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ABSTRACT

A synthetic supramolecular system is described that models the effect of phosphoryl transfer in molecular recognition. â-Cyclodextrin-6A-
phosphate (pCD), which is shown to be a substrate of alkaline phosphatase, binds cationic aromatic guests, including anticancer agents, up
to 100-fold better than native â-CD. The above observations demonstrate that pCD is capable of releasing the guests from its cavity upon
hydrolysis with the phosphatase, as also confirmed by monitoring the hydrolysis in the presence of a guest.

Phosphoryl transfer reactions are commonly involved in the
regulation of biological molecular recognition. Phosphor-
ylation and dephosphorylation of proteins play key roles in
the signal transduction1 and cell proliferation2 by affecting
protein-protein recognition,3 forcing conformational changes,4

and altering the biopolymer dynamics.5 These processes are
catalyzed by various phosphatases and kinases, the unique
balance of which is often characteristic for specific extra-
and intracellular environments. Chemical modeling of the
effect of these and other enzymes on molecular recognition
is not only fundamentally interesting but may result in
potential applications, e.g., in site-specific drug delivery.
Examples of enzyme-controlled molecular recognition mod-
els have been previously reported for vesicular systems6 and
synthetic host-guest complexes.7

We have developed a system in which a phosphorylated

macrocyclic host (â-cyclodextrin) releases its guest com-
pound from the internal cavity as a result of enzymatic
hydrolysis. As shown in Scheme 1, the phosphorylated

macrocycle forms a complex with a positively charged
aromatic guest molecule, which is stabilized by the formation
of phosphate-cation salt bridges. If the phosphate group is
then cleaved in the phosphatase-catalyzed hydrolysis, the
binding affinity of the host to guest will drop and, under
certain conditions, the guest will be released from the cavity.
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â-Cyclodextrin-6-phosphate (pCD) was synthesized from
â-cyclodextrin (â-CD) by reaction with phosphoryl chloride
under controlled conditions and purified by ion exchange
chromatography.8 To test the relative binding affinities of
the native and phosphorylated cyclodextrin forms, we
measured their association constants with three cationic
guests. Bis-guanidinium derivative1 was used as a model

compound that would utilize two binding mechanisms
common for charged cyclodextrins: electrostatic and hy-
drophobic.9 To explore potential applications ofpCD in drug
delivery, we also studied antineoplastic agents DAPI2 and

berenil 310 that bear common structural features with1:
cationic amidinium groups and aromatic moieties capable

of inclusion into the cyclodextrin cavities. The binding was
studied by NMR titrations in buffer solutions optimal for
alkaline phosphatase catalysis. TheK values determined by
curve fitting (Table 1) confirm the expected significant

difference in binding affinities between the two hosts.
Apparently, the relative contributions of the electrostatics
and the intracavity binding forces11 are sensitive to the
structure of the guest compounds, which is consistent with
earlier studies of inclusion complexes with charged cyclo-
dextrins.12

The hostpCD was then tested as a substrate of alkaline
phosphatase. The phosphate cleavage reaction monitored by
31P NMR yielded the trace presented in Figure 1, showing
that the reaction was almost complete within several hours.13

A similar run performed in the presence of1 demonstrated
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Table 1. Binding Constants of Cationic Guests to Native and
Phosphorylatedâ-Cyclodextrins

K (M-1)a

guest pCD â-CD

1 250 29
2 170 100
3 820 <10b

a Determined by1H and, forpCD, by 31P NMR titrations at pD 9.4 in
the buffer used for the phosphatase cleavage experiment (see Figure 1).
The data were fitted according to a 1:1 complexation model. Values obtained
from different nuclei were consistent within the standard deviation (usually
<10%). b Only the upper limit of the constant could be estimated because
of limited solubility.

Figure 1. Kinetics (a) and31P NMR time course (b) of hydrolysis
of pCD (7 mM) catalyzed by alkaline bovine phosphatase (1000
DEA units) at 37°C. Buffer: 0.1 M diethanolamine, 0.5 mM MgCl2

in D2O, pD 9.4.
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that the cleavage reaction could also occur in the presence
of the guest.14 The kinetics of all reactions was close to first
order.

The observed rates ofpCD dephosphorylation are gener-
ally lower than those of specific phosphatase substrates,15

apparently because bulkiness of the cyclodextrin molecule
renders it a weak binder for the enzyme active site.16

However, with a ca. 1.5 h half-life time (conditions of Figure
1), thepCD can still be considered a “successful” synthetic
host for our approach. To compare it with other plausible
macrocyclic scaffolds, we tested two phosphorylated calix-
4-arenes17,18 which showed no detectable hydrolysis within
3 days under similar conditions.

The combination of the binding and cleavage results
demonstrates thatpCD is indeed capable of releasing the
cationic guests upon phosphatase-catalyzed hydrolysis. Al-
though it is not possible to determine whether in thepCD-
guest mixture the enzyme reacts only with free but not with
the guest-bound form ofpCD, both possible pathways lead
to the same final result: decreasing complexation degree of
the guest. For example, it is estimated that a mixture of 30
mM pCD and 30 mM3 contains ca. 85% of the guest in the

complexed form, while after complete hydrolysis of the host
to â-CD, less than 20% of3 remains complexed.

In summary, the enzyme-controlled recognition system
described above can serve as a simple model of complex
biochemical recognition processes modulated by phosphoryl
transfer. Because cyclodextrins are widespread as drug-
complexing agents,19 the pCD-guest complexes also have
straightforward implications for creation of drug delivery
systems sensitive to specific enzymatic environment. Alka-
line phosphatase is present in elevated concentrations in
certain tumors20 and can act as a trigger, increasing the
concentration of the free form of the guest-drug. In this
respect, we are currently studying similar systems based on
polyphosphorylated cyclodextrins that are expected to maxi-
mize the selectivity in binding of cationic guests.
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