Simple but Effective Way to Sense
Pyrophosphate and Inorganic Phosphate

by Fluorescence Changes
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ABSTRACT

A new fluorescent chemosensor based on the acridine

=Zn(ll) derivative effectively recognizes pyrophosphate and inorganic phosphate at pH

7.4. Acridine derivative 1 displayed a fluorescent quenching effect with pyrophosphate; on the other hand, a large fluorescent enhancement

was observed with inorganic phosphate.

Anions play an important role in a wide range of chemical

important roles in signal transduction and energy storage in

and biological processes, and the development of anionbiological system$.For example, pyrophosphate (PPi) can

selective receptors has been actively investigat&dcord-

be a biologically important target because it is the product

ingly, sensors based on the anion-induced changes inof ATP hydrolysis under cellular conditiodszurthermore,
fluorescence appear to be particularly attractive due to thethe detection of pyrophosphate release is being investigated

simplicity and high detection limit of the fluorescente.
Specifically, phosphate ions and their derivatives play
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as a real-time DNA sequencing metho@n the other hand,
many of the common enzymes, such as kinases and phos-
phatases, produce or consume inorganic phosphate (Pi),
which is also related to the protein phosphorylafion.
Accordingly, the detection of an increase or decrease of the
phosphate concentration in the environment of these enzymes
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is a common way to monitor the enzyme activity or protein that can display a fluorescent enhancement with a significant
phosphorylation procegs. red-shift upon the addition of PPi at pH PMA selective
colorimetric Pi-sensing probe in water was recently reported
by Kim et al*® On the other hand, Hamachi et al. recently
reported anthracene derivatives as novel fluorescent chemosen-
sors for phosphorylated peptid€s.

Scheme 1. Synthesis of Fluorescent Chemosensor

Q /_; However, as far as we are aware of, a fluorescent

Br Br N NZ chemosensor, which can display different signal responses

Ny Dipicolylamine QVN N with pyrophosphate and phosphate in water, has not been

O / W N reported. We report herein a simple acridine derivative that
3 74% O / can display a selective CHEF (chelation enhanced fluores-

2 cence) effect with Pi and a selective CHEQ (chelation
ZL‘W enhanced fluorescence quenching) effect with PPi in 100%
SN ~ THE/MeOH agqueous solution. A large CHEF effect with Pi can be
@ P oo attributed to the additional hydrogen bonding between

wZnZt  zZn# >

i NS NONQ nitrogen on the acridine and hydrogen of Pi.

In this regard, the detection and discrimination of these
anions has been the main focus of the efforts of several
research groups. Even though many fluorescent chemosen-
sors, which can selectively recognize PP?or Pi241011have
been reported, only a few examples, which can function for
PPP and PH in agueous solution, are available. In 1994,
Czarnik et al. reported a pioneering work in which an
anthracene derivative bearing polyamine groups was used

as PPi sensor in 100% aqueous solufibRecently, Hong Figure 1. The crystal structure of the cation @&f All hydrogen
et al. reported azophenol-based fluorestimd colorimet- atoms were omitted for clarity. Selected bond distances (A) and

ricl2 PPi sensor§ in water. Kikuchi et al. utilized the2Cd angles (deg): Zn(BHN(1) 2.062(5), Zn(1}N(3) 2.065(5), Zn(1¥
cyclen—coumarin system as a fluorescent chemosensor fom(2) 2.231(5), Zn(2)—N(7) 2.062(5), Zn(2)—N(6) 2.073(5), Zn-
PPi in aqueous solutioh.Jolliffe et al. utilized a cyclic ~ (2)—N(5) 2.192(4), Zn(1)-O(11) 2.047(4), Zn(1yO(14) 2.135(4),
peptide receptor bearing two Zn(HPPA as a receptor for (ZA,r;(lZ);(g&g)(if;g(szgé BZ)T‘g?ﬁ_(}zzlg(21-)26N8((i‘))vlzog(g(()l(%2)§ég -
j9a i H H , . y — . ,
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Figure 2. Fluorescent changes of compouhd3 xM) upon the Figure 4. Fluorescent titrations of compourdd3 M) with Pi at
addition of Pi, PPi, CRHCO,™, HSQ,~, F~, CI~, Br~, and I (100 pH 7.4 (10 mM HEPES) (excitation at 359 nm, excitation and
equiv) at pH 7.4 (10 mM HEPES) (excitation at 359 nm, excitation emission slit width= 3 nm).

and emission slit widtlh= 3 nm).

