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A cyclic peptide based receptor, bearing two dipicolylamino

arms complexed to zinc(II) ions, binds pyrophosphate ions with

high affinity and selectivity in aqueous solution as determined

using an indicator displacement assay.

The selective recognition and sensing of biologically important

anions is of intense current interest to both chemists and biologists.

Anions such as pyrophosphate (P2O7
42, PPi) play important roles

in bioenergetic and metabolic processes.1 Therefore, the selective

detection of these anions under physiological conditions has

numerous applications in biomedicine. However, there are

relatively few reports of pyrophosphate-selective receptors or

sensors that operate in aqueous solution.2,3

Recently, analogues of the naturally occurring lissoclinum

family of cyclic peptides4 have been proposed to be useful

structures for the construction of molecular receptors.5 The

incorporation of oxazole units into the peptide backbone increases

the rigidity of the cyclic peptide scaffold and if the side chains are

all of the same configuration, they are presented on the same face

of the molecule in a convergent manner for binding. We now

report the first example of an anion receptor, based on a

lissoclinum-type cyclic peptide scaffold, and bearing two pendant

dipicolylamino (Dpa) arms complexed to zinc(II) (1?Zn2). In

addition we demonstrate that this receptor can be utilised in a

fluorescent ‘chemosensing ensemble’ with coumarin derivative 2,

exhibiting high sensitivity and selectivity for PPi anions under

physiological conditions (pH 7.2, 5 mM HEPES, 145 mM NaCl).

This indicator–displacement sensing strategy relies upon displace-

ment of a non-covalently attached fluorescent indicator from an

indicator–receptor complex by the analyte ion,6 thus avoiding the

need for covalently linking the receptor and fluorophore.

Artificial receptors bearing two Zn(II)–Dpa groups have recently

been found to show high affinity towards phosphate derivatives in

aqueous solution.3,7,8 To improve selectivity for PPi over other

phosphate oxoanions (e.g., HPO4
22, ATP and ADP), the cyclic

octapeptide 1 was chosen as a scaffold to position two Zn(II)–Dpa

groups at an appropriate distance to complement the size and

geometry of the pyrophosphate anion, with each zinc(II) centre

expected to bind to two oxygen atoms of the PPi ion. Scaffold 3,

bearing Cbz-protected ornithine side chains was readily synthesised

upon macrocyclisation of the corresponding linear precursor.9

Cleavage of the Cbz groups, followed by reductive amination with

2-pyridinecarboxaldehyde gave 1 in good overall yield

(Scheme 1).10

While it has previously been reported that lissoclinum-type

cyclic peptides are capable of binding Zn(II) ions with complexa-

tion constants of 103–104 M21,11 Dpa ligands are known to bind

Zn(II) ions two to three orders of magnitude more strongly

(106 M21).8 Therefore, it was anticipated that addition of two

equivalents of Zn(NO3)2 would result in the formation of the bis-

Zn(II) complex 1?Zn2 in which the zinc ions are bound by the Dpa

ligands. This was confirmed by titration of Zn(NO3)2 into a

methanolic solution of 1 (see ESI{). The changes in chemical shift

for the protons associated with the Dpa ligands clearly show that

these ligands are involved in metal binding. In particular, the signal

attributable to the benzylic protons is shifted downfield by 0.5 ppm

and exhibits changes in the coupling pattern indicative of restricted

rotation. Minor changes in chemical shift (,0.05 ppm) are also

observed for the oxazole protons directly attached to the cyclic

peptide scaffold.{ However, no further changes are observed upon

School of Chemistry, The University of Sydney, 2006, NSW, Australia.
E-mail: jolliffe@chem.usyd.edu.au; Fax: +61 2 9351 3329;
Tel: +61 2 9351 2297
{ Electronic supplementary information (ESI) available: NMR spectra of
1, 1?Zn2 and the pyrophosphate complex; mass spectra and fluorescence
data. See DOI: 10.1039/b606917g Scheme 1

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is � The Royal Society of Chemistry 2006 Chem. Commun., 2006, 2971–2973 | 2971



addition of more than two equivalents of Zn(NO3)2 indicating that

the bis-zinc complex 1?Zn2 is formed. For use in our anion binding

experiments we prepared 1?Zn2 by addition of two equivalents of

Zn(NO3)2 to a solution of 1 in methanol. After removal of the

solvent, the complex was redissolved in the appropriate solvent.

After screening a number of fluorescent and colorimetric

indicators, we chose to examine the anion binding capabilites of

1?Zn2 in a fluorescence displacement assay using the coumarin

derivative 2. This indicator has recently been used in displacement

assays to detect low concentrations of pyrophosphate under

physiological conditions3 and to detect phosphatidylserine in a

bilayer membrane surface.12 We found that 1?Zn2 was capable of

quenching the fluorescence emission of 2 (10 mM) in a

concentration dependent fashion at 25 uC in an aqueous solution

(buffered at pH 7.2 using 5 mM HEPES and 145 mM NaCl).§ A

Job plot indicated 1 : 1 binding stoichiometry and we determined

an association constant log Kin = 5.1 ¡ 0.1 by fluorescence

titration and subsequent non-linear curve fitting to a standard 1 : 1

binding model (Fig. 1).

