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ABSTRACT: Fluorogenic probes are useful as molecular tools in chemical biology
because they can overcome noise associated with background emission. Previously,
using a leucine zipper assembly, we developed a fluorogenically active ZIP tag−
probe pair. A probe peptide was designed as an α-helical peptide containing 4-
nitrobenzo-2-oxa-1,3-diazole, a solvatochromic fluorescent dye. Tag peptides were
designed as antiparallel 2 α-helical peptides, and the tag and probe together form
the 3 α-helical bundle structure of the leucine zipper. The use of the system was
limited to membrane proteins or targets on the cellular surface because the probe
peptide was not compatible with cell penetration. In this study, a challenge for the
fluorescent imaging of proteins inside the cells was conducted by development of
the ZIP tag−probe system as the second generation. To enable the cell penetration
of the probe peptide, the addition of a cell penetrating peptide sequence was tested
and a probe peptide with a C-terminal octa-arginine was shown to have high
affinity for the tag peptide. In addition to attachment of a CPP structure, pretreatment of cells by 1-pyrenebutyrate enhanced
distribution of the probe peptide into the cytosol. Observed colocalization of fluorescence of monomer Kusabira Orange and 4-
nitrobenzo-2-oxa-1,3-diazole indicates our fluorogenic tag−probe system can be utilized with tagged proteins. Following
stimulation by phorbol ester, the translocation of protein kinase C was tracked by the fluorescence of 4-nitrobenzo-2-oxa-1,3-
diazole, suggesting the formation of the noncovalently assembled tag−probe pairing is maintained during the translocation, even
when the concentration of the probe peptide is reduced to 0.1 μM. The results indicated that the dynamic change of the protein
localization by chemical stimulations can be revealed by the ZIP tag−probe system. Above all, the system is simple to handle and
highly compatible with virtually any protein inside the cells.

■ INTRODUCTION

Fluorescent probes are valuable molecular tools in chemical
biology and various fluorescent probes to detect small
biological components have been developed and used for
fluorescent imaging in cells.1,2 Ratiometric fluorescent probes
and fluorogenic probes are particularly useful because they can
effectively suppress noise associated with background emis-
sion.3−6 Recently, tag−probe pairs have been developed for the
fluorescent imaging of proteins,7−13 but the number of
fluorogenically active tag−probe pairs is still limited.
Green fluorescent protein (GFP) and its homologues are

widely used as biological tools for the imaging of protein
dynamics in live cells.14−16 Their fluorescence is well controlled
because the fluorophore is located in a unique microenviron-
ment inside a β-barrel structure. On the basis of the unique
characteristics of GFP, we previously developed a new tag−
probe pair with fluorogenic activity using the leucine zipper
assembly, the ZIP tag−probe.17−19 The tag peptide was
designed as two antiparallel α-helical peptides, and the probe
was designed as an α-helical peptide, into which a
solvatochromic fluorescent dye was incorporated. The environ-
ment of the 4-nitrobenzo-2-oxa-1,3-diazole (NBD) attached to
the probe peptide changes dramatically from hydrophilic to

hydrophobic as a result of the formation of a 3α-helix leucine
zipper structure between the tag and the probe peptides, and
the bright green fluorescence of the NBD dye is induced in this
way. In the first application of fluorescent imaging of proteins,
the tag sequence was fused to the N-terminus of the chemokine
receptor CXCR4, which is a G protein-coupled receptor
(GPCR) correlated with HIV-1 infection, rheumatoid arthritis,
and chemotaxis of cancer cells. The imaging of the tag−
receptor expressed on the cell surface was successful.17 If such
tag−probe pairs can be utilized intracellularly, the system
promises to be a valuable tool for study of protein dynamics
because of the rapid increase in fluorescence upon assembly of
tag−probe pairs. The previous study showed that the use of the
system was limited to membrane proteins or targets on the
cellular surface because the probe peptide penetrated cells
poorly. Therefore, a second-generation cell-penetrating ZIP
tag−probe system was required to resolve this issue and
development of the system is reported in this study.
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■ RESULTS AND DISCUSSION
Polyarginine peptides were utilized to increase the cell
membrane permeability to the probe peptide. Futaki et al.
and Wender et al. have developed the use of polyarginine
peptides for transportation of macrobiomolecules to cyto-
plasm.20−26 An octa-arginine sequence (R8) was determined as
a cell-penetrating peptide (CPP) in the reports. Efficient
delivery to the cytoplasm was expected following attachment of
this CPP to the probe peptides, and in the first approach, three
probe peptides with polyarginine sequences were synthesized
(Figure 1). A probe α-helical peptide has an NBD moiety

attached to the side chain of L-α-2,3-diaminopropionic acid
(Dap), and the resulting Dap(NBD) residue is situated at a
given position in the probe peptide in order to locate the NBD
dye in the hydrophobic region of the 3α-helical leucine zipper
structure.
In a fluorescent titration with the tag peptide, the

fluorescence spectra of the NBD−probe peptides with
polyarginines showed a 13−17-fold increase of intensity as
the concentration of the tag peptide is increased (Table 1,

