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« A peptidyl ratiometric fluorescent
sensor Dansyl-His-GIn-Arg-Thr-His-
Trp-NH, was developed.

« The sensor exhibited a high
selectivity and sensitivity for Zn?*
over other metal ions.

« The detection of Zn?* was based on
fluorescence resonance energy
transfer principle.

« The sensor was successfully used for

detection of Zn?* in living HeLa cells.
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GRAPHICAL ABSTRACT

A peptidyl ratiometric fluorescent sensor (Dansyl-His-Gln-Arg-Thr-His-Trp-NH,) has been developed for
highly selective and sensitive detection of Zn?* over other common metal ions by fluorescence resonance
energy transfer (FRET), as suggested by both experimental results and molecular modeling. The sensor
was successfully used for detection of Zn?* in living HelLa cells.
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ABSTRACT

Developing new chemosensors for detection of Zn?* has attracted great attentions because of the impor-
tant roles of Zn?* in biological systems, and it will produce toxic effects with an excessive intake of zinc
ion. Metalloproteins are often used as an effective template for the design and development of peptide-
based fluorescent sensors. In this study, we designed a new and simple ratiometric fluorescent sensor for
Zn?*, which was based on a zinc finger-like peptide and labeled with a dansyl group, i.e., Dansyl-His-GIn-
Arg-Thr-His-Trp-NH, (D-P6), by using solid phase peptide synthesis (SPPS). The dimeric peptide has a
high affinity for Zn?* over other metal ions, as indicated by spectroscopic studies, as well as molecular
modeling. Remarkably, the sensor exhibited a highly selective and sensitive ratiometric fluorescent
response to Zn?* by fluorescent resonance energy transfer effect between tryptophan residue and fluo-
rophore dansyl group, with a very low detection limit of 33 nM in aqueous solution. Furthermore, the
sensor displayed a very low biotoxicity, which allows successful detection of Zn?* in living HeLa cells.
We believe that the new sensor may have potential applications in biological science.
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1. Introduction

Zinc is the second most abundant transition metal ion in the
human body and plays important roles in many biological pro-
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cesses, such as gene expression and apoptosis, metalloenzyme
catalysis, immune function and neurotransmission [1-5]. Many
pathological processes including Alzheimer’s disease, ischemic
stroke, infantile diarrhea and epilepsy are related to zinc [6-8].
However, zinc is a common contaminant in agricultural and food
wastes [9], and excessive zinc ions may reduce the soil microbial
activity and cause phytotoxic effects [10]. Therefore, it is of great
importance for us to design and syntheze sensors for detection of
zinc with high selectivity and sensitivity.

Fluorescence sensing, owing to its high sensitivity and selectiv-
ity, has become an attractive and ideal detection method [11-16].
Typically, fluorescent chemosensors consist of a receptor and a flu-
orophore, where the receptor is used for selective recognition and
binding of metal ions and the fluorophore is mainly used for signal
conversion, by transferring the recognition events into fluorescent
signals [17-20]. Therefore, an ideal fluorescent sensor should meet
two basic requirements. First, the receptor, the central processing
unit of a sensor, must have a high affinity for the analyte (binding
selectivity). Second, the fluorescence signal should not be
quenched by the environment (signal selectivity) [21]. Up to
now, considerable efforts have been devoted to the design of fluo-
rescent chemosensors based on dansyl, fluorescein, quinoline, cou-
marin and naphthalimide, as well as peptides, for the detection of
Zn?* [22-35]. Meanwhile, most of these chemosensors have disad-
vantages, such as poor solubility in water, low selectivity or sensi-
tivity, and the interference by Cd?* that belongs to the same group
in the periodic table with similar properties as Zn** [36-38]. More-
over, most reported fluorescent sensors display an increase or
decrease in the emission intensity upon binding to species of
interest.

