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Molecular Binding Behavior of Pyridine-2,6-dicarboxamide-Bridged
Bis(β-cyclodextrin) with Oligopeptides: Switchable Molecular
Binding Mode
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Bridged bis(β-cyclodextrin) 1 with a pyridine-2,6-dicarboxamide linker was synthesized, and its
inclusion complexation behavior with some aliphatic oligopeptides was investigated in aqueous buffer
solution of pH 2.0 and 7.2 at 25 °C by means of circular dichroism, fluorescence, and 2D NMR
techniques. The results show that the resulting inclusion complexes of 1 with oligopeptides adopt a
cooperative “cyclodextrin-guest-cyclodextrin” sandwich binding mode in a neutral media, but a
“guest-linker-cyclodextrin” coinclusion binding mode in an acidic media. These switchable binding
modes consequently rationalize the binding ability of bis(β-cyclodextrin) 1 at different pH values;
that is, 1 shows the stronger association with oligopeptides in a neutral media. Because of the
simultaneous contributions of hydrophobic, hydrogen bond, and electrostatic interactions, bis(βcyclodextrin) 1 affords length-selectivity up to 4.7 for the Gly-Gly/Gly-Gly-Gly pair at pH 2.0 and
sequence-selectivity up to 4.2 for the Gly-Leu/Leu-Gly pair at pH 7.2. These phenomena are discussed
from the viewpoint of the size-fit concept and the multipoint recognitions between host and guest.

INTRODUCTION

Cyclodextrins are a class of cyclic oligosaccharides
consisting, for the most common representatives, of six
to eight D-glucose units linked by R-1,4-glucose bonds.
They are well-known to encapsulate various organic
guests within their hydrophobic cavities to afford hostguest complexes or supramolecular species in aqueous
solution (1). This fascinating property enables them to
be successfully utilized as drug carriers (2-4), separation
reagents (5), enzyme mimics (6), and photochemical
sensors (7), etc. Bis-cyclodextrin derivatives can greatly
enhance the original binding ability and molecular
recognition of parent cyclodextrins through the cooperative binding of two adjacent hydrophobic cavities. In
addition, the functional linker group introduced in bridged
bis-cyclodextrins can not only adjust the distance and
orientation of two cyclodextrin cavities in cyclodextrin
dimers to affect the penetration depth of guest molecules
but also supply additional binding ability toward accommodated guest upon inclusion complexation. Owing to
these potential advantages, a variety of dimeric cyclodextrins with different functional linkers have been
designed and synthesized to understand the multiple
recognition mechanisms of cyclodextrin dimers and to
mimic the “multimode, multipoint” binding often observed in the biological systems (8-10). Among the
various families of organic and biological guests for these
studies, oligopeptides have attracted considerable interest because they represent an intermediate step toward
the recognition of protein surfaces, and the short peptide
sequences are themselves worthwhile targets for recognition due to their potential applications in separation,
diagnostic, or biological areas (11, 12). Recently, a
number of works on the recognition and separation of
peptides by cyclodextrins have been published (13-16).
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Schneider reported a detailed analysis on the inclusion
complexation of some di- and tripeptides with amino
cyclodextrins, demonstrating the simultaneous presence
of complexes with a peptide phenyl unit approaching from
both the narrow and the wide side of the cyclodextrin
cavity (17). Breslow et al. reported a series of elegant
works on the molecular recognition of oligopeptides by
cyclodextrin cavities, which showed that the cyclodextrin
dimers could strongly associate with the oligopeptides
through the cooperative binding of two hydrophobic
cavities (18). Inoue et al. reported the chiral recognition
thermodynamics of dipeptides with native γ-cyclodextrin
and discussed the effects of the length, size, and flexibility
of the tether connecting the two aromatic moieties in a
peptide on the molecular recognition (19). More recently,
synthetic receptors bearing a 2,6-disubstituted pyridine
group were proven to be one type of effective host
compound for the recognition of peptide guests with a
carboxylic acid terminus, since the pyridine unit can
specifically bind to the carboxylic acid fragment of the
peptide (20, 21). However, most of the studies on the
molecular recognition of peptides by cyclodextrins are
carried in the neutral media, and the corresponding
investigations in the acidic media are less involved (17,
22). Herein, we wish to report the synthesis of a bis(βcyclodextrin) with a fluorescent pyridine-2,6-dicarboxamide linker (Chart 1) and its inclusion complexation
behavior with six aliphatic oligopeptides at different pH
values. These studies will help us to gain a deeper insight
into the recognition process of peptides in different
biological environments, such as serum (pH ca. 7.3) or
gastric acid (pH ca. 1.5), and consequently meet their
potential applications as drug carriers.
EXPERIMENTAL PROCEDURES