Supporting Information Figure S1). The emission maximum of
the NBD dye shifted from 535 to 505 nm as the emission
intensity increased. The three probes showed a reasonable
increase of fluorescent intensity, indicating the formation of 3α
helical bundles with the tag peptide as the original polyarginine-
free probe.17 The dissociation constants of the probes were
markedly different. The apparent dissociation constants (Kd) of
the probe peptides 1−3 with hepta- or octa-arginine peptides
were determined as 181, 894, and 27 nM, respectively, by a
nonlinear least-squares curve fitting method based on a 1:1
stoichiometry model27 (Table 1, Supporting Information
Figure S2). Probe 3 with hepta-arginine (R7) showed a strong
affinity for the tag peptide. The value was slightly decreased

compared to that of the parental probe polyarginine-free
peptide.17 Probe 1 with R8 showed 7-fold decrease in binding
affinity compared to that of the probe 3. The decrease could be
rationalized as a consequence of the cationic charges of the
polyarginine sequence. The probe peptide was originally
cationic because of the rich presence of lysine residues. The
addition of the R8 sequence will lead to an increase of +8 in the
net charge of the peptide. Probe 2 showed a further 5-fold
decrease in binding affinity compared to that of probe 1. In the
assembly of the tag−probe pair, the N-terminus of the probe is
located at the side of the loop structure of the tag peptide
according to our previous study which utilized the cross-link
type probes.18 Probe 2 has the R8 sequence at the N-terminus
of the peptide, and structural conflict between the R8 sequence
and the loop structure of the tag peptide should be expected.
The function of R8 peptide as a CPP has been intensively

studied as reported previously.28−30 Several researchers have
shown however that R8 residues are not absolutely required for
cell penetration of more complex peptides.31 Thus, we have
addressed the cell permeability of probes 1 and 3 at 5 μM by
utilizing fluorescein-labeled probes 4 and 5 (Supporting
Information Figure S3). The probes were added to HeLa
cells, and after incubation for 30 min at 37 °C under an
atmosphere containing 5% CO2, the cells were washed with
PBS and mounted on a confocal laser scanning microscope.
Both of the probes showed similar efficiency in cell permeability
and cytotoxicity (Supporting Information Figure S4). As a
consequence, we concluded that probe 1 is appropriate to the
further study of cell permeability at lower concentrations and
protein imaging within the cytosol as it shows reasonable
binding affinity for the tag peptide and a greater increase in
fluorescent intensity than probe 3.
Before studying formation of tag−probe pairing within cells,

the tag−probe pairing properties of probe 1 were assessed with
circular dichroism (CD) spectra (Figure 2). In the CD study,

probe 1 and the tag peptides showed patterns in the CD
spectra typical of α-helical structures with double minima at
208 and 222 nm. When the two peptides are mixed in an
equimolar ratio, the spectra showed the deepest minima and
the α-helical contents of probe 1, tag, and the mixture of tag
and probe 1 were determined by a standard method32 to be
43.5%, 53.2%, and 57.5%, respectively. Compared to each
individual peptide, the α helical content of tag−probe pairing is
increased indicating that each helix is stabilized by formation of
a 3α helix bundle in a tag−probe assembly.
The membrane permeability of probe 1 at 1 μM was further

addressed (Supporting Information Figure S5). Under this
condition, the fluorescence from the probes was not distributed

Figure 1. Structures and amino acid sequences of ZIP tag−probe pairs
with R8. (a) Sequence of the tag peptide. (b) Sequence of probes 1−3.
X = Dap(NBD) (c) A helical wheel model for ZIP tag−probe pairs.
Wheels A and B represent the tag peptide, and wheel C represent the
probe peptide. Red and blue circles indicate lysine and glutamic acid,
respectively.