Actually, the ratio between the two emission intensities can be
used to determine the concentration of analytes and provide a
built-in correction for environmental effects, such as photobleach-
ing, sensor molecule concentration, the environment around the
sensor molecule (pH, polarity, temperature, and so forth), and sta-
bility under illumination [3]. Therefore, ratiometric sensors for
transition metal ions are more attractive, which make it possible
to measure the analyte more accurately with minimal background
signals [39]. In the last decade, chemists have focused on using
chelating units of organic ligands to design fluorescent chemosen-
sors. However, the procedure of synthesis was rigorous and the
binding of ligand to metal ions was not always reversible [40,41].
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Alternatively, we have recently reported several peptide-based
sensors for the detection of Hg(Il), Cu(Il) and Cd(Il) [42-47]. Our
designs were based on the following rationales: (1) Peptide probes,
consisting of natural amino acids, can be easily synthesized by
fluorenylmethoxy-carbonyl(Fmoc)-solid phase peptide synthesis
(SPPS) [48]. (2) The sensitivity and selectivity of peptide probes
can be further optimized by amino acid replacements [49]. (3) Pep-
tide probes can be readily conjugated to appropriate solid support
for further applications. (4) Peptide probes can be used in aqueous
solution [50].

In this study, we focused on the development of short fluores-
cence peptide sensors for selective and sensitive detection of
Zn?". For this purpose, we designed a new peptide with six amino
acids and labeled it with a fluorescent dansyl group, i.e., Dansyl-
His-GIn-Arg-Thr-His-Trp-NH, (D-P6). Fig. 1 shows the chemical
structure of D-P6. It should be noted that the peptide sequence
of His-GIn-Arg-Thr-His was based on a zinc finger peptide motif
of CP1 (Pro-Tyr-Lys-Cys-Pro-Glu-Cys-Gly-Lys-Ser-Phe-Ser-Gln-Ly
s-Ser-Asp-Leu-Val-Lys-His-GIn-Arg-Thr-His-Thr-Gly), which was
a consensus zinc finger peptide, as first designed by Krizek in
1991 [51]. A dansyl group and a Trp residue were further designed
at the N- and C-terminus as an acceptor and a donor, respectively.
As shown herein, the designed peptide probe exhibited a ratiomet-
ric response with a high selectivity to Zn**.

2. Experimental section
2.1. Chemicals

Peptide synthesis reagents Fmoc-His(Trt)-OH, Fmoc-L-Thr(tBu)-
OH, Fmoc-L-GIn(Trt)-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Trp(Boc)-
OH, Rink Amide resin (0.66 mmol/g) were from C S Bio Co, USA.
Dansyl Chloride was from Bio Basic Inc. Trifluoroacetic acid
(TFA), diethyl ether, piperidine, 2-(1-H-benzotriazole-1yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), N,N-
dimethylformamide (DMF), 1,2-Ethanedithiol (EDT, 98%), N,N-
diisopropylethyl amine (DIEA), 4-(2-Hydroxyethyl)-1-piperazine
ethanesulfonic acid (HEPES), Ethylenediaminetetraacetic acid dis-
odium salt (EDTA) were of analytical grade. The metal ions stock
solutions were prepared by dissolving CdCl,-2.5H,0, Zn(S04),-7H,-
0, CUClz-ZHzo, COC12-6H20, NI(NO3)26H20, HgSO4, AgNO3, Pb
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Fig. 1. Chemical structure of D-P6.
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(NO3),, CaCl,, NaCl, MnSO4-H,0, KCl, MgS04-7H,0, BaCl,-2H,0,
CrCl3-6H,0, AlCl3-6H,0 in double distilled water, respectively.

2.2. Peptide synthesis

The peptide with the sequence of Dansyl-His-GIn-Arg-Thr-His-
Trp-NH, (D-P6) was synthesized on Rink Amide resin by standard
Fmoc SPPS using a CS136 peptide synthesizer [52]. The dansyl
group was coupled with the resin bound peptide by adding dansyl
chloride (3 eq.) in DMF containing DIEA (3 eq.) and reacting for 1 h
at room temperature. The crude peptide and all protecting groups
were cleaved from the resin with TFA (82.5%) containing phenol
(5%), thioanisole (5%), ethanedithiol (2.5%) and water (5%) for
3.5 h in dark place [53].

The solution was filtered in ice-cold ether and kept overnight,
and then centrifuged. The resultant peptide was purified on Agilent
1200 HPLC system equipped with a Kromasil C18 column (250 x 4.
6 mm, 5 pm). Linear gradient was used for elution from 20% to
100% of eluent B in 30 min (eluents A: 0.1% CF;COOH in H,O0, B:
MeOH). The purity of the peptide was demonstrated with HPLC
(Fig. S1) and 'H NMR on a Bruker AVANCE NEO 500 MHz spec-
trometer. The peptide molecular mass (D-P6 calcd. 1096.2240;
obsd. 1096.4979) was confirmed on LTQ ion-trap mass spectrome-
ter (Thermo Fisher, San Jose, CA, USA) equipped with a nano-ESI
source (Fig. S2).

