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Abstract: A number of bioactive marine natural products have been isolated so far, but it is still
difficult to disclose their modes of action. In this study, we prepared fluorescently labeled chemical
probes from the cytotoxic marine cyclic peptides kapakahines A (1) and F (2) to visualize their
localization as the first step of the study of their modes of action. We used fluorescent dyes 3a or
3a/b (a 1:1 mixture of 3a and 3b) whose terminal N-hydroxysuccinimide (NHS) group can react with
the free amino groups of kapakahines. The fluorescently labeled kapakahine A (Kap A-5-FL, 5a)
stained P388 murine leukemia cells and HeLa human cervical cancer cells, while cells treated with
fluorescently labeled kapakahine F (Kap F-5-FL, 6a) only weakly stained them. Further analysis of
the confocal images of the stained cells with higher magnification (×100) indicated the localization of
Kap A-5-FL (5a) in the cells. In this paper, we report the small-scale preparation and a new delivery
method of fluorescent probes, as well as the application of these procedures to cell staining.

Keywords: marine natural products; cyclic peptides; fluorescent probe; chemical biology

1. Introduction

Marine organisms are known as a rich source of bioactive secondary metabolites and
among these, cyclic peptides constitute one of the major categories of unique structures and
bioactivities [1–5]. However, it still remains difficult to elucidate the modes of action for
marine cyclic peptides. Fluorescently labeled probes are powerful tools to determine the
localization of natural products in cells. Affinity bead-linked chemical probes are essential
for the identification of target molecules. In the preparation of such useful chemical probes,
scarce availability of marine natural products often becomes the obstacle. To overcome
this problem, total synthesis of chemical probes based on the natural products is the best
solution. However, not all the natural products are suitable for total synthesis and it
usually takes a long time. Therefore, it is desirable to apply a simple and efficient small-
scale preparation procedure for the scarce amounts of “natural” compounds as well [6–9].

Aurilide, a cytotoxic cyclic depsipeptide isolated from the sea hare Dolabella auricularia,
is an excellent example of the successful identification of a target protein and the localization
in cells using chemical probes provided by total synthesis [10,11]. Cytotoxic and actin-
binding marine natural products, aplyrorine A [12–14] and kabiramide C [15,16] were
fluorescently labeled and successfully visualized the localization of the probes in cells. To
add more examples that successfully disclose modes of action for marine cyclic peptides,
we turned to kapakahines A (1) and F (2) isolated from a marine sponge Cribrochalina
olemda [17,18] (Figure 1). Both compounds contain a common fused α-carboline core
composed of Trp and Phe/Tyr residues. Kapakahine A showed cytotoxicity against P388
murine leukemia cells with an IC50 value of 5.4 µg/mL, while kapakahine F showed only
weak cytotoxicity at 5.0 µg/mL [17–19]. In spite of their unique structures, their detailed
biological functions or modes of action are still unknown. In 2015, Rocha et al. prepared
fluorescent probe of kapakahine E, an analogue of 1, by derivatization at the free amino
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group of the synthetically prepared kapakahine E with the fluorescent coumarin, and
visualized its localization in Golgi apparatus in cells [20]. Although total synthesis of
smaller sized kapakahines B, E, and F has been achieved [21–25], the most potent and
largest kapakahine A has not yet been synthesized. As the result, the fluorescent probe of
kapakahine A (1), which also contains a free amino group, has not been prepared yet.
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Figure 1. Structures of kapakahines A (1), F (2), 5-SFX (3a) and 6-SFX(3b).

In this paper, we report the small-scale preparation of fluorescent probes of “natu-
ral” kapakahine A and “synthetic” kapakahine F (because of the unavailability from the
remaining “natural” kapakahine F), as well as the development of a delivery procedure
for these fluorescent probes with low solubility. Application of this delivery procedure
to the fluorescent probes of kapakahines successfully visualized the localization sites of
these probes.

2. Results
2.1. Preparation of Fluorescent Probes of Kapakahines

At first, fluorescent probes of kapakahines A (Kap A-5,6-FL; 5a/b) and F (Kap F-5,6-FL;
6a/b) were prepared under the conditions shown in Scheme S1. For the fluorescent label-
ing, we used a commercially available 1:1 mixture of 6-(fluorescein-5 or 6-carboxamido)
hexanoic acid succinimidyl esters (5- or 6-SFX: 3a/b) as the fluorescent dyes whose N-
hydroxysuccinimide (NHS) groups can react with the amino groups of kapakahines under
simple and mild conditions [26]. Reversed-phase HPLC (high-performance liquid chro-
matography) purification of the reaction mixture derived from the conjugation of 3a/b with
kapakahines A (1, 1.0 mg) or F (2, 0.5 mg) provided Kap A-5,6-FL (5a/b, 340 µg) and Kap
F-5,6-FL (6a/b, 79 µg) as inseparable mixtures, respectively. Fluorescent dye 3a/b (2.9 mg)
was also treated with MeOH giving methyl esters 4a (0.8 mg) and 4b (0.7 mg) that were
separable in the reversed-phase HPLC.

