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Abstract—A new fluorescent peptide probe for the detection of Zn*>* was synthesized on the basis of zinc binding ligands in zinc
enzymes. The peptide that has a unique amino acid sequence displayed a great selectivity for Zn>* in the presence of several tran-
sition metal ions in aqueous solution. The reversibility, binding stoichiometry, binding affinity, and pH sensitivity of the sensor were
studied. Further, on-bead application of the peptide as chemosensors was demonstrated.

© 2007 Elsevier Ltd. All rights reserved.

The monitoring of transition metal ions with a selective
chemical probe is important in environmental and bio-
logical fields. Zn®* is the second most abundant transi-
tion metal in the human body, and is essential for
biological functions, such as gene expression, apoptosis,
enzyme regulation, and neurotransmission.! For exam-
ple, Zn*" is also known to be responsible for the forma-
tion of amyloid plaques during the beginning of
Alzheimer’s disease. The total concentration of Zn**
in different cells varies from the nanomolar range up
to about 0.3mM.? Thus, optimized chemical probes
are required to monitor zinc concentration ranging from
nanomolar to micromolar. Although several fluores-
cence-based chemical and peptide probes for Zn>* have
been developed, most of them suffered limitations due to
tight binding affinity (subnanomolar affinity), interfer-
ence of other metal ions, susceptibility to pH, difficult
synthesis, and poor solubility in physiological buffer
solution.* It is therefore necessary to develop new
probes that have micromolar affinity for Zn** with a
high selectivity.
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In the present study, we focused on the development of
short fluorescence peptide sensors for Zn>* for the fol-
lowing reasons. Peptide probes consisting of natural
amino acid can be easily synthesized in solid phase syn-
thesis and can be facilely conjugated to solid support in
the device. The sensitivity and selectivity of peptide
probes can be optimized by further tuning of the amino
acid sequences. As it is difficult for peptide sensors to
penetrate into cells due to their hydrophilic property,
they are used for monitoring extracellular or environ-
mental metal ions. However, as incorporation of addi-
tional functionality is also feasible via amide bond
formation, a cellular internalization sequence can be ap-
pended to transport the probes into cells in future
applications.®

Several fluorescence-based peptide sensors have been
developed for Zn**. Zinc peptide sensors were synthe-
sized based on zinc finger domains.* These peptides,
consisting of 24 amino acids, suffered limitations with
subnanomolar affinity, difficult synthesis due to their
size, and the susceptibility of the Cys residues to air oxi-
dation. Peptide sensors containing an unnatural amino
acid and B turn sequence have been synthesized.” These
peptides form 1:1 or 1:2 complexations with Zn** and
their affinities ranged from nanomolar to 1 pM.
However, the peptide probes with micromolar binding
affinity for Zn** bind tightly with Mg** and Cd*" and
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require the difficult synthesis. Thus, the design and syn-
thesis of selective geptide probes with micromolar bind-
ing affinity for Zn>" remains a significant challenge.

Considering the drawbacks of the previous peptide sen-
sors, we synthesized a new type of peptide probe for zinc
ion. One strategy employed in the design of peptide
probes for zinc is to link a fluorophore unit with a zinc
binding motif. The two units are linked to each other in
such a way that the binding of zinc ion to the binding
motif causes considerable changes in the fluorescence.
For easy synthesis, we designed a small peptide probe
(5 mer) consisting of natural amino acids (Scheme 1).
We chose a dansyl group as a fluorophore because the
fluorescence emission of dansyl is sensitive to the micro-
environment.® In addition, dansyl group has been used
as a fluorophore in the previously synthesized peptide
probes for monitoring Cu®* and Pb>".7 As dansyl fluo-
rophore directly participated in the metal binding in
these peptide probes, the metal binding event was effec-
tively detected by fluorescence change. We designed
zinc-binding motif of the peptide probes for the follow-
ing reasons. As His, Glu, and Cys residues are fre-
quently found as the ligands of zinc enzymes,® we
designed peptide probes containing Cys, His, and Glu
residues as a zinc binding amino acid. As a preorganiza-
tion of the peptide ligand site may result in the increase
of binding of metal ions* we designed the peptides con-
taining Pro-Gly amino acids to have a turn structure.’
We developed CP1 (dansyl-Cys-Pro-Gly-His-Glu) by
synthesizing peptides containing His, Cys, and Glu res-
idues in combination with Pro-Gly sequence. We also
synthesized a control peptide (P1, dansyl-Gly-Gly-Gly-
Gly-Gly).

