) with
cholates and the fluorescence-signaling behavior of a closely
related dansyl-appended dimer.[4] Recently, a number of
cyclodextrin dimers have been reported and these often
exhibit enhanced binding with suitable guests,[5] some of them
as stable as enzyme ± ligand interactions. This renders these
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cyclodextrin derivatives interesting candidates for comparing
the computational and experimental assessment of binding
properties. Computational methods have been used to
identify binding modes for known guests into cyclodextrins.[6]

In the present study we have performed a docking procedure
with one synthetic host and many guest molecules, and have
subsequently tested its success score by experimental verifi-
cation of the complexation strength by using a facile and rapid
fluorescence assay.

As there is no crystal structure of the cyclodextrin dimer
(1), its conformation used in the docking procedure was
generated by a molecular mechanics study of 1 based on a
crystal structure of native �-cyclodextrin and an extended
conformation of the flexible alkyl spacer (Figure 1b).[7] This
conformation was used for docking with the Available
Chemicals Database (ACD) and the Comprehensive Medic-
inal Chemistry Database (CMCD). Ligands with molecular
weights below 200 D and compounds with more than two
formal charges or reactive functionalities were excluded, and
the remaining �105 molecules from the ACD and �104 mol-
ecules from the CMCD were docked in 1. The highest ranking
structures, about 500 from the ACD and 200 from the CMCD,
were visually inspected. Among the highest ranking docking
solutions for molecules from the ACD, several are of
sufficient length to position hydrophobic functionalities in
both �-cyclodextrin cavities. In particular, phenyl, cyclohexyl,
adamantyl, tert-butyl, and complex aliphatic ring systems
(steroid- or opiate-like) were found to be located in the �-
cyclodextrin ring interiors. In some cases, additional hydrogen
bonding to hydroxy groups of the cyclodextrin rings was also
suggested. The interaction with the linker moiety was usually
minimal.

For the majority of ligands retrieved from the CMCD,
binding to both cyclodextrins appeared to be less common.
This is to be expected since the CMCD contains drug
molecules that typically have relatively low molecular weights
(�600) and corresponding small molecular sizes. Although
traditionally applied in virtual screening of protein guests,[2]

molecular database docking appears to perform well as a
computational tool to identify small molecule guests for
synthetic receptors. After visual inspection of docking hits, a
total of 93 ligands from the ACD and 125 ligands from the
CMCD were selected for experimental evaluation (subject to
commercial availability). A selection of these hits had to be
made since the experimental evaluation not only required
commercial availability, but also high purity of the compound
and solubility in water (or at least in methanol). Many
compounds from the CMCD are not commercially available
in pure form. Thus, this number was reduced to 30 guests: 19
from the ACD (Scheme 1), and 11 from the CMCD
(Scheme 2).[8]

For a rapid indication as to whether a guest binds or not, we
performed a fluorescence competition assay in which the
guests to be screened compete for binding to 1 with a
fluorophore of known binding strength. We employed the
polarity probe 2-p-toluidinylnaphthalene-6-sulfonate (TNS),
the fluorescence intensity of which increases strongly upon
binding to cyclodextrin or cyclodextrin dimers.[5e, 9] Its binding
constant to 1 (5.3� 104��1) was determined by means of a
fluorescence titration. The binding constants of most known
guests in native �-cyclodextrin are in the range of 102 ± 104��1;
only a few stronger binding guests are known. Therefore, a
threshold value of 105��1 for the association constant was
taken as an indication that both cavities cooperate in guest
binding. The screening was performed by the addition of a
concentrated methanolic solution of the competing guest to
an aqueous solution of 1 and TNS.[10] The results are
summarized in Figure 2.

We found that three guests from the ACD (5, 8, and 13) and
six from the CMCD (21 ± 26) bind strongly to dimer 1, since
competition fluorescence titrations revealed association con-
stants�105��1.[11] Given the absence of terms that account for
entropic effects from the force field score applied in this study
and the use of rigid molecular structures, little correlation is
expected between predicted binding enthalpies and measured
binding constants. The correlation between predicted and

Figure 1. a) Structure of �-cyclodextrin; b) schematic representation (left) and energy-minimized structure (right) of
cyclodextrin dimer 1.
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measured binding constants also remains a problem for
molecular docking applications in medicinal chemistry.[12] In
principle, however, this does not prohibit virtual screening
from identifying suitable ligands for receptors.

