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Heptakis(6-deoxy-6-guanidino)-b-cyclodextrin: an artificial
model for mitochondrial ADP/ATP carrier
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Abstract—Heptakis(6-deoxy-6-guanidino)-b-cyclodextrin, prepared by one-step reaction of heptakis(6-amino-6-deoxy)-b-cyclo-
dextrin with 1H-pyrozolecarboxamidine, binds ADP/ATP very tightly.
� 2007 Elsevier Ltd. All rights reserved.
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Recently, much attention has been focused on the design
and construction of artificial receptors for biologically
important small molecules and anions,1 especially for
the anionic adenosine di- and triphosphates (ADP and
ATP) because they are the key players in the bioenerget-
ics of cells. Such studies on the recognition of ADP/ATP
by synthetic receptors have been performed mainly in
lipophilic solvents because of the strong solvation of
the interacting groups in polar media. The artificial
receptors include polyammoniums,2 peptides,3 dendri-
mers,4 binuclear metallic complexes,5 and so forth, and
some systems have been developed for sensing the nucleo-
tide phosphates in aqueous solution.6 Several synthetic
receptors with a hydrophobic cavity have also been con-
structed, such as polyammoniocyclodextrins and cyclo-
phanes.7–9 However, it still remains a challenge to
build more efficient and selective artificial receptors for
these very important biological anions.

ATP fuels most biochemical transformations in the
cytoplasm by its hydrolysis into ADP which is recon-
verted to ATP in the mitochondrial matrix. The trans-
portation of ADP and ATP between the mitochondrial
matrix and the cytoplasm is accomplished by the mito-
chondrial ADP/ATP carrier. Recently, it has been eluci-
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dated that this protein has a funnel shaped cavity, with a
maximal diameter of 20 Å and a depth of 30 Å. The
channel part is 20 Å long with a diameter of 8 Å, and
it is closed from the matrix side. A cationic cluster con-
sisting of five arginine residues is located on the surface
near the bottom of the cavity (Fig. 1).10
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Figure 1. A simplified representation of the cavity of the mitochondrial
ADP/ATP carrier (left) and its artificial model (right).
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With the structural information of the natural receptor
in hand, we decided to construct an artificial model of
the mitochondrial ADP/ATP carrier based on b-cyclo-
dextrin (b-CD) because it has a cavity of similar width
(ca. 7 Å in diameter) to that of the natural carrier and
can be easily modified. As depicted in Figure 1, the first
model (2) for the mitochondrial ADP/ATP carrier com-
prises of a b-CD with seven guanidinium groups
mounted to its primary side. Its synthesis includes the
conversion of all the primary hydroxyl groups to amino
groups (1) and subsequent treatment with 1H-pyrozole-
carboxamidine (Scheme 1). The reaction of heptaamine
1 and 1H-pyrozolecarboxamidine proceeded smoothly
in an aqueous solution in the presence of diiosopropyl
ethylamine and afforded the artificial receptor 2 in
92% yield.11

The FAB-MS spectrum of 2 showed a molecular peak at
m/z 1422 which corresponds to (M+1) of the neutral
species. Both the 1H and 13C NMR spectra are very sim-
ple, clearly demonstrating the C7 symmetry of 2. The
C1–C6 were found at d 102.7, 72.6, 73.3, 83.4, 71.7,
and 43.1 ppm, respectively, while the guanidinium car-
bon resonated at d 158.7 ppm. The seven magnetically
different protons of 2 in D2O were unambiguously as-
signed and the results are summarized in Table 1. Kano
indicated that the energetically minimized conformation
of the heptacation of 1 in water derived from the MM-
MD calculations took an upturned bucket-type struc-
ture because of the electrostatic repulsion between the
NH3

þ groups. The NMR spectra of 2 did not suggest
obvious changes of the shape of the saccharide skele-
ton.12 This is probably because the delocalized planar
guanidium moieties can separate far enough from each
other without significantly altering the cavity shape.