Materials. All guest oligopeptides, i.e., Glu-Glu, GlyGly, Gly-Leu, Leu-Gly, Met-Met, and Gly-Gly-Gly (Chart
2), were commercially available and used without further
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Chart 1

Chart 2

containing 2.6 g of mono[6-(2-aminoeythylamino)-6-deoxy]β-cyclodextrin and 1.24 g of dicyclohexylcarbodiimide
(DCC) was added 0.16 g of pyridine-2,6-dicarboxylic acid
in the presence of a small amount of 4 Å molecular sieves.
The reaction mixture was stirred for 3 d in an ice bath
and another 4 d at room temperature. The precipitate
was removed by filtration, and the filtrate was poured
into 300 mL of acetone. The white precipitate was
collected and subsequently purified on a Sephadex G-25
column with deionized water as eluent. After drying in
vacuo, a pure sample was obtained in 4% yield. 1H NMR
(D2O, TMS, ppm) δ 2.5-3.0 (m, 8H), 3.1-4.0 (m, 84H),
4.9 (m, 14H), 7.9 (m, 3H); FT-IR (KBr) v/cm-1 3330, 3064,
2928, 1702, 1615, 1573, 1434 1368, 1301, 1239, 1155,
1079, 1031, 945, 847, 757, 707, 580, 529, 504, 411. Anal.
Calcd for C95H153O70N5‚8H2O: C, 43.40; H, 6.48; N, 2.66.
Found: C, 43.53; H, 6.27; N, 2.94.

purification. Pyridine-2,6-dicarboxylic acid was purchased from Alfa Aesar. β-Cyclodextrin of reagent grade
was recrystallized twice from water and dried in vacuo
at 95 °C for 24 h prior to use. N,N-Dimethylformamide
(DMF) was dried over calcium hydride for 2 days and
then distilled under reduced pressure prior to use. Mono[6-O-(p-toluenesulfonyl)]-β-cyclodextrin (6-OTs-β-cyclodextrin) was prepared by the reaction of tosyl chloride
with β-cyclodextrin in an alkaline aqueous solution
according to the literature reports (23). Then, 6-OTs-βcyclodextrin was converted to mono[6-(2-aminoeythylamino)-6-deoxy]-β-cyclodextrin in 70% yield on heating
in excess ethylenediamine at 70 °C for 7 h (24).
Measurements. Elemental analyses were performed
on a Perkin-Elmer-2400C instrument. NMR spectra were
recorded on a Varian Mercury VX300 instrument. UV
and circular dichroism (CD) spectra were performed on
a Shimadzu UV 2401 spectrophotometer and a JASCO
J-715S spectropolarimeter, respectively. Fluorescence
spectra were measured in a conventional rectangular
quartz cell (10 × 10 × 45 mm) at 25 °C on a JASCO FP750 spectrometer equipped with a constant-temperature
water bath, with the excitation and emission slits width
of 10 nm. In the spectral measurements, disodium
hydrogen phosphate dodecahydrate (25.79 g) and sodium
dihydrogen phosphate dihydrate (4.37 g) were dissolved
in 1000 mL of deionized water to make a 0.10 M aqueous
phosphate buffer solution of pH 7.2, whereas 20 mM
potassium chloride was adjusted to pH 2.0 with 1 M
hydrochloric acid to give an acidic buffer solution (25),
which were used as solvent for all measurements.
Synthesis of Pyridine-2,6-dicarboxamide-Bridged
Bis(β-cyclodextrin) (1). To a solution of DMF (50 mL)

RESULTS AND DISCUSSION

Conformational Analysis. Over the past decades,
circular dichroism (CD) spectrometry has become a
convenient and widely employed method for the elucidation of the absolute conformation of chiral compounds
(26). Moreover, achiral compounds can also show the
induced circular dichroism (ICD) signal in the corresponding transition band in cases where there is a chiral
microenvironment. Possessing an inherent chiral cavity,
cyclodextrins can certainly provide such a microenvironment for the attached achiral moiety. In this context, we
have measured the CD spectra of 1 at 1.0 × 10-4 mol
dm-3 concentration in aqueous buffer solutions (Figure
1) to investigate the conformation of this β-cyclodextrin
dimer with a chromophoric pyridine linker.
As shown in Figure 1a, host 1 displays quite different
CD spectra in the two buffer solutions of different pH
values considered in this study, which indicates that
there should exist significant but different degrees of
interaction between the linker group and the cyclodextrin
cavity. The CD spectrum of 1 shows a strong positive
Cotton effect peak around 213 nm (∆ ) 3.91 dm3 mol-1
cm-1) in a pH 7.2 buffer but displays a moderate negative
Cotton effect peak around 220 nm (∆ ) -1.54 dm3 mol-1
cm-1) and a weak negative Cotton effect peak around 270
nm (∆ ) -0.14 dm3 mol-1 cm-1) in a pH 2.0 buffer. In
the control experiment, the UV spectrum of the reference
compound 2, disodium pyridine-2,6-dicarboxylate, shows
a peak around 272 nm and a shoulder around 220 nm,
while the CD spectrum of 2 only exhibits a weak positive
Cotton effect peak around 219 nm (∆ ) 0.1 dm3 mol-1
cm-1) assigned to the 1La transition of the pyridine
chromophore. According to the empirical rule proposed
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Figure 2. Fluorescence spectra of 1 (1.0 × 10-4 mol dm-3) in
the pH 7.2 and 2.0 buffers.

