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a b s t r a c t

A new water-soluble fluorescent chemosensor Fluor-HGGG was synthesized by linking a
tetrapeptide histidyl-glycyl-glycyl-glycine (HGGG) with fluorescein via standard solid-phase 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry. Significant fluorescence quenching was observed with
ccepted 27 May 2009
vailable online 11 June 2009

eywords:
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u(II) ion

Fluor-HGGG in the presence of Cu2+. Other metal ions including Ag+, Ca2+, Cd2+, Co2+, Fe2+, Fe3+, Hg2+,
Mn2+, Ni2+ and Zn2+ produced only minor changes in fluorescence values for the system. The dissociation
constant (KD) of Cu2+ binding in Fluor-HGGG was found to be 37 �M. The maximum fluorescence
quenching caused by Cu2+ binding in Fluor-HGGG was observed over the pH range 7–7.5.

© 2009 Elsevier B.V. All rights reserved.
GGG
luorescein

. Introduction

Ionic copper is the third most abundant of the essential tran-
ition metal ions in the human body, and plays an important
hysiological role in many biological systems [1,2]. Due to its
idespread applications, copper also represents a significant metal
ollutant. Copper ions can react with molecular oxygen to form
eactive oxygen species (ROS) capable of damaging proteins, nucleic
cids and lipids. The cellular toxicity of ionic copper has been con-
ected with serious neurodegenerative diseases including Menkes
nd Wilson diseases [3,4], Alzheimer’s disease [5] and prion disease
6]. The demand for more sensitive and selective Cu2+ detection
oth in vivo and in vitro is growing [7].

A general strategy used in developing metal ion chemosensors
s to combine a metal-binding unit with signaling units such as
uorophores or chromophores. The presence of metal ions is sig-
aled, during interaction with binding units, by changes in emission

ntensity or wavelength. A number of currently existing chemosen-
ors consist of organic fluorophores or chromophores, which are
ndesirably insoluble in an aqueous solution. In order to resolve
his solubility issue – a major obstacle in the fabrication of water-
oluble metal ion chemosensors – the development of a suitable

ater-soluble metal-binding or signaling unit is critical. A few Cu2+

hemosensors based on peptides, GGH and GHK, have been devel-
ped to detect Cu2+ ions in aqueous system [7b,7c,7d,7e].

∗ Corresponding author. Tel.: +886 3 5712121x56506; fax: +886 3 5723764.
E-mail address: spwu@mail.nctu.edu.tw (S.-P. Wu).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.05.035
Tetrapeptide histidyl-glycyl-glycyl-glycine (HGGG) is a Cu2+

binding motif found in prion proteins (PrP) which displays highly
selective binding toward Cu2+ [8,9]. According to a single crystal
X-ray diffraction study of the HGGG-Cu2+ complex, Cu2+ binding
in the complex was a tetradentate binding structure that involves
the histidine imidazole, two deprotonated amides, and a glycine
carbonyl [9]. Despite extensive research into the biological proper-
ties of tetrapeptide HGGG, no work has been done to investigate its
potential as a chemosensor for Cu2+ detection. Here, a new water-
soluble Cu2+ chemosensor Fluor-HGGG based on a tetrapeptide
histidyl-glycyl-glycyl-glycine (HGGG) has been developed for Cu2+

sensing (Scheme 1). The HGGG motif was bound with fluorecein
through an N-terminal amide bond; crucially, this does not inhibit
the tetrapeptide HGGG binding to Cu2+ ions required in chemosens-
ing applications. Fluorescein is one of the most powerful fluorescent
probes known, due mainly to its high molar absorptivity and flu-
orescence quantum yield [10]. Metal ions such as Ag+, Ca2+, Cd2+,
Co2+, Fe2+, Fe3+, Hg2+, Mn2+, Ni2+ and Zn2+ were tested for metal
ion binding selectivity with Fluor-HGGG; Cu2+ was the only ion
resulting in significant fluorescent quenching.

