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ABSTRACT: Cationic oligopeptides with amino groups were
found to function as synthetic nucleolar localization signals for
directing various fluorophores to the nucleolus with high selectivity
in the cells with a view toward the development of nucleolus-
staining probes.

■ INTRODUCTION
The nucleolus is the largest substructure in the nucleus, where
ribosome biogenesis occurs.1 Besides, the nucleolus is involved
in a variety of cellular functions including cell cycle regulation
and cellular stress response.2,3 Much attention has been paid to
its great potential as a diagnostic biomarker for various diseases
as well as a drug target in the treatment of cancers.4

Fluorescent probes targeting specific organelles are useful
tools for understanding their intracellular behaviors.5 At
present, there is one commercially available probe for
nucleolus imaging, which is the SYTO RNA select. This
probe can stain the nucleolus upon simple incubation with the
cells as it shows the binding-induced fluorescence enhance-
ment to nucleolar RNA. However, the usefulness of SYTO
RNA select for the nucleolus analysis has been severely limited
because of several drawbacks.6 Numerous efforts have been
made to develop a new class of small molecule-based
fluorescent probes, in which most of these works focused on
the improvement of fluorescent properties such as the
photostability and the excitation/emission wavelength.7 On
the other hand, SYTO RNA select also suffered from moderate
selectivity toward the nucleolus over the nucleoplasm and
other organelles,6,7e,g which should be problematic for the
accurate analysis of the nucleolus. Nonetheless, less attention
has been paid to the nucleolus selectivity of the fluorescent
probes, presumably due to the difficulty in the rational probe
design to achieve this.
Organelle-targeting molecular motifs emerged as powerful

tools for directing various kinds of molecules including small
molecules, nucleotides, and proteins to the specific organelle.8

As for targeting the nucleolus, several peptide sequences
enriched with positively charged amino acids proved to be
crucial for the localization of the proteins at the nucleolus.9

Such a nucleolar localization signal (NoLS) facilitated the
accumulation of the protein of interest in the nucleolus by
fusing the peptides to the protein.10 While native NoLS
peptides were never examined for small molecules, of particular
interest for us is the report by Cardoso’s group, where various
synthetic NoLSs were designed based on native sequences in
order to assess the molecular requirements for the nucleolus
localization.10a They demonstrated that the conjugation of
short cationic peptides with arginine residues (R5-R12)
resulted in the nucleolar localization of the fluorophore
(FITC: fluorescein isothiocyanate) through the binding to
nucleolar RNAs. Although the localization in the nucleolus was
relatively moderate, their results motivated us to develop
highly selective nucleolus-staining probes based on synthetic
NoLS peptides with RNA-binding properties.
In this work, we explored a series of 8-mer cationic

oligopeptides with amino groups (Figure 1) for the rational
molecular design of the imaging probes with high nucleolus
selectivity. Given the fact that lysine residues are enriched in
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the native NoLS sequences,10a these peptides are expected to
exert the nucleolus-targeting property due to their RNA-
selective binding properties.11 Here, we synthesized FITC-
labeled oligopeptides composed of Dap (L-2,3-diaminopro-
pionic acid), Dab (L-2,4-diaminobutyric acid), Orn (L-
ornithine), or Lys (L-lysine) and systematically examined
their properties for fluorescence imaging of the cells.
Significantly, FITC-Dap8 was shown to be useful for superior
selective staining of the nucleolus in the cells compared to
SYTO RNA select. FITC-Dap8 even performed much better
than an FITC-labeled 8-mer cationic peptide consisting of
arginine residues (FITC-Arg8) under experimental conditions
in this study. We also demonstrate the versatility of the Dap8
unit for directing various fluorophores toward the nucleolus,
resulting in the expansion of the emission color repertoire of
the nucleolus-staining probes.