Figure 1. (a) Circular dichroism and UV spectra of host 1
(1.0 × 10-4mol dm-3) in the pH 7.2 and 2.0 buffers at 25 °C. (b)
Circular dichroism and UV spectra of 2 (1 × 10-4mol dm-3) in
the absence and presence of β-cyclodextrin (20 equiv.) in the
pH 7.2 buffer at 25 °C.

by Kajtár (27), and Harata (28), the sign of ICD signal
depends on the orientation of the transition dipole
moment of the chromophore with respect to the dipole
moment of the cyclodextrin. For the chromophore located
inside the cyclodextrin cavity, its electronic transition
parallel to the cyclodextrin axis gives a positive ICD
signal, whereas the perpendicular transitions gives a
negative signal, but this situation is reversed for the
chromophore located outside the cyclodextrin cavity. So
we can deduce that the pyridine group in the linker of
host 1 may be located outside the cyclodextrin cavity in
a pH 7.2 buffer, where the transition moment of 1La band
around 213 nm is nearly perpendicular to the cyclodextrin axis and thus induces the positive CD signal. On the
other hand, in a pH 2.0 buffer, the pyridine chromophore
may be shallowly included in the cyclodextrin cavity,
where both the 1La and 1Lb transition moments around
220 and 270 nm are nearly perpendicular to the cyclodextrin axis, resulting in the two negative Cotton effect
peaks. As a good reference system, the CD spectrum of
2 in the presence of excess amount of β-cyclodextrin is
also measured. As can be seen in Figure 1b, compound 2
displays similar, but weak, CD signals to those of bis(βcyclodextrin) 1 in a pH 7.2 buffer. However, in the
presence of β-cyclodextrin, the CD spectrum of 2 shows
two negative Cotton effect peaks around 208 and 277 nm,
respectively, which is like the spectrum of 1 in a pH 2.0
buffer. In addition, the fluorescence spectra of 1 in the
pH 7.2 and 2.0 buffers also provide some useful information. As can be seen in Figure 2, bis(β-cyclodextrin) 1
emits stronger fluorescence in a pH 2.0 buffer than in a
pH 7.2 buffer, which indicates that the pyridine chromophore in 1 is certainly located in a more hydrophobic
environment in the pH 2.0 buffer. The results of the CD
and fluorescence experiments jointly indicate that there
exist some interactions between the pyridine chromophore in the linker group and the cyclodextrin cavity,
which consequently supports our hypothesis about the
self-inclusion conformation of 1 in an acidic media.

Figure 3. 2D ROESY spectra of host 1 (5 mM) in pD 7.2 buffer
at 298 K with a mixing time of 400 ms.

2D NMR experiment provides reliable information
about the conformation of bis(β-cyclodextrin) 1 in a pH
7.2 buffer. As illustrated in Figure 3, the ROSEY
spectrum of 1 displays clear NOE cross-peaks between
the H-5 protons of cyclodextrin and the ethylene protons
of the linker group (peaks a). On the other hand, no NOE
correlations between the inner protons (H-3 and H-5) of
the cyclodextrin moieties and the pyridine protons can
be observed. These phenomena indicate that only the
ethylene unit of the linker group is shallowly embedded
in the cyclodextrin cavity, but the pyridine group is
located at the exterior. From the above CD, fluorescence,
and NMR results, we can draw the conclusion that the
conformation of 1 switches according to the pH value of
the buffer solution as represented in Figure 4. Unfortunately, the ROSEY signals of 1 at pD 2.0 are too
ambiguous to examine the NOE correlations between the
pyridine unit and the H-3/H-5 protons of cyclodextrin,
which may be due to the protonation of the pyridine unit,
although the mechanism is still unclear. However, we can
still get some useful information about the self-inclusion
conformation of host 1 at pH 2.0 from the 1H NMR
spectra. Seen from the structure of host 1, one can deduce
that its self-inclusion conformation at pH 2.0 should
result in the existence of a degenerated chemicalexchange process, i.e. the pyridinium ring included in one
or the other cyclodextrin cavity, which would result in
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Figure 6. Possible binding mode of bis(β-cyclodextrin) 1 with
oligopeptides.

