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Selective sensing of pyrophosphate in physiologi-
cal media using zinc(ll)dipicolylamino-functionalised
peptides’

Vincent E. Zwicker, Benjamin M. Long and Katrina A. Jolliffe*

A series of linear peptide based anion receptors, in which the distance between the
bis[zinc(I)dipicolylamine] binding sites and the peptide backbone was varied systematically, was
prepared and their anion binding ability was investigated using indicator displacement assays.
Shortening the distance between the binding site and the peptide backbone was found to enhance
both the receptor affinity and selectivity for pyrophosphate over other organic polyphosphate an-
ions in Krebs buffer with the maximum selectivity and affinity observed with a spacer length of
two methylene units. The suitability of these receptors for the determination of pyrophosphate
concentrations in Krebs buffer and in artificial urine was examined.

Introduction

Anions play a major role in a variety of chemical and biological
processes and the selective recognition of anionic species has be-
come an important research area.'™ The pyrophosphate (PPi)
anion is involved in a number of biochemical reactions and thus,
the determination of its concentration in physiological environ-
ments has applications in the diagnosis and monitoring of several
diseases. %2 However, discrimination between PPi and other bio-
logically relevant phosphate oxoanions such as adenosine di- and
triphosphate (ADP and ATP) remains a significant challenge. 10-14

Bis zinc(ir)dipicolylamine complexes have been found to ex-
hibit remarkable selectivity for phosphates over other anions in
aqueous media.'> Recently, we have shown that linear tri- and
tetra-peptide based receptors bearing two zinc(I1)-dipicolylamine
(Zn(11)-DPA) functionalised lysine (Lys) side chains exhibit con-
siderable selectivity for PPi over ADP and ATP in HEPES buffer
and we illustrated that the PPi binding capability of these recep-
tors was dependent on the nature of the non-functionalised side
chains. 1® We envisaged that affinity and selectivity for PPi over
ADP and ATP might also be altered by varying the length of the
functionalised Lys side chains, as has previously been observed
for cyclic peptide-based anion receptors. 17:18

Herein, we demonstrate — using indicator displacement assays
(IDAs) — that installing the Zn(11)-DPA units in closer proximity
to the peptide backbone enhances receptor affinity and selectiv-
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Fig. 1 Structures of receptors 1-5.Zn, and indicator PV.

ity for PPi over ADP and ATP in Krebs buffer. We subsequently
demonstrate the suitability of our chemosensors for the quantifi-
cation of PPi in Krebs buffer and in artificial urine. The latter
medium was chosen as it has been suggested that the PPi con-
tent in human urine is related to the formation of renal calculi
and consequently, the determination of PPi in urine would allow
the diagnosis or monitoring of kidney related diseases.® To in-
vestigate the effect of distance between the Zn(i1)-DPA units and
the peptide backbone on anion binding, we chose to systemati-
cally reduce the length of the amino acid side chains from four to
one methylene units to give receptors 1-4-Zn, (Fig. 1). We also
prepared receptor 5-Zny in which the two Zn(11)-DPA units were
attached to side chains of different length to see how this influ-
enced anion binding.

Journal Name, [year], [vol.], 1-8 |1



Organic & Biomolecular Chemistry

H(Alloc) NH(Alloc)

(@), (i), (iii)

-

(Fmoc)HN—O

Rink Amide resin

N
N_ =~

£ %

(viii), (ix)
m H - =
At ﬁr o

Scheme 1 Synthetic route for the preparation of receptors 1-5-Zn;.
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Conditions: (i) Fmoc deprotection of Rink Amide resin: 20 vol% piperidine in

DMF; (ii) Loading: Fmoc-Gly-OH (3 equiv.), PyBOP (3 equiv.) and DIPEA (6 equiv.); (iii) Iterative Fmoc-SPPS: (a) Fmoc deprotection: 20 vol%
piperidine in DMF; (b) coupling: Fmoc-AA-OH (2.5-3 equiv.), PyBOP (2.5-3 equiv.), DIPEA (5-6 equiv.), DMF; (iv) N-terminal Fmoc deprotection:
20 vol% piperidine in DMF; (v) Acetylation: 20 vol% acetic anhydride in pyridine; (vi) Alloc deprotection: Pd(PPh3)4 (0.8 equiv.), PhSiH; (25 equiv.),
CH,Cly; (vii) Reductive amination: (a) 2-pyridinecarboxaldehyde (20 equiv.), 1 vol% acetic acid, DMF; (b) 2-pyridinecarboxaldehyde (20 equiv.), sodium
triacetoxyborohydride (25 equiv.), 1 vol% acetic acid, DMF; (viii) Cleavage: TFA/TIS/H,O (95:2.5:2.5, v/v/v); (ix) Complexation: Zn(NOs), (2 equiv.),

MeOH/H,O (1:1, v/v).