In the second preparation, probes solely containing a fluorescein-5-carboxamido
group, Kap A-5-FL (5a) and Kap F-5-FL (6a), were prepared. Compound 4a was also
prepared as the negative control in the cell staining experiments (Scheme 1).
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Scheme 1. Reaction conditions for control 4a, as well as chemical probes 5a and 6a. (i) MeOH, triethylamine, rt, 20 h;
(ii) DMF (N,N-dimethylformamide), rt, 20 h; (iii) DMF, rt, 20 h.

2.2. Cell Staining

Localization of kapakahines was first investigated by cell staining using the mixed
fluorescent probes (5a/b and 6a/b). Two types of cancer cells (HeLa human cervical cancer
cells and P388 mouse leukemia cells) were chosen for cell staining. Kapakahine A (1)
was reported to show cytotoxicity against P388 cells with an IC50 value of 5.4 µg/mL
(equivalent to 5.1 µM, not reported for HeLa cells), while kapakahine F (2) showed only
weak cytotoxicity at 5.0 µg/mL against both cells. Based on the cytotoxicity, the final
concentration of Kap A-5,6-FL (5a/b) and Kap F-5,6-FL (6a/b) were set to 20 µM so as to
maintain enough affinity to the target molecules in cells. HeLa cells were seeded into each
well of a 96-well culture plate. After incubation for 20.5 h, 100 µL of the medium containing
the probe was administered into each well and cultured for additional 20 h. The results
showed that Kap A-5,6-FL (5a/b) stained HeLa cells, while only weak fluorescent staining
was observed for Kap F-5,6-FL (6a/b). However, microscopic analysis gave low contrast
images because the bottoms of the wells were also fluorescently stained with precipitated
5a/b or 6a/b (Figure S6).

To reduce the undesired staining caused by the poor solubility of the probes, we at-
tempted to prepare Kap A-5-FL (5a) and Kap F-5-FL (6a) reacted with 5-substituted flu-
orescent dye 5-SFX (3a) solely. However, to our great disappointment, there was more
precipitation of the crystalline probes 5a and 6a covering the bottom of the wells (Figure S7).
Removal of the precipitation from the probe solution by standing for 45 min before addition
reduced the amount of the crystals and the background staining. However, cells were not
stained either, suggesting there were not enough quantity of probes dissolved in the super-
natant of the solution. Dramatic improvement in the solubility and the cell permeability
was achieved by treatment of 5a and 6a with Lipofectamine 2000, a transfection reagent
(Figure S8). With this “Lipofectamine system”, Kap A-5-FL (5a) stained HeLa cells more
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clearly, with less precipitation. Microscopic images of HeLa and P388 cells treated with 5a
and 6a revealed that 5a stained both cells but 6a faintly stained only HeLa cells (Figure 2).
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To confirm cell staining by 5a and 6a and to obtain images with higher resolution,
HeLa cells treated with EtOH (control), methyl ester 4a (negative control) and fluorescent
probes 5a and 6a using “Lipofectamine system” were analyzed under the confocal micro-
scope. As a result, localization in the cytoplasm granules in cells was clearly indicated for
Kap A-5-FL (5a), while cells treated with 6a gave weaker and different localization images
(Figure 3 Lipofectamine 2000 (+)). This observation is consistent with the superior cyto-
toxicity of kapakahines A (1) over F (2), suggesting their appropriate localization in cells.
Microscopic images treated with 5a and 6a without “Lipofectamine system” did not show
clear localization images, suggesting the efficacy of this system (Figure 3; Lipofectamine
2000 (−)).

Mar. Drugs 2020, 18, x 5 of 11 

 

To confirm cell staining by 5a and 6a and to obtain images with higher resolution, 
HeLa cells treated with EtOH (control), methyl ester 4a (negative control) and fluorescent 
probes 5a and 6a using “Lipofectamine system” were analyzed under the confocal 
microscope. As a result, localization in the cytoplasm granules in cells was clearly 
indicated for Kap A-5-FL (5a), while cells treated with 6a gave weaker and different 
localization images (Figure 3 Lipofectamine 2000 (+)). This observation is consistent with 
the superior cytotoxicity of kapakahines A (1) over F (2), suggesting their appropriate 
localization in cells. Microscopic images treated with 5a and 6a without “Lipofectamine 
system” did not show clear localization images, suggesting the efficacy of this system 
(Figure 3; Lipofectamine 2000 (−)).  

 
Figure 3. Confocal microscopic images of HeLa cells incubated with EtOH, 4a, 5a and 6a with or 
without Lipofectamine 2000 (green) for 2 h (green, upper lane), bright field (middle lane), and the 
merge (lower lane), magnification ×100, scale bar: 20 μm. The brightness and contrast were 
adjusted equally for all the green fluorescent images. 