2.3. Fluorescence measurements

Fluorescence emission spectra were recorded on Perkin-Elmer
LS55 using rectangular quartz cuvette of 1.0 cm path length. The
excitation wavelengths were set at 330 nm and 295 nm to measure
dansyl fluorophore emission and Trp fluorophore emission, respec-
tively [54,55]. The slit widths of excitation and emission were
10 nm and 5 nm, respectively. The fluorescence titration experi-
ment of peptide was carried out by adding microliter aliquots of
ZnSO4 (1 mM stock solution) to freshly prepared peptide solutions
in buffers (pH 7.4, 10 mM HEPES and 100 mM Nacl). Samples were
equilibrated for 3 min before fluorescence measurement [56]. For
the peptide selectively measurement, different kinds of metal ions
including Cd?*, Co?*, Ni%*, Cu®*, Hg?*, Pb?*", Ag*, Cr**, Ba®*, Mg?",
Ca%*, Mn?*, Na*, AI>* and K" were used, and zinc salts consisting
of different anions including SO%~, CI-, ClOz AcO~, NO3 were also
used for the impact on the detection. In addition, the binding
reversibility of D-P6 to Zn?* was studied by adding excess EDTA
to the D-P6-Zn?* system.

The fluorescence lifetime and quantum yield were carried out
using FLS 1000 Photoluminescence Spectrometer (UK). The fitting
formula for the fluorescence lifetime curve was given by the appa-
ratus: R(t) = B;e(~7™) + B,e(~¥)_Fluorescence lifetime can be got-
ten by formula: [t] = 2'1;B;. The quality of the fit can be obtained by
% value. In addition, we measured the fluorescence quantum yield
of D-P6 in both the absence and presence of Zn>*.

2.4. Determination of binding stoichiometry

The binding stoichiometry of peptide D-P6 with Zn** was deter-
mined by using Job’s plot [57]. A series of solutions with varying
mole fraction of Zn?" was prepared while keeping the total concen-
tration of peptide and Zn?* at 20 pM. The fluorescence emission
spectra were recorded from 310 to 570 nm at excited wavelength
295 nm or 400 to 640 nm at 330 nm, respectively. The binding sto-
ichiometry was obtained by plotting a straight line through the
maximum or minimum emission intensity in the titration curve.
The association constant was estimated based on titration curve
of D-P6 peptide with Zn?*. Association constant was given by a
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nonlinear least squares fit of the data with the following equation
[58].

B X +xxb
2xaxbx(1-x? 2

y

where x is the | — Ig/I;hax — lo, | is the fluorescence intensity at a par-
ticular concentration, Iy is the fluorescence intensity of D-P6 with-
out Zn?*, . is the fluorescence intensity when all peptides of D-
P6 is complexed with Zn?*. Where a is the association constant
and b is the concentration of D-P6, and y is the concentration of
Zn?".

2.5. Molecular modeling studies

The initial structure of peptide His-GIn-Arg-Thr-His-Trp (P6)
was obtained from the X-ray crystal structure of the designed zinc
finger protein (PDB code 1MEY, molecule G) [59], and Trp was
added to the C-terminus. A complex of 2P6-Zn** with a 2:1 ratio
was constructed by using program VMD 1.9. The complex was then
solvated in a cubic box of TIP3 water, which extended 10 A away
from any given protein atom. Counter ions (Na* and Cl~) were fur-
ther added to obtain the physiological ionic strength of 0.15 M by
using the autoionize plug-in of VMD 1.9 [60]. The resulting system
was minimized with NAMD2.9 (Nanoscale Molecular Dynamics)
[61], using 5000 minimization steps with conjugate gradient
method at 0 K, and equilibrated for 1,000,000 molecular dynamics
steps (1 fs per step) at 300 K, then further minimized for 5,000
steps at 0 K. Visualization and data analysis were done with
VMD 1.9.

2.6. '"H NMR titration

'H NMR titrations were carried out on a Bruker AVANCE NEO
500 MHz spectrometer in DMSO dg/D,0 (30:70, v/v) and tetram-
ethylsilane as an internal standard. The titrations were measured
by keeping the concentration of D-P6 (3 mM) and varying the con-
centration of Zn®>* (0 mM, 0.75 mM, 1.5 mM and 3 mM) at room
temperature.