Results and discussion

Synthesis of Receptors 1-5-Zn,

Receptors 1-5-Zn, were synthesised using our previously reported
synthetic route,1® with slight modifications. Briefly, the linear
peptides were synthesised using Fmoc solid phase peptide synthe-
sis (Fmoc-SPPS) on Rink amide resin, employing the amino acid
L-lysine (L-Lys) or its shorter analogues L-ornithine (L-Orn), 1-2,4-
diaminobutyric acid (L-Dab), and 1-2,3-diaminopropionic acid (L-
Dap), all with appropriate side chain protection, in the coupling
steps. Subsequent acetylation of the N-terminal amine and depro-
tection of the amino side chain groups were followed by on-resin
reductive amination to install the DPA ligands. A glycine (Gly)
spacer was incorporated at the C-terminus of all peptides as we
have previously found that this facilitiates the on-resin reductive
amination reaction.!® Cleavage from the resin and purification
gave the DPA functionalised peptides 1-5 in 22-26% yields (based
on a resin loading of 0.55 mmol g~ 1), and quantitative complex-
ation with two equiv. of zinc nitrate afforded receptors 1-5-Zn, as
nitrate salts (Scheme 1).

Anion binding studies

Anion binding studies were performed in Krebs buffer using
IDAs ! with the previously employed colorimetric indicator py-
rocatechol violet PV.16:17:20-22 We first investigated the inter-
action between PV and receptors 1-5-Zn,. Equimolar solutions
of PV (20 um) and receptors 1-5-Zn, (20 uM) in Krebs buffer dis-
played a distinctive blue colour. Association constants (log K,)
for the respective indicator-receptor complexes (Table 1) were
determined by UV-Vis titrations of PV (20 um) with recep-
tors 1-5-Zn, (Fig. 2 and Fig. S1-S5, {ESI) and non-linear least
square fitting of the titration data to a 1:1 binding model using
the commercially available program HypSpec® (Hyperquad®
package).23 The 1:1 binding stochiometry between receptors 1-
5-Zn, and indicator PV was corroborated by Job’s plot analy-
sis (Fig. S13-S15, TESI). Interestingly, the log K, values for all
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Fig. 2 Representative UV-Vis spectra showing the changes in molar
absorbance of PV (20 um) in Krebs buffer upon the addition of receptor
3-Zn,, [3-2n,]=0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 23, 29, 39, 74, 107 uwm;
inset: fitting curve for the titration data at 646 nm to a 1:1 binding model.

receptor-indicator pairs were similar (log K, ranging from 6.8 to
6.9) except for receptor 4-Zn, which exhibited noticeably weaker
binding to PV (log K,=6.2). We reasoned that the lower bind-
ing affinity between 4-Zn, and PV is a result of steric hindrance
resulting from the short distance between the Zn(11)-DPA binding
sites and the peptide backbone.

Subsequently, 1:1-indicator:receptor mixtures (20 um each)
were prepared and 10 equiv. of a wide range of anions were
added. For all PV-receptor mixtures, the addition of PPi resulted
in a colour change from blue to yellow, indicating the displace-
ment of PV from the binding cavity. The addition of ATP or ADP
gave only small colour changes and the addition of all other
anions tested did not result in a naked-eye observable colour
change, indicating only partial or no indicator displacement, re-
spectively (Fig. 3). UV-Vis titrations of 1:1-indicator:receptor mix-

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Colour changes of a solution of 3-Zn; : PV (20 uM each) upon the
addition of 10 equiv. of various anions. From left to right: blank, PPi, ATP,
ADP, AMP, cAMP, TMP, p-Ser, p-Thr, p-Tyr, citrate, sodium ascorbate,
NaZCO3, N328203, KSCN, NaNOz, NaZSO4, Na3PO4, NaBr, Nal.

Table 1 Association constants {log K,) for receptors 1-5.Zn, and indica-
tor PV, PPi, ATP, and ADP 2

Receptor Indicator PV PPi ATP ADP
1.Zn, 6.9 7.0 4.5 4.0
2.Zn, 6.8 7.3 4.0 3.9
3-Zn, 6.8 7.5 4.1 4.0
4-Zny 6.2 5.0 3.8 3.9
5.Zn, 6.8 5.9 4.1 4.1

2 Titrations were performed at 25 °C in Krebs buffer, pH 7.4; estimated error in
log K, <02
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Fig. 4 Representative UV-Vis spectra showing the changes in molar
absorbance of a 1:1-PV:3-Zn, mixture (20 uM each) in Krebs buffer upon
the addition of PPi, [PPi]=0, 2, 3, 5, 6, 8, 10, 12, 14, 16, 18, 26, 35, 52,
68, 101, 132, 162 uM; inset: changes in the normalised absorbance at
646 nm of this mixture upon addition of up to 9 equiv. of PPi, ATP or ADP,
respectively.

tures with the sodium salts of PPi, ATP and ADP (Fig. 4 and
Fig. S7-S9, {ESI) and curve-fitting of the titration data (based on
the equilibria for competition assays2*) using the HypSpec® pro-
gram gave the association constants for the receptor:anion com-
plexes (Table 1). In comparison to receptors 1-3-Zn,, receptor
4.Zn, exhibited weaker binding to PPi, attributable to the short
distance between the Zn(I1)-DPA units and the peptide backbone,
which apparently hinders PPi from accessing the binding sites due
to steric repulsion. Receptor 5-Zn, binds PPi less strongly than
receptors 1-3-Zn, but more strongly than receptor 4-Zn,, demon-
strating that the receptor affinity for PPi can be tuned by varying
the distance between the Zn(11)-DPA binding sites and the peptide
backbone. Receptor 1-Zn, exhibited strong binding to PPi and
good selectivity for PPi over ATP and ADP. Compared to recep-
tor 1-Zn,, receptors 2-Zny and 3-Zn, exhibited stronger binding
to PPi and enhanced selectivity for PPi over ATP and ADP.

