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Abstract—A phosphate chemosensor ensemble, [Zn(H-bpmp)(pyrocatechol violet)]+ is useful for a real-time assay of phospho-
diesterases (PDEs) in a neutral aqueous solution. In addition, a simple and convenient screen and assay procedures for inhibitors of
PDEs have been demonstrated using IBMX, a nonselective PDE inhibitor as an example.
# 2003 Elsevier Science Ltd. All rights reserved.

The family of cyclic nucleotide phosphodiesterases
(PDEs) represents a number of hydrolases responsible
for the degradation of cyclic adenosine 30,50-monophos-
phate (cAMP) and cyclic guanosine 30,50-monophos-
phate (cGMP) to form 50-monophosphate of the
corresponding nucleotides, that is, AMP and GMP.1

cAMP and cGMP relate the extracellular signals to cel-
lular function in the signal transduction process.2 To
date, eleven families of PDEs have been characterized
based on their amino acid sequences, endogenous reg-
ulators and substrate specificities.2 Inhibition of PDEs
exerts a broad spectrum of effects on the activities of
immune and inflammatory cells, and these enzymes
have served as targets for drug design.3 Several PDE4
inhibitors are currently under clinical evaluation as
antiasthmatic agents.4 Sildenafil that is being used for
the treatment of male erectile dysfunction is an inhibitor
of PDE5.5

Assay and kinetic evaluations of PDEs are generally
performed by the radiometric method that uses tritium-
labeled cAMP as substrate.6 Fluorescent derivatives of
cyclic nucleotide are also used as substrates. In these
cases, the fluorescence changes that accompany the
hydrolysis of the cyclic phosphate are measured.7

Alternatively, the PDE reaction is coupled to 50-nucleo-
tidase that converts the AMP generated by PDEs to
adenosine and phosphate, and the formation of the lat-
ter phosphate is followed.8 Newton et al. have reported
the kinetic analysis of PDEs by the positive-ion fast-
atom bombardment (FAB) mass spectrometry.9 These
protocols are, however, laborious in practice and
require isotopically labeled substrate or substrate con-
jugated to a fluorescent moiety, and expensive instru-
mentation. We wish to report herein an operationally
simple new PDE assay protocol enables monitoring of
PDE activity in real-time. In this assay an AMP che-
mosensor is linked to PDE reaction.

The present protocol makes use of the phosphate probe
prepared by dissolving 2,6-bis[bis(2-pyridyl-
methyl)aminomethyl]-4-methylphenol (H-bpmp), zinc
perchlorate, and pyrocatechol violet in water of neutral
pH in an 1:2:1 molar ratio.10 In the probe, [Zn2(H-
bpmp)]3+ functions as a receptor for a phosphate ion
and pyrocatechol violet is the chromogenic signaling
unit. It was thought that the phosphate moiety in the
AMP that is generated by PDE-catalyzed hydrolysis of
cAMP would displace the receptor-bound pyrocatechol
violet by successfully competing for the receptor with
the signaling unit, and the displacement is commu-
nicated spectrophotometrically.11 Figure 1 depicts sche-
matically the rationale involved in the present PDE
assay protocol.
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We first evaluated the phosphate probe as a probe for
AMP. Additions of AMP to the pH 7.0 (HEPES 10
mM, MgCl2 1 mM) buffer solution containing [Zn2(H-
bpmp)(pyrocatechol violet)]+ resulted in a change in the
UV–vis absorption spectra: while the absorbance at
lmax=620 nm that is due to the receptor-bound pyr-
ocatechol violet decreases, the absorbance at 444 nm
increases.12 The latter absorbance is ascribed to the free
pyrocatechol violet generated by the displacement from
the receptor by AMP. Figure 2a shows the UV–vis
spectral change when the solution of AMP was titrated
into the aqueous solution of the probe, and Figure 2b is
replot of the UV–vis absorbance at 620 nm against the
concentration of AMP, showing that the absorbance
decreases linearly as the concentration of AMP increa-
ses. No such changes were observed upon the additions
of cAMP to the sensor solution.

The thermodynamic parameters and association con-
stant for the binding of AMP to the receptor were
determined by the isothermal titration calorimetry
(ITC).13 Figure 3 shows the ITC plot for the titration of
[Zn2(H-bpmp)]3+ with AMP at 30 �C in an aqueous
medium of pH 7.0, from which the molar enthalpy
(�HO) for the binding interactions was obtained to be
�4.80 kcal mol�1, and the entropy change (�SO) was
calculated to be +8.9 eu using the Gibbs–Helmholtz
equation. The thermodynamic parameters suggest that
the binding of AMP to the receptor is essentially
enthalpy driven. The Kass value of (2.51�0.74)�105

M�1 was calculated using the equation, �GO =�RT ln
Kass, in which R and T represent the gas constant and
absolute temperature, respectively, revealing that the
analyte binds the receptor more tightly than the signal-
ing unit.14

Use of the sensor for assaying the enzymic activity of
PDE was investigated. To the pH 7.0 HEPES (10 mM)
buffer solution containing MgCl2 (1 mM), cAMP (0.1
mM) and the sensor (50 mM) was added various con-
centrations of PDEs15 at 25 �C and the decrease in the

UV–vis absorbance at 620 nm was monitored to obtain
Figure 4, suggesting that the sensor is operative in real
time. Replot of the initial rate against concentration of
PDEs afforded a straight line (inset in Fig. 4), which
indicates that the apparent reaction rate increases in
proportion to enzyme concentration. That the enzyme
reaction is the rate limiting process in the assay is thus
demonstrated.