2. Experimental

2.1. Materials and instrumentations
N,N,-dimethylformamide (DMF), Fmoc-Gly-Wang resin,
Fmoc–Gly and Fmoc–His(Trt), 1-methyl-2-pyrrolidone (NMP)
were purchased from Merck. N-hydroxybenzotriazole (HOBt)
and 2-(1H-benzotriazole-1-yl)-1,1,3,3- tetramethyluronium

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:spwu@mail.nctu.edu.tw
dx.doi.org/10.1016/j.snb.2009.05.035
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cheme 1. Synthesis of Fluor-HGGG. (a) 22% piperidine in NMP (b) Fmoc-Gly-OH,
BTU, HOBt, NMP in DMF (c) Fmoc-l-His(Trt)-OH, HBTU, HOBt, NMP in DMF. (d)
-Carboxyfluorescein, HBTU, HOBt, NMP in DMF.

exafluorophosphate (HBTU) were purchased from Applied
iosystem. AgClO4, Cd(ClO4)2.xH2O, Cu(BF4)2, CoCl2·6H2O, FeCl3,
e(BF4)2·6H2O, Hg(ClO4)2·xH2O, MnSO4·H2O, Ni(CH3COO)2·4H2O,
n(BF4)2, trifluoroacetic acid were purchased from Sigma–Aldrich.
aCO3 and MgSO4 were purchased from Showa. 4-(2-
ydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
urchased from Bio Basic Inc. 2-(N-Morpholine)-ethane sulphonic
cid (MES) was purchased from Amresco Inc. UV–vis spectra were
ecorded on an Agilent 8453 UV–vis spectrophotometer. Fluores-
ence spectra were recorded in a Hitachi F-4500 spectrometer.
eptide synthesis was done by Applied Biosystems ABI 433A
eptide Synthesizer.

.2. Synthesis of Fluor-HGGG

Synthesis of Fluor-HGGG was via standard solid-phase 9-
uorenylmethoxycarbonyl (Fmoc) chemistry. During the synthesis,
moc-Gly-Wang resin was used as a solid support and amino
cid derivatives, Fmoc-Gly and Fmoc-His(Trt), were attached
tep by step through coupling reaction. 2-(1H-Benzotriazole-1-
l)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and
-hydroxybenzotriazole (HOBt) in situ activation method was used

or the coupling reactions and deprotecting Fmoc group was done
ith piperidine. 6-Carboxyfluorescein was finally coupled to the
-terminal of tetrapeptide HGGG. Deprotection of trityl group

Trt) from histidine and cleavage of Fluorescein-His-Gly-Gly-Gly
rom the resin were accomplished by trifluoroacetic acid (TFA).
rude peptide was furthermore purified by HPLC (C18 column)
nd purified peptide was confirmed by ESI-Mass. The formula of
luor-HGGG was C33H26N6O11 with molecular weight (calculated)
82.182, ESI-mass (measured) 682.222.

.3. Metal ion binding study by UV–vis and fluorescence
pectroscopy

Fluor-HGGG (1.0 �M) was added with different metal ions
100 �M). All spectra were measured in 1.0 mL of 20 mM HEPES
uffer (pH 7.4) at 25 ◦C. The light path length of cuvette was 1.0 cm.
he excitation wavelength was 490 nm and the maximum emission
avelength was 520 nm.

.4. Fluorescence titration studies
Fluor-HGGG (1.0 �M) was added with different concentration
f Cu2+ (10−7 to 10−3 �M). All spectra were measured in 1.0 mL
f 20 mM HEPES buffer (pH 7.4) at 25 ◦C. The light path length of
uvette was 1.0 cm. The excitation wavelength was 490 nm and the
uators B 141 (2009) 187–191

maximum emission wavelength was 520 nm. Dissociation constant
(KD) was determined from analysis of the fluorescence quenching
measurements [11]. Fluorescence quenching of fluorescein induced
by the binding Cu(II) ions was used to calculate the fraction of
binding sites occupied, fa:

fa =
(

y − yf

yb − yf

)
(1)

where y is the emission intensity at a given concentration of Cu(II)
ions and yb and yf are the intensities when the binding sites are fully
occupied and unoccupied, respectively. The binding function r is
defined by Eq. (2) and p is the binding stoichiometry. The molar ratio
of copper to Fluor-HGGG was 1:1 and the binding stoichiometry (p)
was defined as 1. The dissociation constant (KD) was determined
by a fitting procedure from a plot of binding function r versus the
concentration of Cu2+ (Cs) according to Eq. (3):

r = fa ∗ p (2)

r = pCs

(KD + Cs)
(3)

In Fig. 5, the plot of binding function r versus the concentration
of Cu2+ was fitted according to Eq. (3) and the dissociation constant
(KD) of Cu2+ binding in Fluor-HGGG was determined as 37 �M.