Peptide probes were synthesized by the Fmoc-chemistry
in solid phase peptide synthesis according to the litera-
ture procedure.'® As CP1 has good solubility, we inves-
tigated the fluorescence change in physiological buffer
solution without cosolvent. We measured the fluores-
cence emission spectra of CP1 in the presence of Zn*".
Fluorescence spectra ranging from 350 to 650 nm
were obtained by excitation with 330 nm. Upon Zn**
addition, the emission intensity at 510 nm increased
(Fig. la). The maximum emission wavelength was
slightly shifted from 525 to 513 nm. This blue shift prob-
ably resulted from the dansyl fluorophore moving to a
less polar environment upon metal binding.® In the titra-
tion curve, about 8 pM of Zn** was required for the sat-
uration of CP1’s emission intensity. However, addition
of Zn*>" to the control peptide P1, which is incapable
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Scheme 1. Chemical structures of peptide probe and peptide-resin
conjugate.
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Figure 1. Fluorescence emission spectra of (a) CP1 and (b) P1 in the
presence of Zn?* 0.5,1,2,3,4,5,6,7,8,9, and 10 uM). The emission
spectra (Aex = 330 nm) of peptide probes (10 uM) were measured at
22 °C in 10 mM HEPES buffer (pH 7.4).

of binding metal, resulted in no fluorescence change
(Fig. 1b).

To test the reversibility of CP1, 10 uM of EDTA was
added to the peptide—Zn complex that exhibited a strong
emission intensity. This addition to the peptide-Zn>"
complex instantly resulted in the return of the original,
zinc-free spectrum, which demonstrates the readily
reversibility of the signaling mechanism of the peptide
(Fig. 2). Job plot analysis was carried out to determine
the binding stoichiometry of the probe (data not
shown). The 0.5 mole fraction at the maximum point
indicated that CP1 may form a 1:1 complex in micromo-
lar range of peptide concentration. Ky value was calcu-
lated by using the ENZFITTER program based on the
titration curve with Zn®*.!' The dissociation constant
(Kq=1.4x10"°M) indicated that the probe can be a
potential candidate to detect Zn®* in the micromolar
range.

We investigated the pH influence on the fluorescence
intensity of the peptide in the absence and presence of
Zn** (Fig. 3). At pH lower than 5.5, the peptide exhib-
ited very weak fluorescence intensity, regardless of the
presence or absence of Zn>*. Previously synthesized
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Figure 2. Fluorescence emission spectra of CP1 in the presence of
Zn** and EDTA. The emission spectra (Jex = 330 nm) of CP1 (10 pM)
were measured at 22 °C in 10 mM HEPES buffer (pH 7.4).
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Figure 3. Fluorescence intensity of CP1 at different pH values. The
emission intensity at 520 nm was measured by excitation at a
wavelength of 330 nm (slit size 2.5 and 4.5 nm).

probes containing dansyl moiety also showed a very
weak emission intensity in acidic pH, which was ex-
plained by protonation of the dimethylamino group
(pK, ~ 4) of the dansyl fluorophore.®®? At pH > 6.5,
the intensity difference between CP1 and CP1-Zn**
complex increased with increasing pH, however the
emission intensity of the peptide probe in the absence

@ CP1+ Other Metals
O CP1+Other Metals+Zn(ll)
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of Zn*" was not considerably changed. Considering
pK, values of His and Cys residues, the negative charge
of side groups of His and Cys residues must increase
with increasing pH, which might enhance the interac-
tions between the peptide and Zn>*, resulting in the fluo-
rescence increase of the probe in the presence of Zn>" in
this condition. At pH > 9.5, the intensity of free CP1
slightly increased with increasing pH. This might be
due to the deprotonation of the nitrogen atom of the
sulfonamide group (pK, ~ 10), which increased the elec-
tron density on the naphthyl ring. In addition, the in-
crease of negative charge of the nitrogen atom might
promote complexation of CP1-Zn>* complex, resulting
in the slight increase of intensity at pH > 9.5.