2.7. Determination of the limit of detection

The limit of detection (LOD) of D-P6 to Zn?* was calculated
based on the fluorescence titration. In order to determine the S/N
ratio, the fluorescence emission intensity of D-P6 was measured
ten times and then the standard deviation of blank measurements
was determined. Every average value of three times measurement
of fluorescence intensity in the presence of different Zn®" concen-
tration was plotted versus Zn?* concentration. The slope was
obtained from this linear plot, and then the LOD value was calcu-
lated by the equation: LOD = 3SD/m, where SD presents the stan-
dard deviation of blank measurements, m presents the slop of
the line.

2.8. UV and CD spectra measurements

UV absorption spectra and Circular dichroism (CD) spectra of D-
P6 solutions were measured in pH 7.4, 10.0 mM HEPES buffer. UV
absorption spectra were measured by Hitachi UH-4150 spec-
trophotometer. CD spectra were recorded on Jasco ]J-810 circular
dichroism spectrophotometer over the wavelength of 200-
300 nm with scanning speed at 200 nm/min using a 1 cm path
length quartz optical cell.
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2.9. Cell cytotoxicity of peptide and cell imaging

Hela cells were cultured in DMEM supplemented with 10% FBS,
streptomycin (100 pg/mL), penicillin (100 units mL~') and ampho-
tericin B (250 pg/mL) at 37 °C in an atmosphere of 5% CO, and 95%
air.

Cell viability was determined using the MTT assay. Cultured
cells were seeded at a density of 1 x 10* cells per well in 96-
well culture plates and incubated for 24 h. Different concentrations
of L (10, 20, 40, 80 and 160 nM) were added to the 96- well culture
plates, and cells were cultivated for another 24 h at 37 °C. Cell
absorbance was measured by ELISA.

HelLa cells were seeded in glass bottomed dishes and cultured
with 10 uM or 10 pM in the presence of 400 puM of Zn?* for
30 min. All images were acquired using a Zeiss LSM 880 confocal
microscope for fluorescence transmission, bright-field transmis-
sion and merged transmission respectively.

3. Results and discussion
3.1. Fluorescence spectra
Fluorescence emission spectra of D-P6 were measured in

10 mM HEPES buffer solution (pH 7.4) in the absence and presence
of Zn?* and was excited at a wavelength of 295 nm and 330 nm,
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Fig. 2. Fluorescence emission spectra of D-P6 (15 uM) in 10 mM HEPES (100 mM
NaCl, pH 7.4) in the absence and presence of Zn* (0, 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12,
13.5, 15 uM) with an excitation at (A) 295 nm and (B) 330 nm. Insets: (A) Titration
curve based on the fluorescence emission ratio at 519 nm and 362 nm (Fs9/F3s).
(B) Ttitration curve based on the fluorescence emission at 519 nm.
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respectively. Fig. 2A showed that when D-P6 was excited at
295 nm, two fluorescence peaks appeared at 519 nm and
362 nm, which correspond to the emission of dansyl group and
Trp, respectively. With stepwise addition of Zn?" to the solution
of D-P6, the fluorescence emission intensity at 519 nm increased
gradually, whereas the intensity changes at 362 nm revealed an
opposite tendency. The fluorescence intensity ratio at 519 nm
and 362 nm (Fs;9/F3s,) increased from the original 1.5 to the final
12, accompanied by the moderate increase of Zn?* concentration
from 1.5 pM to 15 pM. This result showed that D-P6 produces a
fluorescent resonance energy transfer (FRET) effect in the presence
of Zn?*, which suggests that D-P6 might fold upon binding of Zn?*,
with more close interactions between Trp and dansyl [62,63]. In
case of the fluorescence emission spectra of D-P6 excited at
330 nm, only the emission peak of dansyl group at 519 nm was
observed, as shown in Fig. 2B. With the stepwise addition of Zn?*
to the solution of D-P6, the fluorescence emission intensity at
519 nm increased gradually.

