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While an ability to monitor the concentrations of simple anions
in real time is surely as desirable as that for metal ions, there is
almost no literature on the chemosensing of monomeric, inorganic
anions in water. Batch methods have been described for
fluorimetric chemodosimetry of several halides,! but sensing
methods (i.e., nondestructive and reversible) reported to date all
rely on the ability of the analyte (e.g., iodide) to quench
collisionally the fluoresence of compounds such as rhodamine
6G.2 Thus, it would seem useful toapply the substantial literature
on anion recognition to this purpose.> As a signal type,
fluorescence is both more sensitive than absorption spectroscopies
and more amenable to the conception of signal transduction
mechanismson the molecular level. We have reported previously
that the aqueous complexation of anions such as phosphate and
sulfate to anthrylpolyamines (e.g., 1) resultsin chelation-enhanced
fluorescence (CHEF) signaling. Compound 1 proved to be the
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first fluorescent chemosensor for an inorganic anion that does
not rely on an inherent quenching property of the anion. Even
so, it is a conception far from usable form. For example,
chemosensor 1 binds phosphate at pH 6 with K3 = 150 mM; in
other words, the midpoint of the decade-wide titration occurs at
a phosphate concentration of 150 mM, which is very high for
many applications. In an effort to improve upon the conceptual
design of anion sensors, we have synthesized a convergent
chemosensor demonstrating anion binding in a more useful
concentration range (i.e., micromolar Kj3) and designed to
discriminate between phosphate (P;) and pyrophosphate (PP;)
ions on the basis of size. The resulting chemosensor binds
pyrophosphate over 2000 times more tightly than phosphate,
permitting the real-time monitoring of pyrophosphate hydrolysis.

Chemosensor 3, prepared by the reaction of 1,8-bis(bromo-
methyl)anthracene’ with excess tris(3-aminopropyl)amine (TR-
PN),6 yields a pH-fluorescence titration with pK,o%d = 6.7; thus,
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Figure 1. Chemosensor 3 titrations with Pi and PPi. 1 mM cyclen, 50
mM HEPES, pH 7. ¢, PPi; m, Pi.

anion binding could be measured at pH 7, even though anion
binding using 1 (pK,°*d = 5.4) could not.” Besides possessing a
high charge density at neutral pH, the anion receptor groups of
3 are geometrically disposed to bind both sides of pyrophosphate
simultaneously. Our previously reported rationale for CHEF
signaling of phosphate* applies similarly to the current situation,
as shown in Scheme 1. We anticipated that the binding of
pyrophosphate (nonfluorescent) to chemosensor 3 (low fluores-
cence intensity at pH 7 consistent with photoinduced electron
transfer) would yield enhanced fluorescence as a result of
intracomplex amine protonation. Anion titrations were thus
carried out in pH 7 solution containing 4 M 3 and excess cyclen
(1 mM), which does not itself bind to 3 but does chelate
adventitious transition metal ions. We were gratified to observe
(Figure 1) that the binding of pyrophosphate to 3 occurs with
fluorescence enhancement (A, 368 nm, Acy, 414 nm) and that the
1:1 complexation occurs with K4 = 2.9 uM under these conditions.
By contrast, the association of 3 to phosphate occurs with a K
of 6.3 mM, which is only 13 times tighter binding than that of
phosphate with 1-(TRPNmethyl)anthracene (not shown; Xy =
82 mM). Thus, chemosensor 3 displays a pyrophosphate/
phosphate discrimination of 2200-fold at pH 7.9

The ion selectivity, which is also readily apparent in Figure 1,
allows for real-time assay of pyrophosphate hydrolysis. For
example, the fluorescence of a reaction containing 20 uM
pyrophosphate would be expected to decrease (by 54%) on
conversion at constant pH to 40 uM phosphate (Scheme 2). This
reaction is catalyzed by inorganic pyrophosphatase, a Mg(II)-

(7) While the fluorimetrically determined pX,* for 1 describes its +3 —
+4 protonation, pK,o for 3 likely is an aggregate of two +3 — +4 protonations,
one at each TRPN group. The 9,10-isomer (ref 4) cannot be used for sensing
at pH 7 owing to its substantially lower pX,od.

(8) Binding constants were determined by using the computer program
ENZFITTER, available from Elsevier-BIOSOFT, 68 Hills Rd, Cambridge,
CB2 ILA UK. Due to formation of a low affinity 3-(PP;); complex, K; for
the 3-PP; complex required an estimation of the 1:1 infinity fluorescence
intensity.
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dependent!® hydrolase that serves to drive reactions dependent
upon PP, release by further hydrolysis toP;.1! Previously reported
assay methods for this enzymeinclude phosphomolybdate analysis,
paper electrophoresis, starch gel electrophoresis, isotopiclabeling,
pH stat analysis, and enzymic UV coupling.!? To test the use of
chemosensor 3 for this purpose, we prepared solutions containing
50 mM HEPES, 1 mM cyclen, 20 uM Na,P;0,, 20 uM Mg-
(ClOy)2, and 4 M 3. Inorganic PPase from baker’s yeast was
added, and, after a brief mixing period (30 s), fluorescence
intensity (Ax 368 nm, A, 414 nm) was monitored as a function

(9) Itis of special interest to note that the closely related anthrylpolyamine
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University, Columbus, OH, 1993) displays #o change in fluorescence intensity
upon anion introduction. While this might result from a virtual lack of
association even at very high anion concentrations, we believe instead that it
results from a lack of signal transduction upon binding. The pX, values of
cyclenitself (<1, 1.15, 9.60, 10.53) guarantee that this potential chemosensor
will exist with each cyclen in the dication form. A third protonation is
prohibitive, meaning that intracomplex protonation as in Scheme 1 will not
occur. Thenegativeresultin this case provides evidence in favor of our working
mechanism for signal transduction.
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Only the pH stat method is nondestructive with real-time signaling, but it is
not useful in the micromolar concentration range.
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Figure 2. PPase assay using chemosensor 3. +, 0 units; A, 0.4 units; @,
0.8 units; M, 1.6 units.

of time. As shown in Figure 2, the hydrolysis of pyrophosphate
generates the predicted. fluorescence response, with the rate of
hydrolysis increasing as does the enzyme concentration (curves
shown are not calculated).

In summary, we report (1) the synthesis of a new fluorescent
chemosensor with convergent anion reception; (2) micromolar
affinity for pyrophosphate, a monomeric, inorganic anion; and,
(3) a nondestructive, real-time assay for inorganic pyrophos-
phatase. These results may provide further incentive for the
development of anion-selective host molecules whose straight-
forward conjugation to fluorophores will yield new chemosensors
for anion monitoring.
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