The fluorescence response of the peptide sensor in the
presence of each metal ion (Ca®*, Cd**, Co®*, Pb**,
Cu®*, Ag*, Mg>", Mn**, Ni**, Zn** as perchlorate an-
ion and Na™, A**, K*, as chloride anion) was investi-
gated. Figure 4 shows the fluorescence emission
change of the probe upon the addition of each metal
ion at pH 7.4. The probe did not exhibit a fluorescence
response with almost any of the metal ions except Cd**
and Cu®*. Specially, the zinc-dependent fluorescence
was not affected by the presence of a 5 mM concentra-
tion of biologically important metal ions such as Na™,
K*, Ca**, and Mg>*. Generally, chemical or peptide
probes are rarely able to differentiate between Zn>*
and Cd*>" 421 As the concentration of Cd** in biological
systems is generally low compared to Zn®* and the
probe had a more potent binding affinity for Zn>*
(Kq=1.4%x10"%M) than Cd** (K4 =2.3x 10°° M), CP1
can be applied for monitoring Zn”" in biological system.
Interestingly, the fluorescence intensity of CP1 vanished
in the presence of Cu®*. Generally, other chemical and
peptide probes containing dansyl moiety have strong
binding affinities for Cu®", resulting in the decrease of
emission intensity.%!?* Our control peptide, P1, also
showed the considerable decrease of emission intensity
in the presence of 2-10 uM concentration of Cu®* (data
not shown).

To test the utility of the peptides in further application,
CP1 was immobilized on the solid support and the bind-
ing affinities for various metal ions were investigated.
For this, we synthesized a CP1-resin conjugate by syn-
thesizing the peptide probe on PEG-PS-resin in consid-
eration of the water swelling characteristics of PEG-PS—
resin'3 (Scheme 1). The fluorescence emission of the con-
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Figure 4. Fluorescence response of CP1 (10 tM) in the presence of Zn** (10 uM) and/or various metal ions at pH 7.4 (10 mM HEPES buffer). All
metal ions were evaluated at one equivalent to zinc ion except Na*, K™, Ca®*, and Mg2+, which were used at 5 mM.
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Figure 5. Fluorescence response of CP1-resin conjugate (300 pg/ml) in
the presence of various metal ions at pH 8.4 (10 mM HEPES buffer).
All metal ion concentration was 100 uM except for Na*, K*, Ca®*, and
Mg?*, which were used at 5mM. The concentration of EDTA was
100 uM. Fluorescence excitation was provided with a handheld UV
lamp (ENF 260) set on long wavelength (365 nm). The image was
acquired after 30 min of incubation.

jugate with various metal ions was measured in 10 mM
HEPES buffer (pH 8.4). Figure 5 indicates that CP1-re-
sin conjugate showed a considerable emission intensity
increase only in the presence of Zn>*, whereas the con-
jugate lost its original emission intensity in the presence
of Cu**. The addition of EDTA to the resin-Zn com-
plex that exhibited strong emission intensity resulted in
the return of the original zinc-free intensity. This result
confirmed that immobilized peptide similar to CP1 dis-
played a great selectivity for Zn>* and Cu®* in the pres-
ence of several transition metal ions and this conjugate
was easily regenerated through simple washing proce-
dures with or without EDTA solution. In the present
study, we successfully synthesized a novel peptide sensor
for monitoring Zn**. As Zn** plays important role in
many biological processes, various fluorescent peptide
and chemical probes for monitoring Zn** have been
developed.*'*1> Among them, commercially available
6-methoxy-8-p-toluenesulfonamido-quinoline (TSQ) is
the most common and first applied for the measurement
of cellular Zn**."* However, TSQ suffered limitations
such as poor solubility in buffer system and tight binding
affinity (subnanomolar affinity), while CP1 has several
advantages like good solubility in buffer system, micro-
molar affinity, and easy conjugation with solid support.
However, CP1 was too hydrophilic to penetrate into
cells and it is useful for monitoring extracellular or envi-
ronmental Zn>*. In comparison to the previously re-
ported fluorescence peptides,¥ CP1 showed similar pH
sensitivity, selectivity, and binding affinity, which indi-
cated that CP1 was suitable for monitoring micromolar
concentration of Zn**. CP1 has some advantages over
the previously reported peptide probes such as easy syn-
thesis and tunable nature for controlling binding affinity
because CP1 consisted of natural amino acids.

In conclusion, we designed and synthesized a short fluo-
rescence peptide probe consisting of natural amino acids
with fluorophore and investigated its sensing ability for
Zn*". The peptide probe that has a unique amino acid
sequence, selectively and reversibly monitored Zn** in
the presence of several other transition metal ions in
aqueous solution. The peptide probe with micromolar
affinity had a high selectivity for Zn®* and formed a
1:1 complexation with Zn**. The peptide probe devel-
oped in this study can be a promising chemical sensor

as diagnostic devices and for monitoring extracellular
and environmental Zn>* concentration.
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