Fig. 3 is the fluorescence lifetime decay profiles for D-P6 and D-
P6-Zn?* solutions. It showed that the fluorescence lifetime of D-P6
was 2.47 ns at 362 nm emission, and the lifetime decreased to
2.28 ns (Fig. 3A) after binding with Zn?*. Meanwhile, the lifetime
of D-P6 was 4.78 ns at 519 nm emission, and the lifetime increased
to 12.44 ns (Fig. 3B) under the same conditions. The fluorescence
lifetime results are shown in Table 1, which also confirm a fluores-
cent resonance energy transfer.
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Fig. 3. Fluorescence lifetime decay profiles excited at 295 nm for D-P6 (15.0 uM)

and D-P6-Zn (15.0 uM) in buffer (pH 7.4, 10 mM HEPES, 100 mM Nacl). (A) decay
time at 362 nm emission; (B) decay time at 519 nm emission.
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Table 1
Summary of fluorescence lifetime measurements in HEPES solutions.
Compounds Aex Aem T [ns] (contribution, %) Ve
D-P6 295 nm 362 nm 71 = 2.19 (95.04) 1.218
T, = 7.82 (4.96)
T=247
D-P6-Zn 295 nm 362 nm T, = 1.47 (68.11) 0.708
T, = 4.00 (31.89)
=228
D-P6 295 nm 519 nm T, = 4.38 (96.24) 1.046
T, = 14.96 (3.76)
1=478
D-P6-Zn 295 nm 519 nm 71 = 6.70 (27.86) 1.058

T, = 14.66 (72.14)
T=1244

The fluorescence quantum yield of D-P6 was obtained in both
the absence and presence of Zn?* (Fig. S3). A quantum yield of
0.06 was obtained for D-P6 in the absence of Zn**. Following the
addition of 1 equiv. of Zn?*, the quantum yield increased to 0.17.

3.2. Binding stoichiometry, binding constant and the limit of detection

To investigate the binding stoichiometry of D-P6 for Zn?*, we
plotted the fluorescence emission spectral changes excited at both
wavelengths (295 nm and 330 nm) versus the ratio of c(Zn?*)/c(D-
P6). As shown in inset of Fig. 2, the titration curve indicated that a
ratio of ~0.5 for c(Zn?*)/c(D-P6) was required for the saturation of
the fluorescence emission intensity of D-P6, which suggests that
the binding ratio of the peptide and Zn?* was close to 2:1, forming
a complex of Zn(D-P6),. Moreover, when excited at a wavelength
of 330 nm (Fig. 2B, inset), the plot of the intensity of fluorescence
versus the ratio of ¢(Zn?*)/c(D-P6) also suggested that a complex of
Zn(D-P6), was presumably formed upon Zn?* binding to D-P6.

In addition, we investigated the coordination stoichiometry
between D-P6 and Zn?' using Job’s plot. As shown in Fig. 4, it
showed a maximum peak at 0.34 mol fraction of Zn?*, indicating
that the binding stoichiometry between D-P6 and Zn?* was 2:1,
which agrees well with the result from the titration curves
(Fig. 2, insets).

To evaluate the binding affinity of D-P6 for Zn?*, we calculated
the association constant (K,) based on the fluorescence titration
curve. As shown in Fig. S4, the fluorescence intensity at 519 nm
increased and reached a saturation state when the Zn?* concentra-

N o
o =]
=) =]

N 1 1

[
[
.

w
o
o
1
.
.
¢
[

’ ' o

] : .
200 ; g N

100 - .

Fluorescence Intensity

— T T T r
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of Zn**

Fig. 4. Job’s plot for D-P6 with Zn?* in 10 mM HEPES buffer solution (pH 7.4), the
total concentration of D-P6 and Zn?* was 20 pM.

tion reached ~7.5 pM. Therefore, the K, value of D-P6 for Zn** can
be calculated by 2:1 complex model for D-P6-Zn?* system by using
nonlinear least-squares fit analysis of the emission intensity, which
was calculated to be (9.0 = 0.32) x 10'2 M2, indicating a high
binding affinity of D-P6 for Zn?*. This is likely due to the strong
coordination interactions between the imidazole groups of the
His residues and Zn?* in the complex of Zn(D-P6),.