Table 1. Emission Maxima, ΔImax/I0 Values (in Parentheses)
of the Probe Peptides and Tag−Probe Complexes, and the
Dissociation Constants (Kd) between the Tag and the Probe
Peptides

probe 1 probe 2 probe 3

λmax (ΔImax/I0) 505 nm (17) 505 nm (13) 506 nm (15)
Kd (nM)a 181b 894b 27c

aMeasurement conditions: 50 mM HEPES buffer solution (pH 7.2,
100 mM NaCl), at 25 °C, [probe] = 0.5 μM. bDetermined by the
fluorescent intensity change at 505 nm. cDetermined by the
fluorescent intensity change at 506 nm.

Figure 2. CD spectra of probe 1 (black line), tag peptide (gray line),
and tag−probe 1 complex (dashed line).
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throughout the cytosol, but rather, formation of vesicles in the
cytosol and aggregation on the outer membrane with bright
fluorescence was observed even in the absence of the target tag-
peptide. Thus, a method to deliver R8 peptides efficiently to the
cytosol was adopted by utilizing 1-pyrenebutyrate as its
counteranion.33,34 Detailed studies have been reported
concerning functions and mechanisms of this method in
model systems based on liposomes,28−30 and it has been
suggested that the counteranion-mediated phase transfer
mechanism can be applied to the translocation of R8 peptides
across lipid bilayer of cells. The effect of 1-pyrenebutyrate
provides successful distribution of R8 peptides to the cytosol in
contrast to endocytosis-mediated cellular incorporation, in
which the peptides will be capsulated in the endosomes. As a
target protein, a gene of mKO-tag fusion protein was
introduced to the mammalian expression vector and the
plasmid DNA coding the fusion protein was transiently
transfected to HeLa cells by electropermeabilization (Neon,
Life technologies). After transfection for 48 h, experiments for
cell penetration and pairing formation with the tag peptide
region were performed. The fluorescence from mKO showed
that mKO-tag fusion protein was distributed between the
cytosol and the nuclei in cells. This observation suggests that
the mKO fluorescent protein does not show any specific
localization in the cells when it contains only the tag peptide
sequence and the fluorescence from NBD merged with mKO
fluorescence. This result indicates that probe 1 was successfully
distributed to whole cells and that the tag−probe pair was
formed with the mKO-tag fusion protein (Figure 3a).
With the successful observation of tag−probe formation

between probe 1 and mKO-tag fusion protein, which lacks

specific localization in the cells, we performed the detection of
tagged-proteins that are localized in specific organelles in
mammalian cells. Two fusion proteins were prepared, one with
ER-retention signal peptides from calreticulin and one with
histone protein, H2B. These proteins were expressed in the
same manner, and cells were treated with 1-pyrenebutyrate and
0.1 μM concentration of probe 1. As anticipated, each protein
was found to be localized in the cells, in cytosol for ER-mKO-
tag and in nuclei for H2B-mKO-tag as shown in the left panels
of Figures 3b,c, respectively. The result showed that probe 1
could be utilized for detection of specifically localized proteins
in the cytosol (Figure 3b) and in the nuclei (Figure 3c). The
protein with the ER retention signal peptide will be expressed
in the compartment structure. It is of interest that the protein
in the organelle compartment can be detected by the tag−
probe pair system, and this result suggests that treatment with
1-pyrenebutyrate allow the R8-peptide to render the membrane
structure in the cytosol permeable.
It would be useful if the protein imaging technique could

enable the visualization of protein dynamics with noncovalently
attached probes. Accordingly, we observed the dynamic change
of localization by addition of different chemicals. Protein kinase
C (PKC) isoforms play pivotal roles in physiological responses
to growth factors and oxidative stress mediated through the
endogenous second messenger 1,2-diacylglycerol (DAG). Such
responses regulate numerous cellular processes,35,36 including
proliferation,37 differentiation,38 migration,39 and apoptosis,40,41

and the tumor promoting phorbol esters, potent surrogates of
DAG, provide a convenient probe of the PKC function. Ligand
binding to the C1b domain of PKC leads to membrane
translocation. This translocation of PKC is of central
importance for its function because the localization of PKC
determines the substrates it accesses.42 As a ligand inducing
membrane translocation of PKC, phorbol 12,13-dibutyrate
(PDBu) was utilized.
In the absence of PDBu, expressed PKCδ-mKO-tag fusion