3. Results and discussion

3.1. Synthesis of Fluor-HGGG

The procedure for the synthesis of Fluor-HGGG was shown
in Scheme 1. First, Fmoc-Gly-Wang resin was used as a solid
support, and amino acid derivatives Fmoc–Gly and Fmoc–His(Trt)
were attached stepwise through coupling reactions. The
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate (HBTU) and N-hydroxybenzotriazole (HOBt) in situ
activation method was used for coupling, and piperidine for Fmoc
deprotection. Finally, 6-carboxyfluorescein was attached to the
N-terminal of tetrapeptide HGGG before deprotection of the trityl
group (Trt) from histidine and cleavage of fluorescein-His-Gly-Gly-
Gly from the resin by treatment with trifluoroacetic acid (TFA).
The crude peptide product was purified by High Pressure Liquid
Chromatography (Angilent ZORBAX 300sb-C18, 9.4 × 250 mm),
and the separated Fluor-HGGG component was identified by
ESI-mass spectroscopy.

3.2. Cu(II) sensing by Fluor-HGGG

The absorption spectrum of Fluor-HGGG exhibited three max-
imum bands at wavelengths 210, 240 and 490 nm (pH = 7.4). The
absorption band centered at 490 nm results from fluorescein with
a high extinction coefficient (ε490 = 76,900 M−1 cm−1), and is thus
used to characterize the excitation wavelength for fluorescence
emission [10]. Upon addition of Cu2+ (up to 10−4 M) to a solution
containing chemosensor Fluor-HGGG, no significant absorption
change at 490 nm was observed. The ligated Cu2+–HGGG complex
has a d–d transition band centered at 588 nm (ε588 = 98 M−1 cm−1)
[12]. In contrast to the strong absorption band of fluorescein com-
pounds at 490 nm, formation of the Fluor-HGGG-Cu2+ complex only
results in a minor change in absorbance at 588 nm; there is no
obvious change in visible absorption.

To evaluate the selectivity of Fluor-HGGG toward various metal

ions, the fluorescence spectra of Fluor-HGGG were taken in the
presence of several transition metal ions. Fig. 1 shows the emis-
sion spectra of Fluor-HGGG under combination with Mn2+, Fe2+,
Cd2+, Co2+, Ni2+, Cu2+ and Zn2+. The concentration of metal ions was
100 �M – 100-fold higher than the concentration of Fluor-HGGG
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Fig. 1. . Response of chemosensor Fluor-HGGG to different metal ions in terms of
fluorescence. Curve a shows the fluorescence spectrum of metal-free Fluor-HGGG
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has a detection limit of 3.9 �M, which is allowed for the detection
of micromolar concentration range of Cu2+.
1.0 �M), with maximum emission wavelength 520 nm. Curve b represents the spec-
rum after addition of Cu2+. The concentration of each metal ion was 100 �M. All
pectra were taken at 25 ◦C in 20 mM HEPES buffer (pH 7.4) at excitation wavelength
90 nm.