Figure 4. Possible conformation of bis(β-cyclodextrin) 1 in
pH 7.2 and 2.0 buffers.

Figure 5. Circular dichroism (a) and UV (b) spectra of host 1
(1.0 × 10-4 mol dm-3) in the presence of Gly-Gly-Gly (6.0 × 10-4
mol dm-3) in the pH 7.2 and 2.0 buffers at 25 °C.

the significant line broadening in the 1H NMR spectra
unless this exchange is very rapid. Therefore, the obvious
line broadening of the pyridinium protons in 1 at pD 2.0
clearly indicates the self-inclusion conformation of 1 in
the acidic media.
Binding Mode. In our previous researches, we found
that bridged bis(β-cyclodextrin) hosts could adopt different binding modes upon cooperative association with a
given guest molecule, leading to either a sandwich or a
coinclusion complex (29). In this work, we examine the
CD spectra of bis(β-cyclodextrin) 1 in the presence of GlyGly-Gly to investigate its binding mode at different pH
values. The reason for choosing Gly-Gly-Gly as guest
molecule is that it displays no appreciable CD signals in
the range of 200-400 nm. As seen from Figure 5, in
either the pH 7.2 or the pH 2.0 buffer, the CD spectrum
of 1 remains unchanged upon addition of Gly-Gly-Gly,
but the Cotton effect intensities increase significantly.
The enhanced Cotton effects (∆∆ ) 1.13 dm3 mol-1 cm-1
for pH 7.2 buffer and ∆∆ ) 0.43 dm3 mol-1 cm-1 for pH
2.0 buffer) indicate that 1 has associated with Gly-GlyGly to form a host-guest complex. The fact that 1
exhibits similar pH dependent CD signals in the absence
and in the presence of Gly-Gly-Gly supports that it adopts
binding modes upon inclusion complexation that are
compatible with the above-discussed host conformations.
In a pH 7.2 buffer, bis(β-cyclodextrin) 1 may adopt a

sandwich binding mode, where the guest molecule is
cooperatively bound by two cyclodextrin cavities (Figure
6). However, in a pH 2.0 buffer, bis(β-cyclodextrin) 1
probably adopts a coinclusion binding mode; that is, the
linker group is partly self-included in one of the hydrophobic cavities, while the guest molecule penetrates into
the other cavity (Figure 6).
The NMR data further reveal these binding modes in
more detail. Since the chemical shifts of the isopropyl
protons in Leu fragment are distant from those of the
protons in bis(β-cyclodextrin) 1 and can be easily recognized in NMR spectra, we select Gly-Leu as guest to
examine the binding geometry of the bridged bis(cyclodextrin) 1 with the guest oligopeptides. As illustrated in
Figure 7, the ROESY spectrum of an equimolar mixture
of 1 with Gly-Leu displays clear NOE cross-peaks between the H-3 protons of cyclodextrin and the methyl
protons (H-5′) in Gly-Leu (peak a) as well as those
between the H-5 protons of cyclodextrin and the methine
proton (H-4′) of Gly-Leu (peak b). In addition, the initial
strong correlation between the ethylene protons in the
linker group of bis(cyclodextrin) 1 and the H-5 protons
of cyclodextrin (peak a in Figure 3) disappears after the
addition of guest oligopeptide. These results jointly
indicate that the guest Gly-Leu is accommodated in the
cyclodextrin cavity and the linker group is entirely driven
out after the guest inclusion, which confirms the cooperative sandwich binding mode between host and guest. On
the other hand, the appreciable line broadening of the
pyridinium protons in 1 at pD 2.0 in the presence of GlyLeu indicates that the pyridinium group is still selfincluded in the cyclodextrin cavity even after host-guest
complexation, which consequently verifies the coinclusion
binding mode as illustrated in Figure 6.
Spectral Titration. Quantitative investigation of the
complexation behavior of 1 with the selected oligopeptides
has been examined at pH 7.2 and 2.0 by means of
titration fluorimetry. The fluorescence intensity of 1
gradually increases with the stepwise addition of oligopeptides (Figure 8). As expected, all of the continuous
variation (Job) plots show the maximum at a molar
fraction of 0.5, confirming the formation of 1:1 host-guest
inclusion complexes for either the sandwich or the
coinclusion binding mode. (Figure 9)
Using a nonlinear least squares curve-fitting method
(30), we obtain the complexation stability constant for
each host-guest combination. The excellent curve fits
support the reliability of the stability constants obtained.
The stability constant (Ks) and Gibbs free energy change
(-∆G°) for the inclusion complexation of host bis(βcyclodextrin) 1 with a series of oligopeptide guests are
listed in Table 1.
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Figure 7. (left) 2D ROESY spectrum of mixture of host 1 (5 mM) and Gly-Leu (5 mM) in pD 7.2 buffer at 298 K with a mixing time
of 400 ms, (right) possible binding mode of host 1 with Gly-Leu.
Table 1. Complex Stability Constant (Ks) and Gibbs Free
Energy Change (-∆G°) for 1:1 Inclusion Complexation of
Host 1 with Various Oligopeptide Guests in Aqueous
Buffer Solution (pH 7.2 and 2.0) at 25 °C