With the gradual addition of Zn?*, the fluorescence emission
intensity increased and reached the plateau region within 1 min,
which suggested that the D-P6 could detect Zn?* rapidly. Therefore,
the limit of detection of Zn?* can be derived from the linear rela-
tionship between the emission intensity and Zn?* concentration.
Fig. S5 depicted a linear increase of the emission intensity accom-
panied by the concentration of Zn?* (R? = 0.9907). The emission
intensity at 519 nm increased proportionately with the increasing
of concentration of Zn?>* when the concentration of Zn?* was less
than 2 uM, and the limit of detection was calculated to be 33 nM.

3.3. The effects of pH, time and temperature

Additionally, we investigated the effect of solution pH on the D-
P6 and D-P6-Zn?* systems by performing pH titration. As shown in
Fig. S6, at pH < 5, both D-P6 and D-P6-Zn?* systems showed a very
low value of Fs19/F36; ratio. The result indicated that the addition of
Zn?* has no influence on the fluorescence emission of D-P6 in this
condition. This is probably due to the protonation of dimethy-
lamino group (pK,~4) of dansyl fluorophore. Besides, histidine
cannot coordinate to Zn?* at pH less than 6 due to the protonation
of its imidazole group. Thus, D-P6 showed no spectral change in
the presence of Zn?". In the pH range from 6 to 9, D-P6 exhibited
a sensitive turn on response to Zn?*, with ~5-fold enhancement
in the Fsqo/Fs62 ratio. Note that the Fs;o/Fsg ratio of D-P6-Zn?* sys-
tem slightly decreased at pH > 9. Accordingly, D-P6 is sensitive to
Zn?* and can thus be used for the detection of Zn?* in the moderate
basic conditions (pH 7-9).

In addition, we investigated the influence of temperature and
time on D-P6 toward Zn?*. Fig. S7 illustrates the effect of D-P6
on the detection of Zn?* at different temperatures. The fluorescence
intensity ratio of D-P6-Zn?* (Fs;4/Fss2) decreased with the increase
of temperature, which may be caused by the inactivation of some
D-P6 at high temperature. The overall results showed that D-P6
can detect Zn?" in a wide temperature range. Fig. S8 illustrates
the time kinetic study of D-P6-Zn?* in 10 mM HEPES buffer. Within
one minute, the binding of D-P6 toward Zn?* caused the fluores-
cence ratio signal (Fs;o/F3s2) to reach its maximum. The results
show that D-P6 has a fast response ability to detect Zn?*.

3.4. Modeling structure of 2P6-Zn**-complex

In order to provide structural information for the peptide
binding to Zn?**, we performed a molecular modeling and
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Fig. 5. Modeling structure of 2P6-Zn** complex, showing the coordination of zinc
ion (grey ball) by four His residues from two monomers.
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dynamic simulation study. Based on the X-ray structure of the
designed zinc finger protein (PDB code 1MEY) [59], we con-
structed the initial structure of the peptide, His-GIn-Arg-Thr-
His-Trp (P6), and then its dimer (termed 2P6) with Zn?" ion by
using the program VMD. The four His residues were then
patched to the zinc ion and molecular dynamic simulation was
performed by using the program NAMD. As shown in Fig. 5,
the o-helical structure of peptide was well retained upon bind-
ing to the Zn?* ion. Both His residues from the monomer coordi-
nated to the metal ion, with an average Ne-Zn distance of ~1.9 A
in agreement with that in the X-ray structure (1.83-1.87 A),
which results in a tetrahedral conformation for the zinc metal
center. These observations suggest that D-P6 presumably binds
Zn?" ion and forms a 2:1 complex.
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Fig. 6. Partial '"H NMR titration spectra of D-P6 in the absence and presence of Zn?* in DMSO dg/D>0 (30:70, v/v).
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Fig. 7. (A) Fluorescence spectra of 15 uM D-P6 in the presence of various metal ions in 10 mM HEPES (100 mM NacCl, pH 7.4). (B) Fluorescence responses of 15 M D-P6 to
various metal ions in 10 mM HEPES (100 mM NaCl, pH 7.4), Lex = 295 nm. Bars represent the final fluorescence intensity ratio at 519 nm to 362 nm (Fs;9/F3s2), and blue bars
represent the addition of 1 eq. of metal ions (1000 eq. for Na*, Ca?*, K* and Mg?*) to a 15 uM D-P6 solution and cyan bars represent the subsequent addition of 1 eq. of Zn*" to
the solution. (C) Visible emission of 50 uM D-P6 with 1 eq. various metal ions observed in 10 mM HEPES buffer solutions.
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3.5. 'TH NMR spectra