was distributed in the cytosol and the NBD fluorescence
indicated that PKCδ and probe 1 at a concentration of 0.1 μM
formed a tag−probe pair and were consequently colocalized
(Figure 4a). When the probe concentration was increased to 1
μM, nonspecific fluorescence from NBD channel at the cell
membrane was observed, suggesting that the probe concen-
tration is optimum at 0.1 μM (Supporting Information Figure
S6). One minute after the addition of 10 μM of PDBu, the
fluorescence from mKO revealed translocation of PKCδ
(Figure 4b). The translocation was more progressed at 10
min after the addition of PDBu (Figure 4c). It is reported that
PKCδ interacts with mitochondria by a novel and isozyme-
specific mechanism distinct from its canonical recruitment to
other membranes such as the plasma membrane or Golgi
following stimulation with phorbol esters.43−45 Most of the
fluorescence from NBD showed cotranslocation as with PKCδ
(Figures 4b−d). In comparison of fluorescent intensity along
the cross section shown in Figure 4e, fluorescence in the nuclei
is decreased and it is increased around the nuclear membrane
after addition of PDBu. In addition, accumulation of
fluorescence is observed in the cytosol. These results suggest
that the tag−probe complex is very stable and not disrupted by
a dynamic change in the localization of target proteins.

■ CONCLUSIONS
Experiments with the second-generation cell-penetrating ZIP
tag−probe system showed that the dynamic change of the

Figure 3. Fluorescent imaging by fluorogenic probe 1. HeLa cells were
pretreated with 1-pyrenebutyrate. Panels in (a−c) show the mKO
signal, the NBD signal, the merge of NBD and mKO signals, and the
merged image with the differential interference contrast (DIC) image
(from left to right). Tagged-mKO fusion proteins are (a) mKO-tag
only, (b) ER-mKO-tag with the ER retention signal peptide, and (c)
H2B-mKO-tag. For excitation, beam splitter 488/552 was employed.
Multiband channels 495−545 and 562−630 (nm) were utilized for
imaging of emission from NBD and mKO, respectively. The scale bars
indicate 10 μm.
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protein localization inside the cells by chemical stimulations can
be visualized. Preparations of a protein of interest with the tag
peptide and procedures for fluorescent imaging are simple and
accessible, and the required concentration of the probe peptide
can be as low as 0.1 μM. The formation of noncovalently
assembled tag−probe complexes has been shown to be tolerant
to change of pH in vitro in a range of physiological conditions.
The protein of interest could be any protein because the tag−
probe formation is independent of the protein structure.
Intracellular fluorescent imaging of target molecules depends
largely on the cell permeability of probe molecules.46 Our
strategy could enhance the options of molecular imaging inside
the cells because the turn-on fluorescent system can increase
the signal/noise ratio and the cell permeability is controlled by
probe peptides. Because previously reported that standard
peptide synthesis is used, diverse fluorescent dyes such as 7-
diethylaminocoumarin-3-carboxylic acid (DEAC) can be
adopted.19 To expand the range of fluorescent colors, other
fluorescent techniques such as Foster resonance of energy
transfer (FRET) could be applied. In addition, the multicolor
imaging during pulse-chase observation can also be achieved by
our DEAC tag−probe system inside the cells, the applications
of which were limited previously to in vitro experiments.19

Time-lapse imaging of protein expression/translocation for a
longer time period may be desirable, but it is not clear how
stable the tag−probe complex in a noncovalent assembly
manner is inside the cells. The use of cross-link-type tag−probe
pairs18 for fluorescent imaging inside the cells is the subject of
future studies.

■ EXPERIMENTAL PROCEDURES
General Methods. For analytical HPLC, a Cosmosil 5C18-

ARII column (4.6 mm × 250 mm, Nacalai Tesque, Inc., Kyoto,
Japan) was employed with a linear gradient of CH3CN
containing 0.1% (v/v) TFA at a flow rate of 1 cm3 min−1 on
a LaChrom Elite HTA system (Hitachi High-Technologies
Corporation, Ltd., Tokyo, Japan). Eluted products were
detected by UV-absorption at 220 nm. Preparative HPLC
was performed using a Cosmosil 5C18-ARII column (20 mm ×
250 mm, Nacalai Tesque, Inc.) on a JASCO PU-2089 plus
(JASCO Corporation, Ltd., Tokyo, Japan) in a suitable gradient
mode of CH3CN solution containing 0.1% (v/v) TFA at a flow
rate of 7 cm3min−1. Eluted products were detected by UV
absorption at 220 nm. UV spectra were recorded using a
JASCO V650 UV−vis spectrophotometer.

Synthesis of Tag and Probe Peptides. The tag peptide
was prepared as described previously.17 Details of probe
syntheses are provided in the Supporting Information.