The hit rate of 9 out of 30 (30%) compares very favorably
to the results obtained with docking of ligands to bioreceptors,
for which hit rates are usually �10%. The favorable hit rate
obtained when using a cyclodextrin receptor with respect to

similar applications in medicinal chemistry can be explained
from the relative structural simplicity of the synthetic
receptor.[13] A summary of the various stages that led to the
identification of the nine strongly bound guests is shown in
Figure 3.

Molecular docking to synthetic receptors is probably
subject to similar sources of error as virtual screening of
molecule databases with biological receptors.[14] The scoring

Scheme 1. Compounds from the Available Chemicals Database (ACD) selected for screening.
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function, the computational implementation, and the degree
of conformational sampling of ligands and receptor influence
the results. However, it is encouraging that a relatively simple

protocol, which involves rigid ligand confor-
mations and force-field scoring without cor-
rection for entropic effects, is able to identify
novel ligands for cyclodextrin-derived recep-
tors with such an impressive degree of accu-
racy.

This work demonstrates the potential for
virtual screening methodologies outside the
confines of pharmaceutical lead identification.
In future, similar computational procedures as
the one described here may also provide a
useful tool in the design of synthetic receptors
for a given guest.

Experimental Section

Computational methodology: To identify small organic molecules that bind
both cyclodextrin cavities of the dimer, the molecular docking program
DOCK 4.0[15] was applied. Two chemical databases supplied by MDL
Information Systems Inc. (San Leandro, USA) were considered for
docking. The Available Chemicals Database (ACD, version 2000.1)
provides a source of commercially available small organic molecules, while
the Comprehensive Medicinal Chemistry Database (CMCD, version 98.1)
is a source of currently marketed drugs and other molecules of medical
importance. Three-dimensional structures for potential ligands from the
ACD and CMCD were generated by using the CORINA program[16]

(version 1.81). The linear shape of the dual cyclodextrin receptor molecule

Scheme 2. Compounds from the Comprehensive Medicinal Chemistry Database (CMCD) selected for screening.

Figure 2. Overview of the screening of guests found by the docking procedure. The solid line
represents the calculated response for a K value of the competing guest of 105��1.

Figure 3. Stages of the docking procedure.
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suggests preferred binding of molecules in an extended conformation. It
was therefore decided to use directly the extended ligand conformations
commonly generated by the CORINA program without allowing for
additional ligand flexibility during docking. After filtering out ligands with
molecular weights below 200, more than two formal charges, and reactive
functionalities, a total of 70867 molecules from the ACD and 7497
molecules from the CMCD were docked against the �-cyclodextrin dimer.

Docking of rigid ligand molecules involves their superposition onto site
points in the receptor molecule. Docking site points, covering the binding
pockets of both cyclodextrin host molecules, were generated with
SPHGEN[17] and limited to a total of 25 by means of visual inspection
with Quanta98 (Molecular Simulations Inc., San Diego, USA). The highest
ranking molecules were visually inspected by using Quanta98 and web
tools that apply the Chime plug-in (MDL, San Leandro USA). For the
ACD, three sets of the 500 best scoring molecules with total charges of 0, 1,
and 2 were visually inspected. For the smaller CMCD, the total number of
molecules visually inspected was 200. Since the force-field-based scoring
function used by DOCK 4.0 does not take entropic contributions to host ±
guest binding into account (i.e. solvation, flexibility) further manual
filtering was applied to the docked solutions. Visual inspection implied
removal of docking solutions that placed charged or polar functionality in
the hydrophobic interior of the cyclodextrin ring or exposed large
hydrophobic groups to the solvent. Furthermore, duplicates (i.e. different
salts of the same compound) were removed andmolecules that bind to both
cyclodextrin units of the dimer were preferred over smaller molecules.
Those ligands that display good complementarity to the cyclodextrin dimer
were selected for testing. More information on the calculations is given in
the Supporting Information.
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