Figure 8. Fluorescence spectral changes bis(β-cyclodextrin) 1
(0.08 mM) upon addition of guest Gly-Gly-Gly (0-5.6 mM from
a to h) at pH 7.2 and the nonlinear least-squares analysis (inset)
of the differential intensity (∆F) to calculate the complex
stability constant (Ks). The excitation wavelength is 330 nm.

Figure 9. Continuous variation plot of the 1/Gly-Gly system
([bis(β-cyclodextrin)] + [Gly-Gly] ) 1.0 × 10-4 mol dm-3) in a
pH 2.0 buffer.

Molecular Binding Ability and Molecular Selectivity. It is well-known that several weak interactions,
including van der Waals, hydrophobic, and hydrogen
bond interactions, simultaneously contribute to the inclusion complexation of cyclodextrins with guest molecules.
Additionally, other intermolecular interactions, such as
electrostatic interaction and electron transfer, can also
affect the binding behavior of cyclodextrins to some
extent. In the present case, we find that the host-guest

pH

oligopeptide

Ks/M-1

log Ks

-∆G°/kJ mol-1

7.2
2.0
7.2
2.0
7.2
2.0
7.2
2.0
7.2
2.0
7.2
2.0

Glu-Glu
Glu-Glu
Gly-Gly
Gly-Gly
Gly-Leu
Gly-Leu
Leu-Gly
Leu-Gly
Met-Met
Met-Met
Gly-Gly-Gly
Gly-Gly-Gly

320 ( 10
153 ( 3
832 ( 30
339 ( 10
1208 ( 40
517 ( 20
356 ( 10
330 ( 10
700 ( 30
641 ( 20
263 ( 10
72 ( 3

2.50
2.18
2.92
2.53
3.08
2.71
2.55
2.52
2.84
2.81
2.42
1.86

14.3
12.5
16.7
14.4
17.6
15.5
14.6
14.4
16.2
16.0
13.8
10.6

size/shape matching and induced fit dominate the stability of the complexes formed between host 1 and the
assayed oligopeptides.
From Table 1, we can see that the corresponding Ks
value for a given oligopeptide guest at pH 7.2 is higher
than that at pH 2.0. This observation is consistent with
the cooperative contributions of two cyclodextrin cavities
on binding with one guest. On the other hand, for the
coinclusion mode, the guest molecule is only bound by
one cyclodextrin, which will inevitably lead to weaker
interactions between host and guest. Among the guest
oligopeptides, bis(β-cyclodextrin) 1 displays the strongest
binding ability toward Gly-Leu and Met-Met, both of
which possess a carboxyl group located in the middle of
the peptide chain. It is known that the diamidopyridine
group can interact with the carboxyl group and thus
effectively recognizes complementary peptide guests (20,
31). In our case, this interaction rationalize not only the
strong associations of bis(β-cyclodextrin) 1 with guest
Gly-Leu and Met-Met but also the high sequence selectivity of 1 for Gly-Leu as compared with Leu-Gly (KsGly-Leu/
KsLeu-Gly ) 4.2 at pH 7.2). On the other hand, although
Glu-Glu has a similar structure to Met-Met, its poor
hydrophobicity arising from the presence of three hydrophilic carboxyl groups in the molecule reduces the
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hydrophobic interactions upon complexation with the
cyclodextrin cavities and thus results in the moderate
Ks value. Another interesting point is that, although
possessing a relatively long linker group, bis(β-cyclodextrin) 1 exhibits a higher Ks value for the shorter Gly-Gly
than for the longer Gly-Gly-Gly (KsGly-Gly/KsGly-Gly-Gly )
4.7 at pH 2.0), which may be attributed to the size-fit
relationship between host and guest. That is, for a
coinclusion mode in which the guest is only associated
with one cyclodextrin cavity, the shorter guest Gly-Gly
(skeleton length 7.246 Å, estimated by MM2) is fits better
to the height of the cyclodextrin cavity (7.9 Å) than GlyGly-Gly (skeleton length 10.87 Å, estimated by MM2).
Protonation Effect. Because of the relatively low pKa
value of the pyridine group (pKa ca. 5.4) and the ethylenediamino group (pKa ca. 3.2), all of the N atoms in the
linker group of 1 should be protonated in a pH 2.0 buffer.
On the other hand, for the selected guest oligopeptides,
the pKa values of the carboxyl groups are around 3 (22a),
while the corresponding values for the amino terminus
are around 8 (32), which indicates that the C-terminals
of the guests should exist as COOH the N-terminals as
NH3+ at pH 2.0. That is to say, in an acidic media (pH
2.0), both host 1 and oligopeptide are positively charged,
which will inevitably lead to unfavorable electrostatic
repulsions between host and guest. However, this negative contribution will be partly compensated by the
hydrogen bonds between the carboxyl, amino, and/or
sulfydryl groups of guest peptides and the hydroxyl
groups of the cyclodextrin. As a cumulative result of the
hydrophobic, electrostatic and hydrogen bond interactions, the differential Gibbs energy changes for the
complexation of bis(β-cyclodextrin) at different pH values
(∆∆G° ) ∆G°pH 7.2 - ∆G°pH 2.0) vary in a narrow range
(0.2-3.2 kJ/mol). This phenomenon indicates that the
protonation effect can only affects the binding ability of
bis(β-cyclodextrin) 1 with oligopeptides to a limited
extent.
ACKNOWLEDGMENT