Fluorescence Titration Analysis. Fluorescence spectra
were recorded with JASCO FP-6600 using a quartz cell. A stock
solution of the probe peptide was diluted with 50 mM HEPES
buffer solution (pH 7.2, 100 mM NaCl) to prepare a solution
with a final concentration (0.5 μM). The corresponding tag
peptide solution was added dropwise to a 0.5 μM probe peptide
solution, and the fluorescence spectra (λex =456 nm) were
measured at 25 °C. An average value of three measurements

Figure 4. Fluorescent imaging of ligand-induced PKCδ-mKO-tag
translocation by probe 1. HeLa cells were pretreated with 1-
pyrenebutyrate. (a) Before the addition of PDBu, probe 1 at 0.1 μM
is colocalized with PKC in the cytosol. (b,c) As translocation of PKCδ-
mKO-tag was induced by the addition of 10 μM PDBu, the NBD
signal was colocalized with the signal from PKCδ-mKO-tag fusion
protein. The fluorescent images in (b) and (c) are those of 1 and 10
min after addition of PDBu, respectively. Panels in (a−c) shows the
mKO signal, the NBD signal, the merge of NBD and mKO signals,
and the differential interference contrast (DIC) image (from left to
right). (d) Magnified images of the area of interest to show the
detailed translocation of PKCδ by addition of PDBu. The left and right
panels are from the boxed area in merged image of NBD and mKO of
panels (a) and (b), respectively. (e) Comparison of fluorescent
intensity changed after the addition of 10 μM PDBu. The upper and
lower graphs show changes at 1 and 10 min, respectively. The gray,
red, and orange lines in the graphs indicate the fluorescent intensity
along the lines in the panels showing before, 1 and 10 min after the

Figure 4. continued

addition of PDBu, respectively. For excitation, beam splitter 488/552
was employed. Multiband channels 495−545 (nm) and 562−630
(nm) were utilized for imaging emission from NBD and mKO,
respectively. The scale bars indicate 10 μm.
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was plotted as each point. Fluorescent titration curves (λem =
505 nm for probes 1 and 2, and 506 nm for probe 3) were
analyzed with a nonlinear least-squares curve-fitting method
utilizing GraphPad Prism 5 to evaluate Kd values.
Construction of Expression Plasmids, Mammalian Cell

Culture, Transfection, and Fluorescent Imaging. Detailed
methods of the construction of plasmid encoding mKO-fusion
proteins are described in Supporting Information. HeLa cells
were maintained in DMEM complete medium (10% FBS/
penicillin/strepemycin). For electropermeabilization, 5 × 105

cells were collected. Then 2 μg per tube of each plasmid DNA
encoding an mKO fusion protein, mKO-tag, ER-mKO-tag,
H2B-mKO-tag, or PKCδ-mKO-tag was added. The nucleo-
fection was performed in 100 μL of solution by following the
instruction provided by the manufacturer. Cells were divided
into two 35 mm glass-bottom dishes and cultured for 48 h. For
fluorescent imaging, a TSC SP8 (Leica) confocal laser-scanning
microscope equipped with a 40× objective lens was utilized.
Treatment Cells with 1-Pyrenebutyrate. 1-Pyrenebuty-

rate was prepared as a 1 mM stock solution in DMSO. The
stock solution was diluted to 1.1 μM by Hanks’ Balanced Salt
Solution (HBSS). Then 450 μL of the 1-pyrenebutyrate
solution was added to cells seeded in glass-bottom dishes.
After incubation for 2 min at rt, 50 μL of the 1 μM probe
solution was added and incubated for 4 min under 5% CO2 at
37 °C, and without washing, the dishes were mounted on a
TSC SP8 (Leica) confocal laser-scanning microscope equipped
with a 40× objective lens.
Tracking PKC-Translocation Induced by Addition of

PDBu. PKCδ-mKO-tag fusion protein was expressed in HeLa
cells as described above. After 48 h, the cells were treated with 1
μM of 1-pyrenebutyrate and 0.1 μM of probe 1. The
pretranslocation image was taken immediately after this
treatment by the TSC SP8 (Leica) confocal laser-scanning
microscope equipped with a 40× objective lens. For addition of
PDBu, 10 mM stock solution was added directly to glass
bottom dishes at a final concentration at 10 μM. Then 1 and 10
min after the PDBu addition, the translocation of PKCδ-mKO-
tag fusion protein was observed on the confocal microscope
(Supporting Information Figure S7).
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