The sensor may be used for screening and assaying of
PDE inhibitors. This has been demonstrated using
3-isobutyl-1-methylxanthine (IBMX), a potent non-
selective PDE inhibitor having the IC50 value in the
range of mM conentration.16 To the assay mixture con-
taining cAMP (100 mM), the probe (50 mM), and var-
ious concentrations of IBMX in a pH 7.0 buffer
solution (10 mM HEPES, 1 mM MgCl2) was added the
stock solution of PDEs to afford the final concentration
of 0.0184 U mL�1. Figure 5 shows the enzymic activity
of PDEs in the presence of various concentrations of
IBMX, indicating that the loss of the enzymic activity
caused by IBMX can be monitored by the change of
UV–vis absorbance. Replot of percent inhibition
against concentration of the inhibitor gave a rectangular

Figure 1. Schematic representation illustrating the PDE assay using an
AMP chemosensor.

Figure 2. (a) UV spectra changes upon additions of AMP stock solu-
tion (final concentration of AMP: 0, 10, 20, 30, 40, and 50 mM) to the
pH 7.0 aqueous buffer (10 mM HEPES, 1.0 mM MgCl2) containing
the AMP sensor (50 mM); (b) Replot of UV absorbance at 620 nm
against concentration of AMP.
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hyperbolic curve (inset), from which the IC50 value for
the inhibition of PDEs with IBMX was estimated to be
36 mM.

High-throughput screening (HTS) is now widely used for
identification of hit compounds from combinatory library.
We have examined the applicaton of the probe for HTS of
PDE inhibitors by visual inspection. The catalytic hydro-
lysis of the cyclic phosphate by PDE in the presence of
[Zn2(H-bpmp)(pyrocatechol violet)]+ accompanies the
color change from blue to yellow: no color change hence
indicates inhibition of PDEs. Figure 6 shows the color of
wells that contains PDEs, cAMP, and the phosphate sen-
sor in the presence (blue) and absence (yellow) of IBMX.
The inhibition of PDEs is communicated by blue color.17

In conclusion, we have demonstrated that [Zn2(H-
bpmp)(pyrocatechol violet)]+ is useful as a chemosensor
for the detection of AMP, and developed a convenient
and real time spectrophotometric assay protocol for
PDE that hydrolyzes cAMP to AMP by coupling the
enzymic activity to the chemosensor. Furthermore, the
application of the chemosensor for screening and

Figure 3. The ITC plot for the titration of [Zn2(H-bpmp)]3+ (0.5 mM)
with AMP (5 mM) in an aqueous buffer pH 7.0 at 30�C. An aqueous
solution (1.5 mL, pH 7.0, HEPES 10 mM) of [Zn2(H-bpmp)]3+ (0.5
mM) was added to the calorimeter cell. To this solution was injected a
7 mL portion of aqueous AMP solution (5 mM) 32 times. The mixture
was continuously stirred and was kept at an operating temperature of
30 �C. The data were analyzed and fitted using the software Origin.
Inset: Thermodynamic parameters (�HO, �GO and �SO), association
constant (Kass), and stoichiometry (n) for the binding of AMP to
[Zn2(H-bpmp)]3+ in aqueous solution of pH 7.0 (HEPES 10 mM).

Figure 4. PDEs catalyzed hydrolysis of cAMP to AMP was monitored
at pH 7.0 with the sensor by measuring the UV absorption at 620 nm.
Inset: replot of the initial rate against concentration of PDEs.

Figure 5. Inhibition of PDEs with IBMX, a nonselective PDE inhib-
itor: Plot of UV absorbance at 620 nm against time, showing the
intensity of the absorbance decrease by additions of IBMX (final con-
centrations: 0, 6.25, 12.5, 25.0, 50.0, 100, and 200 mM) to the pH 7.0
buffer solution (HEPES 10 mM, MgCl2 1 mM) containing cAMP (100
mM), PDEs (0.018 U/mL), and the sensor (50 mM). Inset: Replot of
percent inhibition of PDEs against the concentration of IBMX, from
which the IC50 value for IBMX is estimated.

Figure 6. A microtiter well (right) that contains cAMP (500 mM),
PDEs (0.023m/mL), the sensor (50 mM) and IBMX (500 mM) is
colored blue but the well (left) that contains the same mixture except
IBMX is yellow. The picture was taken after incubating the mixture
for 1 h at room temperature.
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assaying of PDE inhibitors has been demonstrated
using IBMX, a nonselective PDE inhibitor. The present
assay methods for PDE and PDE inhibitors employ un-
labled cAMP as the substrate.
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