We rationalised the stronger binding affinity of receptors 2-Zn,

This journal is © The Royal Society of Chemistry [year]
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and 3-Zn, for PPi by postulating favourable secondary hydrogen
bonding interactions between the N-H functionalities of the pep-
tide backbone and the oxygen atoms of PPi, which would emerge
as the Zn(11)-DPA binding sites are brought into closer proxim-
ity to the peptide backbone. Our hypothesis was supported by
molecular modelling of the receptor 3-Zn,—PPi complex, suggest-
ing the formation of three hydrogen bonds, i.e. between two
of the PPi oxygen atoms and three of the NH protons; specifi-
cally the C-terminal NH; group, the N-terminal acetamide pro-
ton, and the proton of the next amide along the chain from the
N-terminus (Fig. 5). Molecular modelling of the receptor 1-Zn,—
PPi complex suggested that the distance between the Zn(I1)-DPA
bonded PPi anion and the peptide backbone is too far for hydro-
gen bonding interactions to occur (Fig. S16, {ESI).

'H NMR experiments further supported our hypothesis that
secondary interactions between the peptide backbone and PPi
are responsible for the observed increase in PPi affinity of re-
ceptor 3-Zn, compared to receptor 1-Zn,. 'H NMR titrations of
receptors 1.Zn, and 3-Zn, with HPPi as the TBA salt were per-
formed in DMSO-dg (in order to allow the NH proton signals
to be observed) as we envisaged that the formation of hydrogen
bonds between the involved NH groups and the PPi oxygen atoms
would result in a change in the chemical shift § of the respec-
tive NH signals. Interestingly, for receptor 3-Zny, the addition of
HPPi resulted in the formation of a sharp new signal at 6.91 ppm
(Fig. S20), which was attributed to one of the two C-terminal car-
boxamide NH protons through a combination of 2D NMR and pro-
ton exchange experiments (Fig. S17-S22 and S25, TESI). We con-
cluded that the signal at 6.91 ppm emerges as a consequence of
the induction of a conformational change upon binding of HPPi,
thus indicating the formation of a hydrogen bond between one
of the carboxamide NHs and HPPi. In contrast, the addition of
HPPi to receptor 1-Zn, did not result in similar changes to the
corresponding NH signal (Fig. S24, TESI), confirming that the dis-
tance between the binding sites and the peptide backbone plays
a crucial role for the occurrence of secondary interactions in our
host-guest systems.

Fig. 5 DFT-optimised molecular structures of: (left) the 3-Zn,—PPi com-
plex and (right) the 3-Zn,—PPi complex upon rotation about the z-axis
where the Zn(11)-DPA side arms have been omitted for clarity; hydrogen
bonds are represented by the green dashed lines.

In order to monitor the binding process of PPi to 3-Zn, we
carried out >'P-NMR studies, titrating a solution of PPi in D,O
with receptor 3-Zn, (Fig. S26, ESI). The PPi signal at —9.3 ppm

Journal Name, [year], [vol.], 1-8 |3
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moved gradually downfield with addition of 3-Zny — indicating
the interaction of 3-Zn, with PPi — and disappeared upon the ad-
dition of 1.1 equiv. of 3-Zny. New signals at —8.3 ppm and at
—5.0 ppm grew in after the addition of 0.1 equiv. and 0.5 equiv.
of 3.Zn,, respectively. We assigned the signal at —5.0 ppm
to the 1:1-PPi:3-Zn, complex and rationalised that the signal
at —8.3 ppm can be attributed to a 2:1-PPi:3-Zn, complex which
is thought to form in the presence of excess PPi. The signal
at —8.3 ppm decreased and the signal at —5.0 ppm appeared
upon the addition of 0.5 equiv. of 3-Znp, suggesting that as
more receptor is added, the 1:1-PPi:3-Zn, complex is the dom-
inant species in solution. Given the high affinity and excel-
lent selectivity for PPi over ATP and ADP which we observed for
the 3-Zn,:PV chemosensing ensemble, we investigated its suit-
ability for use in biological PPi sensing applications i.e. for the
determination of PPi in Krebs buffer and in artificial urine.?®
Firstly, the impact of biological relevant anions such as ATP, ADP,
AMP, and others on the photometric response of the 3-Zn,:PV
chemosensing ensemble to PPi in Krebs buffer was examined.
Upon addition of 10.0 equiv. of the tested anions, the 3-Zn,:PV
ensemble exhibited negligible changes in the ratiometric ab-
sorbance, A(A440 nm/As46 nm), €xcept in the case of ATP and to
a slighter extent ADP, suggesting that most of the tested anionic
species were not able to displace PV from the 3-Zn,:PV com-
plex (Fig. 6). Subsequent addition of PPi (1.0 equiv.) resulted
in significant changes in the ratiometric absorbance in all cases,
indicating successful indicator displacement and demonstrating
the capability of 3-Zn, to selectively bind PPi even in the pres-
ence of a large excess of other phosphoanions. [PPi] calibrations
were carried out in Krebs buffer without and with 200 uM ATP, as
our results above showed that ATP interfered most strongly with
the response of 3-Zn,:PV to PPi. Gratifyingly, steady absorbance
changes of the 3-Zn,:PV chemosensing ensemble were observed
upon the addition of PPi in both the absence and presence of ATP
and linear calibration curves were obtained over a [PPi] range
from 2 to 38 uM in both cases (Fig. S27, {ESI and Fig. 7, respec-
tively). These results suggest that the presence of ATP does not
have a significant impact on the capability of 3-Zn,:PV to detect
PPi and that PPi concentrations of down to 2 uM (3-sy,x/slope)
can be detected in both cases (see Fig. S27-28, 7ESI for a detailed
outline of the statistical treatment of this data).