The complexation of 2 with ADP and ATP was investi-
gated by NMR spectroscopy. As shown in Figure 2,
when ATP was mixed with 2 in a 1:1 molar ratio in
D2O, the chemical shift patterns of both ATP and 2
(Fig. 2b) are obviously different from those of the indi-
vidual free species (Fig. 2a and d), indicating that com-
plexation between ATP and 2 occurred. Addition of
excess ATP does not cause appreciable shift of the exist-
ing signals but results in the appearance of a new set of
signals which is basically the same as that of the free
ATP (Fig. 2c). This observation implies that a 1:1 com-
plex is formed and the exchange between the free and
bound ATP molecules is very slow in the NMR time-
scale. Because the complexation equilibrium reaches
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Scheme 1. Synthesis of the mitochondrial model.
very fast and no time-dependence of the complexation
of 2 and ATP was confirmed by careful NMR measure-
ment, the slow exchange between the bound and free
ATP implies that the complex of ATP and 2 is very
stable. Obvious dissociation of the complex was not rec-
ognized by NMR method even at a very low concentra-
tion of 0.4 mM. Conversely, complexation of polyvalent
cationic species of heptaamine 1 with ATP under the
same experimental conditions only shifted the signals
but did not resolve the free and bound ATP molecules
(Fig. 2e) although it was reported that similar hepta-
kis(6-amino)-b-CDs bind ATP very strongly.7,8 The very
slow exchange between the complexes and the free spe-
cies in the present case prevents the derivation of the
binding constants by NMR titration or dilution
experiments.

The 1:1 complexation was further confirmed by MS
spectroscopy. By mixing 2 and an excess of ATP in
water and allowing the solution to stand for a few hours,
precipitates were obtained. TOF MS spectrum of the
precipitates exhibited the molecular ion peak at m/z
1931 for complex ATPÆ2 together with a peak at m/z
1422 for 2.

Similar results were also obtained with ADP. The 1H
NMR spectra of ATPÆ2 and ADPÆ2 complexes together
with their individual components were completely
assigned with the aid of 2D NMR experiments, and
the results are listed in Table 1. Examination of the
chemical shift differences of all the proton nuclei caused
by complexation reveals that the H3 and H5 of the CD
which are located inside the cavity are shifted to higher
fields by 0.24 and 0.15 ppm in both complexes. An obvi-
ous upfield shift was also observed for one of the gemi-
nal H6 protons. All other protons of the CD moieties
did not exhibit meaningful shifts. Obvious upfield shifts
were observed for almost all the protons of the nucleo-
tides except the H2 0 of both guests and H4 0 of ADP
which are remarkably shifted to lower fields. The
ROESY spectra of the complex demonstrated cross
peaks for the pairs of H5–H3 0, H5–H4 0, H3–H1 0, H3–
H2a, and H3–H8a between 2 and ADP.

The above observations enable us to figure out the struc-
ture of the complexes (Fig. 3). The guest molecules bind
to receptor 2 by locating their ionic phosphate part close
to the guanidinium residues on the primary side of 2
while allowing their adenine moiety to penetrate the
CD cavity. The much larger downfield shift of the H3 lo-
cated near the wider opening of the CD than that of the
H5 of 2 suggests that adenine moiety is not completely
but partially accommodated in the cavity near the por-
tal. Compared with the ATP complex of heptakis(6-
deoxy-6-methylamino)-b-CD reported by Schneider,7

ATPÆ2 exhibited more significant shift for the H3 (Dd
�0.24 vs �0.16 ppm), indicating a deeper and tighter
binding of the adenine moiety in the cavity.

The adenosine phosphates are known to adopt several
different conformations: the adenine base can be orien-
tated either anti or syn to the ribose moiety which puck-
ers between the C3 0-endo and C3 0-exo conformations.13



Table 1. Chemical shifts (d, ppm) of 2, ADP, ATP, ADPÆ2, and ATPÆ2, and the chemical shift differences (Dd = dcomplex � dfree, ppm) induced by
complexationa

2 ATPÆ2 ADPÆ2

dfree dcomplex Dd dcomplex Dd

Host
H1 5.04 (3.8) 5.01 (3.4) �0.03 5.02 (3.2) �0.02
H2 3.61 (9.5) 3.63 (9.8) 0.02 3.64 (9.8) 0.03
H3 3.90 (9.5) 3.66 (9.8) �0.24 3.66 (9.8) �0.24
H4 3.46 (9.5) 3.38 (9.8) �0.08 3.38 (9.8) �0.08
H5 4.01 3.85 (9.8) �0.16 3.87 (9.8) �0.14
H6 3.46 3.35 �0.11 3.38 �0.08

3.58 3.56 �0.02 3.56 �0.02

ATP ADP

dfree dcomplex Dd dfree dcomplex Dd

Guest
Ribose

H1 0 6.03 5.99 �0.04 6.06 5.98 �0.08
(5.2) (4.0) (6.0) (4.6)

H2 0 4.61 4.95 0.34 4.70 5.05 0.35
(4.5) (5.5) (5.1)

H3 0 4.47 4.41 �0.06 4.48 4.39 �0.09
H4 0 4.34 4.29 �0.05 4.30 4.45 0.15
H5 0 4.26 4.00 �0.26 4.10 4.03 �0.07

4.26 4.21 �0.05 4.10 4.03 �0.07
Adenine

H2a 8.33 8.18 �0.15 8.18 8.08 �0.10
H8a 8.51 8.41 �0.10 8.44 8.36 �0.08

a The data in parentheses denote the 3JHx,Hx+1 values in Hz.