This work was supported by NNSFC (No. 90306009
and 20272028), which are gratefully acknowledged.
LITERATURE CITED
(1) (a) Szejtli, J. (1998) Introduction and General Overview of
Cyclodextrin Chemistry. Chem. Rev. 98, 1743-1754. (b)
Saenger, W. (1980) Cyclodextrin inclusion compounds in
research and industry. Angew. Chem., Int. Ed. Engl. 19, 344362. (c) Wenz, G. (1994) Cyclodextrins as building blocks for
supramolecular structures and functional units. Angew.
Chem., Int. Ed. Engl. 33, 803-822.
(2) Szejtli, J. (1988) Cyclodextrin Technology, Kluwer, Dordrecht.
(3) (a) Uekama, K., Hirayama, F., and Irie, T. (1998) Cyclodextrin Drug Carrier Systems. Chem. Rev. 98, 2045-2076. (b)
Loftsson, T., and Järvinen, T. (1999) Cyclodextrins in ophthalmic drug delivery. Adv. Drug Delivery Rev. 36, 59-79.
(4) Ortiz Mellet, C., Defaye, J., and Garcı́a Fernández, J. M.
(2002) Multivalent Cyclooligosaccharides: Versatile Carbohydrate Clusters with Dual Role as Molecular Receptors and
Lectin Ligands. Chem. Eur. J. 8, 1982-1990.
(5) Li, S., and Purdy, W. C. (1992) Cyclodextrins and their
applications in analytical chemistry Chem. Rev. 92, 14571470.
(6) Breslow, R., and Dong, S. D. (1998) Biomimetic Reactions
Catalyzed by Cyclodextrins and Their Derivatives Chem. Rev.
98, 1997-2011.
(7) Ueno, A., (1996) Fluorescent Cyclodextrin for Molecule
Sensing. Supramol. Sci. 3, 31-36.
(8) (a) Nelissen, H. F. M., Kercher, M., de Cola, L., Feiters, M.
C., and Nolte, R. J. M. (2002) Photoinduced Electron Transfer