■ RESULTS AND DISCUSSION
Probe Synthesis. All probes were synthesized by Fmoc-

based solid phase synthesis. After completing the assembly of
the peptide, FITC was labeled with the N-terminal of the
peptides through 6-aminohexanoic acid and glycine spacers.
Crude probes were purified by reverse-phase HPLC, followed
by the characterization by MALDI TOF-MS (Figure S1 and
Table S1).
Fluorescence Imaging of Cells. Figure 2A shows the

fluorescence image of fixed-permeabilized MCF7 cells after 60
min of incubation with 1.0 μM FITC-Dap8. Strong emission of
FITC-Dap8 was observed at the nucleolus, which indicates
FITC-Dab8 selectively stains the nucleolus over other
organelles. As FITC itself has no cell-staining ability (data
not shown), it is highly likely that the Dap8 unit serves as a
synthetic NoLS peptide for directing FITC to the nucleolus, as
observed for the previous arginine-rich peptides.10a From the
quantitative analysis of the intracellular emission intensity, the
emission at the nucleolus was found to be more than 4.7-fold
larger than that of the nucleoplasm (Figure 2B). These results
show a highly selective nucleolus-staining property of FITC-
Dap8. It should be noted that the number of Dap units has a
large impact on the nucleolus-staining property (Figure S2).
The results for FITC-Dap8 were then compared with those of
SYTO RNA select, the commercially available probe, under
identical conditions (Figures 2B and S3). The nucleolus
selectivity of SYTO RNA select is much inferior to that of

Figure 1. Chemical structures of FITC-labeled oligopeptides with
amino groups.

Figure 2. (A) Fluorescence image of MCF7 cells stained by 1.0 μM FITC-Dap8. The fluorescence intensity profile along the white line is also
shown, where the fluorescence in the nucleolus is highlighted. Scale bar: 15 μm. (B) Evaluation of the nucleolus-staining ability of the fluorescent
probes. Left ordinate: fluorescence emission intensity of the nucleolus and the nucleoplasm for cells stained by the fluorescence probes. Right
ordinate: nucleolus selectivity over the nucleoplasm for the fluorescent probes.
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FITC-Dap8. Furthermore, its emission at the nucleolus is 8.0-
fold smaller compared to that of FITC-Dap8. Apparently,
FITC-Dap8 facilitates more selective and sensitive imaging of
the nucleolus over SYTO RNA select.
We next investigated the impact of the kind of amino acid

residues in the probes on the staining performance for MCF7
as well as Hela cells (Figures S4 and S5). Similar to FITC-
Dap8, three other probes (FITC-Dab8, FITC-Orn8, and
FITC-Lys8) displayed better performance for nucleolus
staining in both cells relative to SYTO RNA select (Figure
2B). All oligopeptides examined here are thus useful as
synthetic NoLS peptides for the transportation of FITC
toward the nucleolus. Meanwhile, we found that the nucleolus-
staining performance significantly differed depending on the
amino acid residues of the probes. FITC-Dap8, FITC-Dab8,
and FITC-Orn8 had superior selectivity and sensitivity for
nucleolus imaging over FITC-Lys8. In addition, the emission
intensity of FITC-Orn8 at the nucleolus was significantly
different between these cells, where the intensity for the Hela
cells decreased by 2.4-fold compared to MCF7 cells (Figure
2B). We further compared it with the FITC-labeled cationic
peptide consisting of arginine residues (FITC-Arg8) that was
previously developed by Cardoso’s group.10a Although FITC-
Arg8 could also stain the nucleolus (Figures S4 and S5), its
selectivity toward the nucleolus over the nucleoplasm was even
worse than that of FITC-Lys8 (Figure 2B). This indicates that
cationic oligopeptides with amino groups are more suitable for
the development of nucleolus-selective staining probes. From
these results, both FITC-Dap8 and FITC-Dab8 were
quantified as the prominent probes in terms of the
nucleolus-staining property and versatility for various cells.
We next carried out deoxyribonuclease (DNase) and

ribonuclease (RNase) digestion experiments in order to
investigate the origin of the nucleolar emission from FITC-
Dap8 as a typical peptide probe (Figure S6). After DNase
treatment, strong emission was observed in the nucleolus
similar to the control condition (buffer). In sharp contrast, the
emission at the nucleolus dramatically decreased in the case of
RNase treatment. These results show that the observed
emission originated from FITC-Dap8 bound to the RNAs
that were abundant in the nucleolus such as ribosomal RNAs.7