To further explore the suitability of the 3-Zn,:PV sensing sys-
tem for biological applications, we carried out PPi binding stud-
ies in artificial urine. Despite the 40% higher ionic strength
and the 20 times higher phosphate concentration of artificial
urine?® compared to that of Krebs buffer (fESI), the 3-Zn,:PV
chemosensing ensemble remained functional. UV-Vis titrations of
PV (20 um) with 3-Zn, indicated the formation of the expected
1:1-indicator:receptor complex (Fig. 8). Fitting of the titration
data to a 1:1 binding model gave a log K, of 5.6 +0.2 for the
3-Zn,:PV complex in this medium. Upon titration of 3-Zn,:PV
with PPi and subsequent 1:1 curve fitting, a log K, of 6.8 +0.2
for the 3-Zn,:PPi complex was obtained. Given the significantly
higher concentration of solutes in artificial urine and thus, the
considerably increased competitiveness of this medium compared
to Krebs buffer, these results underline the excellent affinity and
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Fig. 7 UV-Vis specirum showing the changes in absorbance of a solu-
tion of 3-Zn,:PV (20 uM each) in Krebs buffer (25 °C, pH 7.4} upon the
addition of PPi (0.0-3.0 equiv.) in the presence of ATP (200 um). Inset:
Corresponding calibration plot for [PPi], A440 nm/Asas nm = f{[PPi]).

selectivity of the 3-Zn,:PV chemosensing ensemble for PPi. Sub-
sequently, we carried out [PPi] calibration experiments with the
3.Zn,:PV system in artificial urine (Fig. 9) and obtained a linear
calibration curve in the [PPi] range from 2 to 22 uM, indicating
that PPi concentrations as low as 4 pM (3-sy/x /slope) can be de-
tected in artificial urine.

Conclusions

In summary, the anion binding capability of a series of tetrapep-
tide based receptors was investigated. By systematically varying
the distance between the two Zn(I1)-DPA binding sites and the
peptide backbone we have shown that, up to a point, decreasing
this distance results in incremental increases on both PPi binding
affinity and selectivity for this species over other phosphoanions.
The optimum length for the DPA side chains was found to be

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 UV-Vis spectrum showing the changes in absorbance of a solu-
tion of 3-Zn,:PV (20 uMm each) in artificial urine (25 °C, pH 7.4) upon the
addition of PPi (0.0-2.0 equiv.); Inset: Corresponding calibration plot for
(PP, Asso nm/As30 rm = £([PPi)).

two methylene units. Shortening the side chains further resulted
in a decrease in both receptor affinity and selectivity. Using a
combination of NMR and modelling studies we have shown that
decreasing the distance between the Zn(11)-DPA binding sites and
the peptide backbone is likely to provide additional hydrogen
bonding interactions between the peptide backbone and the PPi
oxygen atoms and thus, increases the receptor affinity for PPi.
Finally, we demonstrated that these chemosensing ensembles
are able to detect PPi in complex competitive media such as
Krebs buffer — even in the presence of high concentrations of
ATP and other phosphoanions — and in artificial urine. Current
studies are underway to assess the suitability of our systems for
the determination of PPi in clinical samples of human urine and
synovial fluid.

This journal is © The Royal Society of Chemistry [year]
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Experimental section
General information