Bioconjugate Chem., Vol. 15, No. 2, 2004 305
between Metal-Coordinated Cyclodextrin Assemblies and
Viologens. Chem. Eur. J. 8, 5407-5414. (b) Venema, F.,
Nelissen, H. F. M., Berthault, P., Birlirakis, N., Rowan, A.
E., Feiters, M. C., and Nolte, R. J. M. (1998) Synthesis,
Conformation, and Binding Properties of Cyclodextrin Homoand Heterodimers Connected through Their Secondary Sides.
Chem. Eur. J. 4, 2237-2250.
(9) (a) von Bommel, K. J. C., de Jong, M. R., Metselaar, G. A.,
Verboom, W., Huskens, J., Hulst, R., Kooijman, H., Spek, A.
L., and Reinhoudt, D. N. (2001) Complexation and (Templated) Synthesis of Rhenium Complexes with Cyclodextrins
and Cyclodextrin Dimers in Water. Chem. Eur. J. 7, 36033616. (b) de Jong, M. R., Engbersen, J. F. J., Huskens, J.,
and Reinhoudt, D. N. (2000) Cyclodextrin Dimers as Receptor
Molecules for Steroid Sensors. Chem. Eur. J. 6, 4034-4040.
(c) Michels, J. J., Huskens, J., and Reinhoudt, D. N. (2004)
Noncovalent Binding of Sensitizers for Lanthanide(III) Luminescence in an EDTA-bis(β-cyclodextrin) Ligand. J. Am.
Chem. Soc. 124, 2056-2064.
(10) Baugh, S. D. P., Yang, Z., Leung, D. K., Wilson, D. M., and
Breslow, R. (2001) Cyclodextrin Dimers as Cleavable Carriers
of Photodynamic Sensitizers. J. Am. Chem. Soc. 123, 1248812494.
(11) Peczuh, M. W., and Hamilton, A. D. (2000) Peptide and
Protein Recognition by Designed Molecules. Chem. Rev. 100,
2479-2494.
(12) Tsubaki, K., Kusumoto, T., Hayashi, N., Nuruzzaman, M.,
and Fuji, K. (2002) Sequence-Selective Visual Recognition of
Nonprotected Dipeptides. Org. Lett. 4, 2313-2316.
(13) Schaschke, N., Fiori, S., Weyher, E., Escrieut, C., Fourmy,
D., Müller, G., and Moroder, L. (1998) Cyclodextrin as Carrier
of Peptide Hormones. Conformational and Biological Properties of β-Cyclodextrin/Gastrin Constructs. J. Am. Chem. Soc.
120, 7030-7038.
(14) Ueoka, R., Matsumoto, Y., Harada, K., Akahoshi, H., Ihara,
Y., and Kato, Y. (1992) Cyclodextrin-mediated deacylation of
peptide esters with marked stereoselectivity. J. Am. Chem.
Soc. 114, 8339-8340.
(15) Fukahori, T., Ugawa, T., and Nishikawa, S. (2002) Molecular Recognition Kinetics of Leucine and Glycyl-Leucine by
β-Cyclodextrin in Aqueous Solution in Terms of Ultrasonic
Relaxation J. Phys. Chem. A 106, 9442-9445.
(16) (a) Hossain, M. A., Mihara, H., and Ueno, A. (2003) Novel
Peptides Bearing Pyrene and Coumarin Units with or without
β-cyclodextrin in Their Side Chains Exhibit Intramolecular
Fluorescence Resonance Energy Transfer. J. Am. Chem. Soc.
125, 11178-11179. (b) Matsumura, S., Sakamoto, S., Ueno,
A., and Mihara, H. (2000) Construction of R-Helix Peptides
with β-Cyclodextrin and Dansyl Units and Their Conformational and Molecular Sensing Properties. Chem. Eur. J. 6,
1781-1788. (c) Furukawa, S., Mihara, H., and Ueno, A. (2003)
Sensing Behavior of Fluorescent Cyclodextrin/Peptide Hybrids Bearing a Macrocyclic Metal Complex. Macromol. Rapid
Commun. 24, 202-206.
(17) Hacket, F., Simova, S., and Schneider, H. J. (2001) The
complexation of peptides by aminocyclodextrins. J. Phys. Org.
Chem. 14, 159-170.
(18) (a) Maletic, M., Wennemers, H., McDonald, Q. D., Breslow,
R., and Still, W. C. (1996) Selective Binding of Dipeptides
L-Phe-D-Pro and D-Phe-L-Pro to β-Cyclodextrin. Angew.
Chem., Int. Ed. 35, 1490-1492. (b) Breslow, R., Yang, Z.,
Ching, R., Trojandt, G., and Odobel, F. (1998) Sequence
Selective Binding of Peptides by Artificial Receptors in
Aqueous Solution. J. Am. Chem. Soc. 120, 3536-3537. (c)
Wilson, D., Perlson, L., and Breslow, R. (2003) Helical
Templating of Oligopeptides by Cyclodextrin Dimers. Bioorg.
Med. Chem. 11, 2649-2653. (d) Leung, D. K., Yang, Z., and
Breslow, R. (2000) Selective Binding of Dipeptides L-Phe-DPro and D-Phe-L-Pro to β -Cyclodextrin. Proc. Natl. Acad.
Sci. U.S.A. 97, 5050-5053. (e) R. Breslow, and B. Zhang,
(1992) Very fast ester hydrolysis by a cyclodextrin dimer with
a catalytic linking group. J. Am. Chem. Soc. 114, 5882-5883.
(19) Rekharsky, M., Yamamura, H., Kawai, M., and Inoue, Y.
(2003) Complexation and Chiral Recognition Thermodynam-