In our assay for anions, we prepared a 1 : 1 receptor : indicator

chemosensing ensemble by mixing equimolar amounts of 1?Zn2

and 2 (10 mM each) in aqueous solution. We then titrated this

solution with aliquots of the sodium salts of nitrate, acetate,

hydrogensulfate, iodide, phosphate, hydrogenphosphate, phenyl-

phosphate, phosphotyrosine, phosphothreonine, phosphoserine,

AMP, ADP, ATP, PPi and citrate. Only PPi, and to a lesser extent

ATP, ADP and citrate were able to displace the indicator from the

indicator : receptor complex as indicated by increases in

fluorescence intensity upon addition of these anions (see ESI{).

Addition of greater than 10 equivalents of other anions (e.g.,

hydrogen phosphate) resulted in no change in the fluorescence of

the chemosensing ensemble. Remarkably, almost complete

fluorescence intensity was restored upon addition of a single

equivalent of PPi. Fluorescence emission intensities (lex = 347 nm,

lem = 480 nm) from these titrations were analysed using a curve-

fitting procedure based on the equilibria previously described for

competition assays,13 with our pre-determined value for Kin to

determine the binding constants (Table 1). 1?Zn2 was found to

bind PPi with a log K = 8.0 ¡ 0.1; at least two orders of

magnitude more tightly than ATP or ADP are bound, indicating

that 1?Zn2 has a high selectivity for PPi over other anions. Binding

of monophosphate oxoanions was not detected using this

chemosensing ensemble. The magnitude of the binding constant

for PPi reflects the complementarity between the size and geometry

of the cyclic peptide scaffold and that of the PPi anion. In

particular, the increased distance between the two zinc(II) ions

on the cyclic peptide scaffold, compared with that found in

similar systems based on benzene scaffolds,3,7 results in

selectivity for larger anions. The titration experiments indicate

that a 10 mM solution of 1?Zn2 can detect PPi anions at nanomolar

concentrations.

To determine why this system binds PPi with such high affinity

and selectivity we examined the 1?Zn2?PPi complex by MS and

NMR. The electrospray ionisation mass spectrum of the PPi

complex exhibits two signals at m/z 1309 (minor) and 1331

(major), which correspond to [1?Zn2 + PPi + H]+ and [1?Zn2 +
PPi + Na]+, respectively. The predominance of the second peak

suggests that 1?Zn2 binds PPi in its fully deprotonated form.

Addition of one equivalent of 1?Zn2 to a solution of tris(tetrabu-

tylammonium) hydrogen pyrophosphate in CD3OD–D2O (1 : 1

v/v) resulted in a shifting of the pyrophosphate 31P signals from

26.5 to 25.4 ppm, indicating that the biszinc complex interacts

directly with the anions. The a-protons on the pyridine rings of

1?Zn2 are also shifted from 8.39 to 8.58 ppm upon addition of one

equivalent of tris(tetrabutylammonium) hydrogen pyrophosphate

(see ESI{). Intriguingly, significant shifts are also observed for the

protons on the oxazole rings and the a-protons of the cyclic

peptide, suggesting that either a change in peptide geometry occurs

upon binding of PPi or that the amide protons in the cyclic peptide

itself may provide a secondary binding site for PPi. This may

explain the high affinity and selectivity that 1?Zn2 exhibits for PPi

over similar anions. The complex retains C2 symmetry upon

binding PPi, indicating that both zinc(II) ions are involved in the

binding process (Fig. 2), but there are a number of binding modes

that satisfy this requirement and we have not yet been able to

determine the exact mode in which the PPi is bound by 1?Zn2.

Fig. 1 Top: Fluorescence intensity of 2 at 480 nm in the presence of

increasing amounts of 1?Zn2. Excitation wavelength was 347 nm. Bottom:

Jobs plot for the receptor indicator binding of 1?Zn2 and 2, clearly

indicating a 1 : 1 stoichiometry.

Table 1 Kassociation for 1?Zn2 and anionic speciesa

Anion log Kassociation

Pyrophosphate 8.0 (¡0.1)
ATP 5.9 (¡0.5)
ADP 5.6 (¡0.1)
citrate 5.0 (¡0.2)
a Titrations were performed at 25 uC in aqueous solutions buffered
at pH 7.2 with 5 mM HEPES in the presence of 145 mM NaCl.
Each value represents the average of at least three separate
experiments.
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In summary, a fluorescent chemosensing ensemble, based on a

backbone modified cyclic peptide receptor and a coumarin

indicator has been prepared. This ensemble detects PPi in water

with a selectivity of two orders of magnitude over ADP and ATP

and complete selectivity over monophosphate anions.
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