TH NMR experiments can provide further information about the
interactions between D-P6 and Zn?*. Fig. 6 showed the partial 'H
NMR titration spectra of D-P6 with Zn?>* in DMSO dg/D,0
(30:70, v/v). When Zn?* was added, chemical shifts were observed
for H(7) and H(8) in the His imidazole group nearing the dansyl
group, which indicate that the Zn?* ion coordinates to an imidazole
group. The shifts of the aromatic protons of the dansyl moiety,
H(1)-H(6), suggested that Zn?" may interact with the dansyl moiety
of D-P6, as suggested by a dansylamide-fantionalized cyclen probe
in previous study [64]. Inaddition, both H(9) and H(10) in the second
His residue next to the tryptophan showed chemical shifts. Further-
more, H(11-15) in tryptophan exhibited chemical shifts with vary-
ing degrees, which may be caused by changes in the
microenvironment after the coordination of D-P6 with Zn?*. The
results showed that the dansyl-His moiety may act as a bidentate
ligand to form a 2:1 (2D-P6:Zn**) complex. At the same time, a 2:1
binding mode may also be formed by two histidines as ligands,
whereas it might be affected by the pH value.

When the concentration of Zn?* increased to a ratio of 1:1 (D-
P6:Zn?*), the "H NMR signals of H(9) and H(10) shifted to a high-
field compared with a ratio of 2:1 (2D-P6:Zn?*), whereas the peak
of H(2) of the dansyl moiety returned almost to the original posi-
tion of D-P6. From these observations, it can be inferred that at
higher Zn?* concentrations, the second His was more likely to par-
ticipate in the coordination with Zn?* to form a 1:1 complex. These
results further suggest that D-P6 bound to Zn?* mainly with a ratio
of 2:1, and it can also be a ratio of 1:1 with a higher Zn?*
concentration.

3.6. Evaluation of selectivity

We further evaluated the fluorescence response selectivity of D-
P6 for Zn?* by comparing with the fluorescence responses of D-P6
to various metal ions in 10 mM HEPES buffer (pH 7.4). Fig. 7A
showed the fluorescence emission spectra of 15 UM D-P6 (hex = 295-
nm) in the presence of various metal ions (1 eq.). The most dra-
matic increase in intensity of fluorescence spectra of D-P6 was
observed in the presence of Zn?*, whereas other metal ions had
no significant effects, indicating a high selectivity of D-P6 for Zn?*.

Moreover, to confirm the high selectivity of D-P6-Zn?* over
other metal ions, we carried out competition experiments in the
presence of 1 eq. of Co?*, Ni%*, Ba%*, AI>*, Mn?*, Cu?*, Cd®*, Cr?*,
Ag*, Hg?*, Pb?* and 1000 eq. of Na*, K*, Mg?*, Ca®", Na*, with subse-
quent addition of 1 eq. of Zn?". As shown in Fig. 7B, the fluores-
cence emission ratio Fsjo/Fss2 of the D-P6-Zn?* system was
unperturbed in the presence of these metal ions, indicating the
strongest affinity and highest selectivity for Zn*. It is notable that
the addition of Zn?' to these solutions induced an immediate
increase of the ratio Fs;o/Fss2 of D-P6-Zn?" except in Cu?* solution.
Notably, the ratio of D-P6-Zn?* system showed nearly 10-fold of D-
P6 in the presence of other metal ions. These results confirmed that
D-P6 is sensitive to Zn?*, which thus makes it applicable in the
design of a Zn?" sensor.

Fig. 7C presents the color changes of the D-P6 solution in the
absence and presence of Zn?" and other ions excited by a wave-
length of 365 nm. It showed a light green color in D-P6 solution
containing Zn?*. Fluorescence color of D-P6 solution changed from
yellow to olive by addition of Hg?*. Moreover, D-P6 solution con-
taining Cu?* was colorless, whereas the D-P6 solution containing
other metal ions did not show color changes.

Similarly, we also investigated the effects of different anions on
the fluorescence property of the system under the same condition.
As shown in Fig. S9, when adding zinc salts consisting of different
anions to the D-P6 solution, there were no obvious changes on the
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fluorescence ratio Fs;o/F3s2 of D-P6, indicating that these anions
have no interference to the detection of Zn?*.