306 Bioconjugate Chem., Vol. 15, No. 2, 2004
ics of γ-Cyclodextrin with N-Acetyl- and N-Carbobenzyloxydipeptides Possessing Two Aromatic Rings. J. Org. Chem. 68,
5228-5235.
(20) Braxmeier, T., Demarcus, M., Fessmann, T., McAteer, S.,
and Kilburn, J. D. (2001) Identification of Sequence Selective
Receptors for Peptides with a Carboxylic Acid Terminus.
Chem. Eur. J. 7, 1889-1898, and references therein.
(21) Botana, E., Ongeri, S., Arienzo, R., Demarcus, M., Frey,
J. G., Piarulli, Potenza, U. D., Gennari, C., and Kilburn, J.
D. (2001) Enantioselective binding of dipeptides using acyclic
receptors. Chem. Commun. 1358-1359.
(22) (a) Süss, F., Popptiz, W., Sänger-van de Griend, C. E., and
Scriba, G. K. E. (2001) Influence of the amino acid sequence
and nature of the cyclodextrin on the separation of small
peptide enantiomers by capillary electrophoresis using randomly substituted and single isomer sulfated and sulfonated
cyclodextrins. Electrophoresis 22, 2416-2423. (b) Süss, F.,
Kahle, C., Holzgrabe, U., and Scriba, G. K. E. (2002) Studies
on the chiral recognition of peptide enantiomers by neutral
and sulfated β-cyclodextrin and heptakis-(2,3-di-O-acetyl)-βcyclodextrin using capillary electrophoresis and nuclear
magnetic resonance. Electrophoresis 23, 1301-1307.
(23) (a) Petter, R. C., Salek, J. S., Sikorski, C. T., Kumaravel,
G., and Lin, F.-T. (1990) Cooperative binding by aggregated
mono-6-(alkylamino)-β-cyclodextrins. J. Am. Chem. Soc. 112,
3860-3868. (b) Vitzitiu, D., Walkinshaw, C. S., Gorin, B. I.,
and Thatcher, G. R. (1997) Synthesis of Monofacially Functionalized Cyclodextrins Bearing Amino Pendent Groups. J.
Org. Chem. 62, 8760-8766.
(24) (a) Tabushi, I., and Shimizu, N. (1978) Jpn. Kodai Tokkyo
Koho 78102985, [Tabushi, I., and Shimizu, N. (1979) Chem.
Abstr. 90, 39196b]. (b) May, B. L., Kean, S. D., Easton, C. J.,
and Lincoln, S. F. (1997) Preparation and characterization
of 6A-polyamine-monosubstituted β-cyclodextrins. J. Chem.
Soc., Perkin Trans. 1 3157-3160.

Liu et al.
(25) Zhu, X., and Lever, S. Z. (2002) Formation kinetics and
stability studies on the lanthanide complexes of 1,4,7,10tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic acid by capillary electrophoresis. Electrophoresis 23, 1348-1356.
(26) Lightner, D. A., and Gurst, J. E. (2000) Organic Conformational Analysis and Stereochemistry from Circular Dichroism Spectroscopy, Wiley-VCH, New York.
(27) Kajtár, M., Horvath-Toro, C., Kuthi, E., and Szejtli, J.
(1982) A simple rule for predicting circular dichroism induced
in aromatic guests by cyclodextrin hosts in inclusion complexes. Acta Chim. Acad. Sci. Hung. 110, 327-355.
(28) Harata, K., and Uedaira, H. (1975) The circular dichroism
spectra of the β-cyclodextrin complex with naphthalene
derivatives. Bull. Chem. Soc. Jpn. 48, 375-378.
(29) (a) Liu, Y., Chen, Y., Liu, S.-X., Guan, X.-D., Wada, T., and
Inoue, Y. (2001) Unique Fluorescence Behavior of Rhodamine
B upon Inclusion Complexation with Novel Bis(β-cyclodextrin6-yl) 2, 2′-Bipyridine-4,4′-dicarboxylate. Org. Lett. 3, 16571660. (b) Liu, Y., Song, Y., Wang, H., Zhang, H.-Y., Wada,
T., and Inoue, Y. (2003) Selective Binding of Steroids by 2,2′Biquinoline-4,4′-dicarboxamide-Bridged Bis(β-cyclodextrin):
Fluorescence Enhancement by Guest Inclusion. J. Org. Chem.
68, 3687-3690.
(30) Liu, Y., Li, B., Wada, T., and Inoue, Y. (1999) Novel
o-phenylenediseleno-Bridged bis(β-cyclodextrin)s complexes
with platinum(IV) and palladium(II) Ions. Supramol. Chem.
10, 279-285.
(31) (a) Fessmann, T., and Kilburn, J. D. (1999) Identification
of Sequence-Selective Receptors for Peptides with a Carboxylic Acid Terminus. Angew. Chem., Int. Ed. 38, 1993-1996.
(32) Sänger-van de Griend, C. (1999) Enantiomeric separation
of glycyl dipeptides by capillary electrophoresis with cyclodextrins as chiral selectors. Electrophoresis 20, 3417-3423.

BC034230P