All chemicals and solvents were of reagent grade and used
as received unless otherwise noted. Fmoc-Dab-OH, and Fmoc-
Dap-OH were synthesised following slightly modified literature
procedures2® and Fmoc-Dab(Alloc)-OH, and Fmoc-Dap(Alloc)-
OH were obtained by subsequent side chain protection with
the (Allyloxy)carbonyl (Alloc) group.%’ Fmoc-Orn(Alloc)-OH
was obtained by side chain deprotection of Fmoc-Orn(Boc)-OH
and subsequent protection of the free amine functionality with
the Alloc group.2’ Fmoc-Lys(Alloc)-OH was obtained commer-
cially. Melting points were manually observed using a Stanford
Research Systems Optimelt melting point apparatus and are
uncorrected. Optical rotations were obtained using a Perkin
Elmer Model 341 polarimeter at 589 nm and 20 °C, using the
indicated spectroscopic grade solvents. 'H NMR spectra were
recorded using a Bruker Avance III 500 at a frequency of 500.13
MHz or a Bruker Avance DPX 400 at a frequency of 400.13 MHz
and are reported as parts per million (ppm) with CD30D (8y
3.31 ppm) or DMSO-dg (8y 2.50 ppm) as an internal reference.
The data are reported as chemical shift (§), multiplicity (br =
broad, s = singlet, d = doublet, t = triplet, m = multiplet),
coupling constant (J Hz) and relative integral. '*C NMR spectra
were recorded using a Bruker Avance III 500 at a frequency
of 125.76 MHz or a Bruker Avance DPX 400 at a frequency of
100.61 MHz and are reported as parts per million (ppm) with
CD30D (8¢ 49.00 ppm) or DMSO-dg (8¢ 39.52 ppm) as an
internal reference. 3!P{!H} NMR spectra were recorded using
a Bruker Avance III 500 at a frequency of 202.46 MHz and are
reported as parts per million (ppm) relative to trimethyl phos-
phate, (CH30)3PO, in D,O (0 ppm). Low resolution mass spectra
were recorded on a Thermo Finnigan LCQ Deca Ion Trap mass
spectrometer using electrospray ionisation (ESI, positive mode).
High resolution ESI spectra were recorded on a Bruker BioApex
Fourier Transform Ion Cyclotron Resonance mass spectrometer
(FTICR) with an Analytica ESI source, operating at 4.7 T or a
Bruker Daltonics Apex Ultra FTICR with an Apollo Dual source,
operating at 7 T and are reported as m/z (relative intensity).
Infrared absorption spectra were recorded on a Bruker Alpha-E
FTIR spectrometer using attenuated total reflection (ATR) of
either a solid or a thin film. Notable vibrational wavenumbers are
recorded in cm~!. UV-Vis data were recorded using a Varian Cary
4000 UV-Vis spectrophotometer at 20 °C. Temperature control
was provided by a Varian Cary PCB 150 Water Peltier System.
pH values were obtained using an Activon Model 209 pH/mV
meter. Reversed-phase column chromatography was performed
on a Biotage Isolera Prime automated flash purification system
equipped with a dual wavelength UV-Vis detector. The detection
wavelengths were 254 and 280 nm, respectively. Molecular
structures were modelled employing molecular mechanic force
field (MMFF) calculations and MMFF structures were fully
optimised using DFT calculations at the B3LYP/6-31G* level of
theory (Spartan’04).
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General procedures for SPPS of receptors 1-5-Zn,

Loading of Fmoc-protected amino acid onto Rink amide
resin. Rink amide resin (loading 0.55 mmol g~') was swollen in
DMF for 1 h. The resin was drained and washed with DMF (x5),
CH,Cl, (x5) and DMF (x5). The resin was then treated with
20 vol% piperidine in DMF (3 x 5 min) for Fmoc deprotection
and washed with DMF (x5), CH,Cl, (x5) and DMF (x5). A
solution of Fmoc-Gly-OH (3 equiv.), PyBOP (benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate; 3 equiv.),
and DIPEA (N,N-diisopropylethylamine; 6 equiv.) in DMF was
added to the resin. The suspension was agitated at rt for 2 h and
then washed with DMF (x5), CH,Cl, (x5) and DMF (x5).

N-terminal Fmoc deprotection. The resin-bound peptide was
treated with 20 vol% piperidine in DMF (3 x 10 min) for Fmoc
deprotection and washed with DMF (x5), CH,Cl, (x5) and
DMF (x5). The resulting free amine was immediately subjected
to the following coupling step.

Estimation of resin loading. The drained Fmoc deprotection
solution was diluted with a solution of 20 vol% piperidine in DMF
so that the maximum concentration of the fulvene-piperidine
adduct was in the range of 2.5-7.5x107 M. A sample of this solu-
tion (2 x 3 mL) was transferred to two matched 1 cm quartz glass
cuvettes and the UV-Vis absorbance at 301 nm was measured, us-
ing the solution of 20 vol% piperidine in DMF as a reference. An
average of the two absorbance values was used to calculate the
loading, using € = 7800 M~ em~!.

Amino acid coupling. A solution of the respective amino
acid (2.5-3 equiv.), PyBOP (2.5-3 equiv.), and DIPEA (5-6 equiv.)
in DMF was added to the resin. The suspension was agitated at
rt for 2 h and then washed with DMF (x5), CH,Cl, (x5), and
DMF (x5).

Acetylation. After coupling of the final amino acid, the Fmoc
protecting group was removed. The free amine functionality was
acetylated by treatment with 20 vol% acetic anhydride in pyri-
dine (3 x 5 min) and washed with DMF (x5), CH,Cl, (x5), and
DMF (x5).

(Allyloxy)carbonyl (Alloc) deprotection. The resin was
swollen in CH,Cl, at rt for 1 h prior to the deprotection step.
The resin was agitated in a solution of Pd(PPh3)4 (0.8 equiv.)
and phenylsilane (25 equiv.) in CH;Cl, (2 x 1 h). The resin was
rinsed and washed with CH,Cl, (x5), a solution of sodium di-
ethyldithiocarbamate (20 mg mL~!) with 1 vol% triethylamine
in DMF (x10), DMF with 1 vol% triethylamine (x5), DMF (x5),
and CH,Cl, (x5) and dried in vacuo overnight.