1.0 �M). Only Cu2+ induced significant fluorescence quenching.
he mixture of Fluor-HGGG with Ca2+, Mg2+ and Hg2+ also induced
inor variations in fluorescence relative to Fluor-HGGG. A plot of

he ratio FM(II)/Fmetal free at 520 nm is shown in Fig. 2; most metal
ons produced a ratio close to 1, the notable exception being Cu2+

ith a low ratio of 0.1. These observations indicate that Cu2+ is the
nly ion readily bound with Fluor-HGGG to induce significant fluo-
escence quenching, permitting highly selective detection of Cu2+.
ompetitive experiments were carried out in the presence of Cu2+

100 �M) with Ag+, Ca2+, Cd2+, Co2+, Fe2+, Fe3+, Hg2+, Mn2+, Ni2+ and
n2+ at 100 �M (Fig. 3). Fluorescence quenching caused by the mix-
ure of Cu2+ with the other metal ion was similar to that caused by
nly Cu2+. This indicates that other metal ions did not interfere the
inding of Fluor-HGGG with Cu2+. This finding is consistent with
revious studies suggesting that Cu2+ is the only metal ion that can
e bound in the tetrapeptide HGGG [8].

.3. Fluorescence titration analysis of Cu2+ in Fluor-HGGG
Emission spectroscopy of fluorescein revealed Cu2+ binding with
luor-HGGG to be saturable. Various quantities of Cu2+ were incu-
ated with Fluor-HGGG (1.0 �M in 20 mM HEPES buffer, pH = 7.4),

ig. 2. Emission intensity ratios (Fmetal ion/Fmetal free) for chemosensor Fluor-HGGG at
20 nm in the presence of different metal ions.
Fig. 3. Fluorescent response of Fluor-HGGG (1.0 �M) to Cu2+ (100 �M) over the
selected metal ions (100 �M). All spectra were taken at 25 ◦C in 20 mM HEPES buffer
(pH 7.4) at excitation wavelength 490 nm.

and emission spectra were recorded for each sample. Fig. 4 shows
the plot of the emission intensity at 520 nm as a function of
−log[Cu2+]; when Cu2+ concentration was higher than 100 �M, the
fluorescence quenching reached a plateau. Half-maximal binding
was reached at 5 × 10−5 M Cu2+. Similar observations were made in
a study of Cu2+ binding in prion proteins. Prion proteins contain four
octarepeats (PHGGGWGQ) at the N-terminal, with a suitable fluo-
rescent probe for Cu2+ binding found in tryptophan [8]. When Cu2+

was added in concentrations at least an order of magnitude higher
than the prion protein solution (1.0 �M), significant fluorescence
quenching was observed. Half-maximal binding in the prion protein
was reached at 1.4 × 10−5 M – close to the 5 × 10−5 M determined for
Fluor-HGGG. The four octarepeats in prion proteins can bind Cu2+

cooperatively, thus lowering the half-maximal binding concentra-
tion relative to Fluor-HGGG. The detection limit of Fluor-HGGG as a
fluorescent sensor for the analysis of Cu2+ was determined from the
plot of fluorescence intensity as a function of the concentration of
Cu2+ (see supplementary material). It was found that Fluor-HGGG
The dissociation constant (KD) of Cu2+ binding with Fluor-HGGG
was obtained from analysis of fluorescence quenching measure-

Fig. 4. Titration curve of fluorescence emission intensity for Fluor-HGGG against the
negative log of Cu2+ concentration. The concentration of Fluor-HGGG was 1.0 �M in
20 mM HEPES buffer (pH 7.4). Excitation wavelength was 490 nm, and the monitored
emission wavelength was 520 nm.



190 S.-P. Wu, S.-R. Liu / Sensors and Actuators B 141 (2009) 187–191

F
s
C

m
b
i
w
d
c
o
a
w

3

d
d
o
f
c
m
t
A
s
f
6
m
i

Fig. 6. Influence of pH on the fluorescence spectra for Fluor-HGGG (1.0 �M) both
ig. 5. Binding curve was generated from analysis of fluorescence quenching mea-
urements and fitted in accordance with Eq. (2). The dissociation constant (KD) of
u2+ in Fluor-HGGG was found to be 37 �M.

ents. The degree of fluorescein fluorescence quenching induced
y the binding Cu2+ ions was used to calculate the fraction of bind-
ng sites occupied. The binding function, r, is defined by Eq. (2)

here p is the binding stoichiometry. The dissociation constant was
etermined by fitting a plot of binding function r versus the con-
entration of Cu2+ (Cs) in accordance with Eq. (3). In Fig. 5, a plot
f binding function against the concentration of Cu2+ was fitted
ccording to Eq. (3), and the dissociation constant of Cu2+ binding
ith Fluor-HGGG was found to be 37 �M.