(Figure S3). This CHEQ effect upon addition of PPi can be
were obtained by excitation into the acridine fluorophore at attributed to the possible PET (photoinduced electron
359 nm. As shown in Figure 2, there were unique changestransfer) mechanism from DPA unit. The binding of the
in its emission spectrum upon the addition of PPi and Pi at pyrophosphate anion to the zinc center can induce a PET
pH 7.4. A large fluorescence quenching effect with a mechanism from benzylic amine to acridine moi#ty.
bathochromic shift{20 nm) was observed upon the addition  On the other hand, Pi induced a large CHEF effect. Figure
of PPi; on the other hand, a large CHEF effect with a 3 illustrates the fluorescence titration experiments of the
bathochromic shift (~20 nm) was observed with Pi. No complex1 with Pi at pH 7.4 (10 mM HEPES) when the
significant change was observed upon the addition of other excitation wavelength was 359 nm. Upon the addition of
anions (100 equiv). A Job plot for the binding betweken  Pj, the emission maximum of compoutdradually shifted
with PPi and Pi shows a 1:1 stoichiometry. From the from 462 to 444 nm and a large CHEF effect (~300%) was
fluorescence titration (Figure 2), the association constant of opbserved. The selectivity for Pi over other anions including
complex1 with PPi was observed to be 4.85 10/ M~* sulfate, acetate, and halide anions can be attributed to a strong
(errors<10%) (excitation and emission slit widéh 5 nm) > coordination of ZA* to the phosphate unit, which was also
The overall emission change was over 4-fold. This observa- explained by HamacHi and Kim22 From the fluorescence
tion means thatl can even detect PPi at nanomolar titration, the association constant of complewith Pi was
concentrations in water. The fluorescent titration with a lower opserved to be 9.36 10* M1 (errors<15%)26 The unique
concentration ofl is shown in the Supporting Information  CHEF effect, which was induced by Pi, can be attributed to

the additional hydrogen bonding between the hydrogen of

I | Ot in the Pi and nitrogen on the acridine moiéhyBimilar

hydrogen bonding between ammonium hydrogen and nitro-

o gen acridine was reported by Hadioet all” Recently, the
T 0o ey fluorescence enhancement due to the interaction between
400 1 A metal ions and a nitrogen on acridine was also repdfted.
14PPI 07 equiv Upon the addition of 1 equiv of complek in DO, the
—-- 1 +PPIDY . . . .
5 a0 iieR ey chemical shifts due to the two different pyrophosphorous in
A 1+PPi 2equiv
s | S BON NN e 1 +PPRi 3 equiv . .
£ (15) (a) Conners, K. ABinding Constants; Wiley: New York, 1987.

2001 (b) Association constants were obtained with the computer program
ENZFITTER, available from Elsevier-BIOSOFT: 68 Hills Road, Cambridge
CB2 1LA, UK.

(16) The hydrogen bonding in aqueous solution is a quite challenging
process. However, in our case, the stronger interaction between the Zn center

- : and the phosphate may induce the additional hydrogen bonding. There are

0 = : ; ; few examples of sensors which utilize hydrogen bonding interactions in
400 450 500 580 500 aqueous solution. For example, Czarnik et al. reported that the fluorescent
change of their sensor with pyrophosphate in 100% aqueous solution was
attributed to the hydrogen bonding between benzylic amine and pyrophos-
. - . . phate (ref 9g) Also, the fluorescent changes of dipyrrolyl quinoxaline
Figure 3. Fluorescent titrations pf Qompoudd(s HM) W'_th PP' derivatives with anions in aqueous solution were reported by Anzenbacher’s
at pH 7.4 (10 mM HEPES) (excitation at 359 nm, excitation and group, in which the hydrogen bonding was the key interaction (ref 9d).
emission slit width= 5 nm). (17) Szarvas, S.; Majer, Z.; Huszthy, P.; Vermes, B.; Hollosi, M.
Enantiomer2002,7, 241.
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PPi moved from—10.17 to—9.56 ppm (Supporting Infor-  hydrogen bonding between nitrogen on the acridine and
maion, Figure S2), which indicates that complesgirectly hydrogen of Pi.

interacts with the phosphate sites. In the case of Pi,@,D

the chemical shift moved from 1.08 to 2.21 ppm (Supporting ~ Acknowledgment. This work was supported by the SRC

Information, Figure S1). The fluorescent changelafith program of the Korea Science and Engineering Foundation
PPi in the presence of excess Pi is shown in the Supporting(KOSEF) (R11-2005-00000-0), the Basic Science Research
Information (F|gure S4) of KOSEF (R01'2006'000-10001-0), and BK21. K.M.K.S.
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even detect PPi at nanomolar concentrations in water. A large
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