Reductive amination. The resin was swollen in DMF at
rt for 1 h before being treated with 2-pyridinecarboxalde-
hyde (20 equiv.) with 1 vol% AcOH in DMF (5 mL) and agitated
at rt overnight. The resin was rinsed and washed with DMF (x3).
A suspension of sodium triacetoxyborohydride (25 equiv.) and
2-pyridinecarboxaldehyde (20 equiv.) with 1 vol% AcOH in
DMF (5 mL) was added to the resin and the resulting suspension
was agitated at rt overnight. The resin was rinsed and washed
with MeOH (3 x 5 mL), DMF (x5), CH,Cl, (x5), and DMF (x5)
and dried in vacuo overnight.

Cleavage of peptides from resin. The resin was treated
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with a solution of trifluoroacetic acid/H,O/triisopropylsilane
(95:2.5:2.5, v/v/v) for 1 h. The resin was drained and then
washed with trifluoroacetic acid (x3). The cleavage solution and
acid washes were combined and the solvent evaporated.

Purification. Peptides were purified by reversed-phase column
chromatography (25 g Cg-reversed phase silica gel; water/CH3;CN
with 1 vol% ammonium hydroxide solution (25%), 0 to 50%
CH3;CN, 75 mL min~!). Appropriate fractions were lyophilised,
affording the pure peptides as colourless solids.

Complexation to zinc. A solution of peptide in MeOH (10
mg mL~!) was added to an aqueous solution of Zn(NO3),*4H,0
(2 equiv. relative to peptide, 10 mg mL~!) and the mixture was
stirred at rt for 1 h. The mixture was concentrated and the residue
lyophilised, affording the bis[Zn(11)] complex as a nitrate salt.

Synthesis

Ac-Lys(DPA)-Gly-Lys(DPA)-Gly-NH, zinc complex, 1-Zn,
Tetrapeptide 1 was synthesised on Rink amide resin (0.451 g,
resin capacity 0.55 mmol g~!), utilising the above general meth-
ods. Yield: 47.2 mg (25%); [a]¥ = —22.9 (c 0.60 MeOH);
'H NMR (500 MHz, MeOD) & 8.42 (m, 4H), 7.79 (m, 4H),
7.61 (m, 4H), 7.26 (m, 4H), 4.20 (m, 1H), 4.13 (m, 1H), 3.76-
3.93 (m, 12 H), 2.51 (m, 4H), 1.93 (s, 3H), 1.55-1.80 (m, 8H),
1.33 (m, 4H), NH signals not observed; '*C NMR (75 MHz,
MeOD) 6 175.4, 174.7, 174.3, 173.7, 172.1, 160.83, 160.80,
149.4, 149.3, 138.69, 138.65, 124.86, 124.85, 123.75, 123.74,
61.13, 61.10, 55.6, 55.44, 55.41, 55.3, 43.7, 43.3, 32.3, 32.1,
27.69, 27.65, 24.7, 22.5; IR (ATR) vmax 3273, 3062, 2932, 2861,
2818, 1650, 1592, 1537, 1475, 1433, 1371, 1246, 1149, 1126,
1048, 1001 cm~—'; LRMS (ESI) m/z 738 [M + H]*; HRMS (ESI),
m/z = 794.4454 [M + H]™, 794.4460 calcd. for C4HseN; 07 .
Tetrapeptide 1 was complexed to zinc according to the above gen-
eral procedure, affording 1:Zn, (tetranitrate salt) as a colour-
less solid in quantitative yield. 'H NMR (500 MHz, MeOD)
5 8.68 (m, 4H), 8.15 (m, 4H), 7.69 (m, 8H), 4.40 (m, 4H),
4.13 (m, 6H), 3.80 (m, 4H), 2.64 (m, 4H), 1.91 (s, 3H), 1.51-
1.91 (m, 8H), 1.21 (m, 4H); LRMS (ESI) m/z 307 [M - 1H]3";
HRMS (ESI), m/z = 981.2694 [M(NO3) — 2H] ", 981.2686 calcd.
for C4oHs53N105Zn; (NO3)+.