Figure 2. 1H NMR spectra of the D2O solutions of 20 mM 2 in the
absence (a) and presence of 20 mM (b) and 40 mM ATP (c), the D2O
solution of 20 mM ATP (d), and the mixture of ATP and compound 1

in a molar ratio of 4:1 in D2O. The pD was kept at 5 for all the
measurements. The signals with a * mark relate the ATPÆ2 complex.

Figure 3. Schematic presentation of the ATPÆ2 complex.

D.-Q. Yuan et al. / Tetrahedron Letters 48 (2007) 3479–3483 3481
The syn and anti orientations are deduced to present in
equal proportions around neutral pH. The remarkable
downfield shift of the H2 0 of both ATP and ADP should
result from the orientational change of the adenine base
so that the ring current effect on the H2 0 becomes weak-
ened.14 In addition, the obvious changes in the coupling
constants of J H10 ;H20 and J H20 ;H30 are indicative of confor-
mational variations of the ribose upon binding.

31P NMR spectra revealed interesting evolution of mag-
netic resonances (Fig. 4). ATP shows three broad peaks
at d �9.9 (P-c), �10.4 (P-a), and �21.4 (P-b) ppm,



Figure 4. 31P NMR spectra of 10 mM ATP in the absence (a) and
presence of 5 mM (b) and 10 mM of 2 (c) in D2O. The signals with a *
mark relate the ATPÆ2 complex.
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respectively. The solution of 2 and ATP in a 1:1 molar
ratio demonstrated another set of signals at d �8.1 (d,
3Jb,c = 11.9 Hz, P-c), �9.1 (d, 3Ja,b = 20.7 Hz, P-a),
�19.2 (dd, 3J = 20.7, 11.9 Hz, P-b), respectively. When
ATP exists in excess, the spectrum clearly displays
well-resolved two sets of signals which correspond to
the 1:1 complex and free ATP, respectively. The broad-
ened peaks of free ATP are consistent with its large con-
formational variability. Peak broadening frequently
occurs in host–guest interactions,15 and this is also the
case for the binding of ATP with divalent metal ion
and polyamines. The broad peaks of ATP become even
broader when binding divalent metal ions or polyam-
ines.16 However, all three peaks of the ATPÆ2 complex
are not only very sharp but also clearly present their
coupling patterns. This observation together with the
1H NMR results (changes in coupling constants, Table
1) suggests that the heptakis(6-guanidino)-b-CD 2 not
only invokes obvious changes in the puckering structure
of the ribose and the orientation of the adenine base but
also tightly fixes the whole triphosphate region of ATP,
leading to an extraordinarily tight binding.

Isothermal titration calorimetry revealed that the bind-
ing is endothermic or slightly exothermic. However,
the profiles of the thermograms were very complicated,
which might be caused by the formation of some weak
complexes along with the main, most strong 1:1 complex
as elucidated by two of the authors in the interactions of
polyanions with polycations in aqueous solutions.17 The
key issue is that such weaker complexes would be asso-
ciated with endothermic or exothermic enthalpy changes
much higher than that of the 1:1 complex and thus even
a small amount of these weak complexes makes large
impact on the shape of thermogram upon ITC titration
and eventually prevents the straightforward application
of the existing models provided by the ORIGINORIGIN program
to derive the binding strength and the thermodynamic
parameters. Nevertheless, it is obvious that the binding
of ADP/ATP by 2 is accompanied by a large entropic
gain because the heat effect (enthalpic gain) alone is
far insufficient to account for such a strong binding.
Kano demonstrated that the inclusion of monovalent
guest ion into the cavity of an oppositely charged poly-
valent CD ion was promoted by the entropic gain ac-
quired mainly by the desolvation from both host and
guest upon complexation, and the cooperation of Cou-
lombic interactions and inclusion might be important
to cause extensive desolvation.12 Similar inclusion mech-
anism can be reasonably applied to the complexation of
2 with ATP/ADP. Both adenosine phosphate and 2 are
expected to be heavily hydrated. Extensive desolvation
from both host and guest accompanies the inclusion of
the adenine moiety in the CD cavity and electrostatic
interaction between the host and guest, resulting in a
large entropic gain that facilitates the complexation.
The extended structure of guanidinium residues and
more desolvation upon binding may account for the
stronger affinity of 2 over 1.

In conclusion, we have synthesized and elucidated the
binding behavior of mimic of the mitocondrial ADP/
ATP carrier. The host molecule binds ADP and ATP
strongly enough so as to resolve the complex and the
free individuals in dilute solutions using NMR
spectrophotometry.
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