Hence, it is highly likely that FITC-Dap8 is able to stain the
nucleolus based on the binding to nucleolar RNA.
It should be noted that FITC-Dap8 has good counter-

staining compatibility with Hoechst 33342, a blue-emissive
DNA-staining probe (Figure S7). The emission of FITC-Dap8
did not overlap with that of Hoechst 33342 (Pearson’s
correlation coefficient: 0.24). Thus, the combination of these
probes allows the simultaneous imaging of DNA and RNA
distribution. We demonstrated the low cytotoxicity of FITC-
Dap8 under the present condition (1.0 μM, 60 min
incubation) by the Alamar blue assay (Figure S8). Also, we
observed no morphological changes of the cells upon staining
with FITC-Dap8. FITC-Dap8 thus displays a negligible
influence on the cell viability.
Binding Ability to Nucleic Acids. The obtained results

along with the literature on arginine-rich peptides10a suggest
the importance of RNA-binding ability of the probes for
effective staining of the nucleolus. We thus sought to assess the
binding functions of our peptide probes for biological nucleic
acids by fluorescence anisotropy titration experiments. Figure 3
shows the change in the anisotropy r of FITC-Dap8 upon
addition of Escherichia coli total RNA or calf thymus DNA. The

r value increased when the concentration of RNA increased.
This can be explained by the decreased rotation of the FITC
unit due to the increase in the effective molecular volume of
FITC-Dap8 upon binding to RNAs. From the analysis of the
obtained titration curve, the apparent dissociation constant Kd
was estimated as 490 ± 110 nM (N = 3). Meanwhile, we did
not observe any anisotropy change for DNAs. Apparently,
FITC-Dap8 does have the binding selectivity to RNAs over
DNAs. We also observed RNA-selective binding for other
peptide probes, but the Kd value for RNA significantly differs
among the probes (Figure S9, Kd/μM; FITC-Dab8, >70;
FITC-Orn8, 2.0 ± 0.6). The Kd value of FITC-Lys8 could not
be determined due to the weak binding, which seems
correlated with its relatively poor nucleolus-staining property
(cf. Figure 2B). Although other chemical properties such as the
molecular size and the hydrophobicity would be partly
involved in the staining performance, selective and effective
binding of the peptide probes toward RNAs would be
necessary for targeting the nucleolar RNA with a view toward
the nucleolus-staining applications.
Expansion of the Emission Color Repertoire. Fur-

thermore, we investigated whether the Dap8 unit could direct
other fluorophores to the nucleolus or not. We prepared two
kinds of Dap8-based probes carrying TAMRA (TAMRA-
Dap8) or Cy5 (Cy5-Dap8) at the N-terminal, where the linker
length was set to be the same as FITC-Dap8 (Figure 4). Both
probes could effectively stain the nucleolus with high selectivity
for MCF7 cells. Note that 0.5 μM Cy5-Dap8 is suitable for
better nucleolus staining because the fluorescence intensity
dramatically decreases at higher probe concentrations (>1.0
μM) due to the possible dimerization of the Cy5 unit.12

Accordingly, the present probe design based on conjugation
with Dap8 unit is useful and versatile for the development of
nucleolus-staining probes. This would be particularly useful for
the multicolor cellular imaging applications in combination
with other organelle-staining probes as our design features
tunable fluorescence properties by adopting suitable organic
fluorophores.

■ CONCLUSIONS
In summary, we proposed a new molecular design of
nucleolus-staining probes by using RNA-binding cationic
oligopeptides with amino groups as synthetic NoLS peptides.
FITC-Dap8 served as a more sensitive and selective probe
compared to commercially available SYTO RNA select. RNA-
binding properties of the probes were found to be important
for effective staining of the nucleolus. Moreover, we

Figure 3. Titration curves for the binding of FITC-Dap8 (1.0 μM) to
the biological nucleic acids. r and r0 denote the fluorescence
anisotropy of FITC-Dap8 in the presence and absence of nucleic
acids. The obtained curve was analyzed with the fitting equation.
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demonstrated that the Dap8 unit could be applied for directing
various organic fluorophores to the nucleolus. On the other
hand, our probes are unlikely to be used for living cells due to
the difficulty in penetration into the membranes in living cells,
which is an issue to be addressed in our next studies toward the
live-cell imaging applications.6,7b−g,13 We believe that this work
provides valuable insights into the NoLS-based molecular
design toward the nucleolus-staining probes as well as the
delivery tools targeting the nucleolus.8
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