Ac-Orn(DPA)-Gly-Orn(DPA)-Gly-NH, zinc complex, 2-Zn,
Tetrapeptide 2 was synthesised on Rink amide resin (0.307 g,
resin capacity 0.55 mmol g~ 1), utilising the above general meth-
ods. Yield: 27.9 mg (22%); [Ol]%o = —17.3 (c 0.50 MeOH);
'H NMR (500 MHz, MeOD) § 8.54 (m, 4H), 7.84 (m, 4H),
7.55 (m, 4H), 7.36 (m, 4H), 4.16-4.29 (m, 10H), 3.84 (m,
4H), 2.93 (m, 4H), 1.94 (s, 3H), 1.65-1.90 (m, 8H); '*C NMR
(125 MHz, MeOD) 6 175.1, 174.22, 174.15, 173.7, 172.0,
156.7, 155.8, 149.9, 149.8, 139.14, 139.09, 125.3, 125.2, 124.7,
124.6, 59.9, 59.6, 55.4, 55.1, 54.6, 43.8, 43.2, 29.9, 29.7,
23.1, 22.7, 22.5; IR (ATR) vmax 3274, 3057, 2933, 2821, 1649,
1593, 1536, 1474, 1435, 1371, 1331, 1201, 1150, 1127, 1047,
998 cm~!; LRMS (ESI) m/z 766 [M + H]T; HRMS (ESI),
m/z = 766.4143 [M + H]", 766.4147 caled. for C4Hs,N;;O5 .
Tetrapeptide 2 was complexed to zinc according to the above gen-
eral procedure, affording 2:Zn, (tetranitrate salt) as a colour-
less solid in quantitative yield. 'H NMR (400 MHz, MeOD)
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6 8.70 (m, 4H), 8.15 (m, 4H), 7.70 (m, 8H), 4.93 (m, 4H),
4.14 (m, 6H), 3.79 (m, 4H), 2.70 (m, 4H), 1.90 (s, 3H),
1.58-1.71 (m, 8H); LRMS (ESI) m/z 446 [M — 2H]?>*; HRMS
(ESD), m/z = 955.2353 [M(NO3) — 2H]™, 955.2373 calcd. for
C40H4oN|105Zny (NO3) "

Ac-Dab(DPA)-Gly-Dab(DPA)-Gly-NH, zinc complex, 3-Zn,
Tetrapeptide 3 was synthesised on Rink amide resin (0.455 g,
resin capacity 0.55 mmol g~ 1), utilising the above general meth-
ods. Yield: 48.5 mg (26%); [a]® = —18.7 (c 0.50 MeOH);
'H NMR (500 MHz, MeOD) § 8.43 (m, 4H), 7.73 (m, 4H),
7.51 (m, 4H), 7.24 (m, 4H), 4.45 (m, 1H), 4.41 (m, 1H), 3.71-
3.85 (m, 12 H), 2.67 (m, 4H), 2.10 (m, 2H), 1.88-2.10 (m,
5H); 13C NMR (100 MHz, MeOD) § 175.4, 174.8, 174.4, 173.7,
172.1, 160.30, 160.27, 149.51, 149.48, 138.66, 138.66, 125.20,
125.18, 123.83, 123.82, 61.0, 53.7, 53.6, 52.2, 52.1, 43.8, 43.3,
29.9, 29.7, 22.6; IR (ATR) vpmax 3270, 3057, 2929, 2845, 1646,
1592, 1532, 1476, 1434, 1371, 1257, 1150, 1129, 1094, 1049,
1001 ecm~!; LRMS (ESI) m/z 738 [M + H]T; HRMS (ESI),
m/z = 738.3855 [M + H]*, 738.3834 calcd. for C3gHugN;OF .
Tetrapeptide 3 was complexed to zinc according to the above gen-
eral procedure, affording 3:Zn, (tetranitrate salt) as a colour-
less solid in quantitative yield. 'H NMR (400 MHz, MeOD)
6 8.70 (m, 4H), 8.15 (m, 4H), 7.68 (m, 8H), 4.41 (m, 4H),
4.15 (m, 6H), 3.67-3.82 (m, 4H), 2.77 (m, 4H), 2.13 (m, 2H),
1.89-2.03 (m, 5H); LRMS (ESI) m/z 432 [M - 2H]?>*; HRMS
(ESD), m/z = 925.2059 [M(NO;) — 2H]*, 925.2060 calcd. for
C38H45N11O05Zny (NO3) ™.

Ac-Dap(DPA)-Gly-Dap(DPA)-Gly-NH, zinc complex, 4-Zn,
Tetrapeptide 4 was synthesised on Rink amide resin (0.313 g,
resin capacity 0.55 mmol g~ 1), utilising the above general meth-
ods. Yield: 28.4 mg (23%); [a]® = —11.2 (c 0.50 MeOH);
'H NMR (500 MHz, MeOD) § 8.46 (m, 4H), 7.74 (m, 4H),
7.45 (m, 4H), 7.26 (m, 4H), 4.53 (m, 1H), 4.48 (m, 1H), 3.75-
4.01 (m, 12H), 3.05 (m, 2H), 2.96 (m, 2H), 1.95 (s, 3H); '3C
NMR (75 MHz, MeOD) 6 174.4, 173.9, 173.4, 171.9, 171.8,
159.8, 159.6, 149.6, 149.5, 138.8, 138.7, 125.2, 125.15, 123.93,
123.93, 61.0, 60.9, 57.3, 57.0, 53.9, 53.8, 43.8, 43.4, 22.7;
IR (ATR) vmax 3270, 3057, 2929, 2845, 1646, 1592, 1532,
1476, 1434, 1371, 1257, 1150, 1129, 1094, 1049, 1001 cm™!;
LRMS (ESI) m/z 710 [M + H]*; HRMS (ESI), m/z = 710.3520
[M + H]*, 710.3521 caled. for C36HssN; OZ. Tetrapeptide 4
was complexed to zinc according to the above general procedure,
affording 4-Zn, (tetranitrate salt) as a colourless solid in quanti-
tative yield. 'H NMR (400 MHz, MeOD) § 8.69 (m, 4H), 8.14 (m,
4H), 7.67 (m, 8H), 4.17-4.90 (m, 10H), 3.78-4.06 (m, 4H), 3.82-
3.33 (m, 2H), 2.91 (m, 2H), 1.96 (s, 3H); LRMS (ESI) m/z 418
[M - 2H]?t; HRMS (ESI), m/z = 417.5933 [M - 2H]%**, 417.5932
caled. for C36H41 N1 O5Zn%+.