.4. Influence of pH on Cu2+ binding in Fluor-HGGG

To investigate the pH range in which Fluor-HGGG can effectively
etect Cu2+, pH titration of Fluor-HGGG was first carried out. As
epicted in Fig. 6, emission intensity increased over a pH range
f 5–8 before reaching a plateau. Fluorescein exists in four ionic
orms – cationic, neutral, mono-anionic and di-anionic – each asso-
iated with distinct pKa values of 2.08, 4.31 and 6.43 [10]. Only the
ono-anion and di-anion forms of fluorescein are capable of emit-

ing fluorescence at quantum yields 0.37 and 0.93, respectively [10].
t pH > 6.5, the di-anion form is dominant and the emission inten-

ity is higher relative to the mono-anion form [10]. This accounts
or the significant increase in fluorescence when the system pH is
.5 – close to the pKa value of the di-anion form. At pH < 6.5, the
ono-anion form is dominant and an associated drop in emission

ntensity is observed. At pH < 5 the fluorescence intensity is very

Scheme 2. Molecular structu
when pure and in combination with Cu2+ (100 �M). Buffer: pH 5 ∼7, 20 mM Mes
buffer; pH 7–10, 20 mM HEPES buffer. The excitation wavelength was 490 nm, and
the monitored emission wavelength was 520 nm.

low, and data over this range is not illustrated in Fig. 6. The pH
profile of Fluor-HGGG is identical to that of fluorescein.

The effect of Cu2+ binding in Fluor-HGGG was pronounced when
considering emission intensity response to changes in system pH,
with metal-free Fluor-HGGG species exhibiting substantially differ-
ent behavior. In Fig. 5 addition of Cu2+ is shown to cause significant
fluorescence quenching for pH > 6.5, reaching a maximum in the pH
range 7–7.4. For pH values exceeding 8, emission intensity was max-
imized and reached a stable plateau. This titration curve indicates
the optimal pH range for fluorescence quenching to be between 7
and 8, which is a physiologically viable cell pH. According to a study
of Cu2+ binding in the HGGG motif using potentiometric measure-
ments [12], CuH−2L (L, Fluor-HGGG) is a dominant species for pH
values ranging from 6 to 9 (Scheme 2). Histidine imidazole is sug-
gested as the primary Cu2+ binding site, followed by deprotonation
at two of the amide bonds; deprotonation of histidine imidazole
is required for Cu2+ binding. This accounts for significant fluores-
cence quenching at pH values above 6.5 – close to the pKa value
of histidine imidazole, 6.0. When the pH values were higher than
8, the emission intensities were slightly higher than that at pH 7.5
(Fig. 6). The slightly higher emission intensities observed for pH
values above 8 are due to the formation of a new species, CuH-3L (L,

Fluor-HGGG). The species, CuH−3L, is formed at pH values greater
than 8 by deprotonation of the third amide, and comes to dominate
for pH values >9. Cu2+ binding in both species, CuH−2L and CuH−3L,
caused significant fluorescent quenching. Differently, the species,

re of Cu2+–Fluor-HGGG.
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uH−3L, has slightly higher emission intensities than the species,
uH−2L. This accounts for minor change in emission intensities at
H 8.

. Conclusions

We have developed a Cu2+ chemosensor Fluor-HGGG that
as synthesized by linking a tetrapeptide histidyl-glycyl-glycyl-

lycine (HGGG) with a fluorescein via standard solid-phase
-fluorenylmethoxycarbonyl (Fmoc) chemistry. The recognition
f Cu2+ ion by Fluor-HGGG gave rise to significant fluorescence
uenching; addition of Ag+, Ca2+, Cd2+, Co2+, Fe2+, Fe3+, Hg2+, Mn2+,
i2+ or Zn2+ to the chemosensor solution caused only minimal
hange in fluorescence emission values. This peptide based Cu2+

hemosensor should provide an effective means of Cu2+ sensing.
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