In addition, to determine whether the binding of D-P6 to Zn?" is
reversible, we added an excessive of EDTA to D-P6-Zn®* solution.
The result showed that the spectrum of D-P6-Zn?* returned to an
initial level of the Zn?*-free solution, which demonstrates the
reversibility of the signaling mechanism of the peptide (Fig. S10).

3.7. UV and CD spectra of the D-P6-Zn’* system

Upon the addition of 0-1 equiv. Zn?* solutions, the UV titration
spectra revealed that the absorbances of D-P6 at 220 nm, 250 nm,
280 nm and 330 nm gradually decreased (Fig. S11), showing that
interaction between D-P6 and Zn?* occurred. The molar absorption
coefficients at 280 nm (tryptophan residue) and at 330 nm (Dansyl
group) were reduced from 6.3 x 10°M~1.cm™',3.2 x 10 M~l.cm™!
t05.2 x 103 M ".em™', 2.9 x 10> M~".cm™!, respectively. From the
absorption spectra changes, we can infer that D-P6 may chelate
with Zn?* via the sulfonamide group of the dansyl fluorophore
and side chain group of the amino acid residues.

Circular dichroism (CD) spectroscopy is often used to analyze
the conformational changes of biomolecules. The CD spectrum of
D-P6 contains two negative absorption bands at 227 and 250 nm.
After the addition of Zn?*, the negative absorption peaks at 227
and 250 nm decreased significantly (Fig. S12). It suggested that
D-P6 interacted with Zn?*, leading to a large change in the confor-
mation of D-P6.

3.8. Cytotoxicity and intracellar fluorescence imaging

HelLa cells were chosen to evaluate the cytotoxicity of the sen-
sor using MTT assay. As shown in Fig. 8, with the concentration
of peptide D-P6 from 10 pM to 160 pM, the cell survival rate
exceeded 95%. These results confirmed that the sensor exhibits a
low toxicity to the cells even at a high concentration, which sug-
gests that the peptide has the potentiality to be used for the Zn**
detection in living cells.

Additionally, confocal microscopy experiment was employed to
evaluate the ability of the sensor as an imaging tool in living cells.
The Hela cells were incubated with 20 puM peptide for 30 min at
37 °C. All images were taken with a Zeiss LSM 880 confocal micro-
scope with excitation at 405 nm and emission at 550 nm. HeLa
cells did not show fluorescence in the absence of peptide
(Fig. 9A1-3). As shown in Fig. 9B1-3, Hela cells displayed light flu-
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Fig. 8. MTT assay of peptide D-P6 with a concentration from 10 pM to 160 pM.
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(A1)

(C1)

Fig. 9. Fluorescence images of living HeLa cells with excitation at 405 nm and emission at 550 nm. (A) Living HeLa cells. (B) Cells incubated with 10 uM peptide for 30 min. (C)

Cells incubated with 10 uM peptide for 30 min and subsequently treated with 400 pM Zn?* for another 30 min. Bright-field transmission images (A1, B1, C1), fluorescent-field
transmission images (A2, B2, C2), merged transmission images (A3, B3, C3).

orescence after incubation with 10 uM peptide, indicating the pen-
etration of the peptide in the cells. After the addition of 400 uM
Zn?* to the cells, the fluorescence intensity of the intracellular
region enhanced remarkably, as shown in Fig. 9C1-3. Therefore,
these observations indicate that the peptide can penetrate the
Hela cells and respond to the intracellular Zn?* subsequently.

4. Conclusion

In this study, we designed and synthesized a new fluorescent
peptide, Dansyl-His-GIn-Arg-Thr-His-Trp-NH,, by Fmoc solid-
phase peptide synthesis method. This peptide exhibited a high
affinity for Zn?* compared to other metal ions, presumably formed
a 2:1 (peptide/Zn®*) complex at substoichiometric amounts of Zn**,
as suggested by spectroscopic studies and molecular modeling.
Furthermore, at equimolar Zn?" concentration the peptide might
form a 1:1 complex. Based on this property, we developed a highly
selective and sensitive Zn?* ratiometric fluorescent sensor in aque-
ous solutions, by utilizing the fluorescent resonance energy trans-
fer effect between Trp residue and fluorophore dansyl group. In
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(A3)

addition, the sensor displayed a very low biotoxicity, which was
successfully used for detection of Zn?* in living HeLa cells, suggest-
ing potential applications in biological science.
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