Ac-Dap(DPA)-Gly-Lys(DPA)-Gly-NH, Zinc complex, 5-Zn,
Tetrapeptide 5 was synthesised on Rink amide resin (0.304 g,
resin capacity 0.55 mmol g~ 1), utilising the above general meth-
ods. Yield: 32.3 mg (26%); [a]® = —22.3 (c 0.50 MeOH);
'H NMR (500 MHz, MeOD) § 8.43 (m, 4H), 7.79 (m, 2H),
7.73 (m, 2H), 7.62 (m, 2H), 7.44 (m, 2H), 7.25 (m, 4H),
4.41 (m, 1H), 4.20 (m, 1H), 3.73-3.93 (m, 12 H), 3.00 (m,
1H), 291 (m, 1H), 2.51 (m, 2H), 1.98 (m, 3H), 1.78 (m,
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1H), 1.63 (m, 1H), 1.54 (m, 2H), 1.33 (m, 2H); !3C NMR
(100 MHz, MeOD) 6 174.7, 174.4, 174.1, 173.5, 172.1, 160.7,
159.8, 149.7, 149.3, 138.8, 138.6, 125.1, 124.9, 123.9, 123.8,
61.1, 61.0, 57.0, 55.5, 55.4, 54.2, 43.8, 43.3, 32.1, 27.6, 24.7,
22.7; IR (ATR) vmax 3275, 3059, 2931, 2859, 2825, 1645, 1592,
1568, 1531, 1475, 1433, 1371, 1248, 1149, 1127, 1094, 1048,
1001 ecm~!'; LRMS (ESD m/z 752 [M + H]*; HRMS (ESD),
m/z = 752.4019 [M + H]*, 752.3991 caled. for C39HsoN;; 04
Tetrapeptide 5 was complexed to zinc according to the above gen-
eral procedure, affording 5:Zn, (tetranitrate salt) as a colour-
less solid in quantitative yield. 'H NMR (400 MHz, MeOD)
6 8.70 (m, 4H), 8.17 (m, 4H), 7.69 (m, 8H), 4.52 (m, 4H),
4.38 (m, 2H), 4.10 (m, 4H), 3.77-3.97 (m, 4H), 3.21 (m, 1H),
2.92 (m, 1H), 2.67 (m, 2H), 1.94 (m, 3H), 1.51-1.69 (m, 4H),
1.19 (m, 2H); LRMS (ESI) m/z 439 [M - 2H]2+; HRMS (ESD),
m/z = 1002.2183 [M(NO3), — H]T, 1002.2173 caled. for
C39HygN1105Zny (NO3);5 .

Anion binding studies

All measurements were performed in Krebs buffer or artificial
urine?® at pH 7.4 and at 25 °C.

General procedure for titrating the indicator PV with re-
ceptors 1-5-Zn,. To a 1 cm quartz glass cuvette was added
a solution of the indicator PV (2.5 mL, 20 uMm) and to another
matched quartz glass cuvette was added the buffer solution as
the blank (2.5 mL). The absorbance spectrum was recorded from
250 — 750 nm. Aliquots of a solution containing the respective re-
ceptor (1000 um) were then added to both the sample and the
blank cuvettes. After each addition, the resulting solution was
stirred for at least 30 seconds before the absorbance spectrum
was recorded. Typically, up to 10 equiv. of the receptor were
added to the solution. All titrations were repeated three times. To
determine association constants for the receptor-indicator com-
plexes, global analysis of the absorbance data over the range
of 300 — 720 nm was carried out using a nonlinear least-squares
curve fitting procedure, based on the equilibria described for 1: 1
binding, using the commercially available software programme
HypSpec® (Hyperquad® package).23

General procedure for titrating receptor-indicator ensem-
bles with anions. Stock solutions of the respective 1: 1 —
receptor : PV ensemble (20 uM both) and of the tested phosphoan-
ions as sodium salts (2000 um) were prepared. To a 1 cm quartz
glass cuvette was added a solution of the receptor-indicator en-
semble (2.5 mL) and to another matched quartz glass cuvette was
added a solution of the same concentration of the receptor as
the blank (2.5 mL). The absorbance spectrum was recorded from
250 —750 nm. Aliquots of the respective anion solution were then
added to both the sample and the blank cuvettes. After each ad-
dition, the resulting solution was stirred for at least 30 seconds
before the absorbance spectrum was recorded. Typically, up to
10 equivalents of the anion were added to the solution. All titra-
tions were repeated three times. To determine association con-
stants for the receptor-anion complexes, global analysis of the ab-
sorbance data over the range of 300 — 720 nm was carried out us-
ing a nonlinear least-squares curve fitting procedure, based on the
equilibria described for indicator displacement,%* using the com-
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mercially available software program HypSpec® (Hyperquad®

package

)'23
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