Rocha et al. revealed that kapakahine E fluorescent probe (Kap E-FL) was localized 
in the Golgi apparatus. Based on this observation, localization images in HeLa cells of 
KapA-5-FL (5a) and Golgi-binding lectin, HPA [Helix pomatia (edible snail) agglutinin] 
Alexa Fluor 647 conjugate (Thermo Fisher Scientific Inc., Waltham, MA, USA) [20] were 
compared. In this experiment, the treatment of the permeabilization buffer, containing 
Triton X-100 damaged the fluorescent staining by 5a. Therefore, the fluorescent images 
treated with 5a were first obtained after the fixation, and then cells were permeabilized 
and stained by HPA Alexa Fluor 647 conjugate. The same cells whose microscopic images 
were captured for 5a were manually searched under the microscope, then fluorescent 
images of the same cells with HPA staining were obtained. Comparison of the images 
treated with Kap A-5-FL (5a) and HPA Alexa fluor 647 conjugate in cells did not show 
their co-localization in Golgi apparatus (Figure 4a, Figure S10). This observation is 
different from that in the case of Kap E-FL, and may suggest that kapakahine A (1) did 
not bind to the same target molecule of Kapakahine E-FL. However, we could not confirm 
this hypothesis because there could be effects from the different fluorescent dye (7-
dimethylamino-4-coumarin acetamide instead of fluorescein) introduced to kapakahine E.  

Concanavalin A (ConA) Alexa Fluor 594 conjugate (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) was used for staining of endoplasmic reticulum and again the 
obtained images for the stained cells with 5a did not co-localize in endoplasmic reticulum 
(Figure 4b, Figure S10). 
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Rocha et al. revealed that kapakahine E fluorescent probe (Kap E-FL) was localized in
the Golgi apparatus. Based on this observation, localization images in HeLa cells of KapA-
5-FL (5a) and Golgi-binding lectin, HPA [Helix pomatia (edible snail) agglutinin] Alexa Fluor
647 conjugate (Thermo Fisher Scientific Inc., Waltham, MA, USA) [20] were compared.
In this experiment, the treatment of the permeabilization buffer, containing Triton X-100
damaged the fluorescent staining by 5a. Therefore, the fluorescent images treated with 5a
were first obtained after the fixation, and then cells were permeabilized and stained by
HPA Alexa Fluor 647 conjugate. The same cells whose microscopic images were captured
for 5a were manually searched under the microscope, then fluorescent images of the same
cells with HPA staining were obtained. Comparison of the images treated with Kap A-5-FL
(5a) and HPA Alexa fluor 647 conjugate in cells did not show their co-localization in Golgi
apparatus (Figure 4a, Figure S10). This observation is different from that in the case of Kap
E-FL, and may suggest that kapakahine A (1) did not bind to the same target molecule of
Kapakahine E-FL. However, we could not confirm this hypothesis because there could be
effects from the different fluorescent dye (7-dimethylamino-4-coumarin acetamide instead
of fluorescein) introduced to kapakahine E.
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Figure 4. Co-localization study in HeLa cells. Confocal microscopic images of HeLa cells incubated
with 5a in Lipofectamine 2000 for 2 h (green). After incubation with 5a (upper lane) for 2 h and
the same cell stained with Lectin HPA (lower lane) (a). After incubation with 5a (upper lane) for
2 h and the same cell stained with concanavalin A (ConA) (lower lane) (b). Bright field (BF, left)
and HPA (red, middle) or ConA (red, middle), and merged images (right). Golgi stained with HPA
Alexa fluor 647 conjugate (red), endoplasmic reticulum stained with ConA Alexa fluor 594 conjugates
(red) respectively, magnification ×100, scale bar: 20 µm. The brightness and contrast were equally
adjusted for all the green fluorescent images. 5a was added to living cells for 2 h, fixed with 4% PFA,
and fluorescent images were obtained (upper lane). Staining with Con A and HPA was performed
after permeabilization of the fixed cells (lower lane).
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Concanavalin A (ConA) Alexa Fluor 594 conjugate (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used for staining of endoplasmic reticulum and again the obtained
images for the stained cells with 5a did not co-localize in endoplasmic reticulum (Figure 4b,
Figure S10).

3. Discussion

In this study, we prepared fluorescent probes Kap A-5,6-FL (5a/b) and Kap F-5,6-
FL (6a/b) as well as Kap A-5-FL (5a) and Kap F-5-FL (6a) from marine cyclic peptides
kapakahines A (1) and F (2), respectively, by introducing a fluorescent pigments 3a/b or 3a.

This preparation applied a simple and efficient method suitable for labeling natural
products on a small scale, but there were still some difficulties. For the preparation, the
first difficulty was the method of weighing the µg order sample amounts after HPLC
separation of the reaction products. We overcame this issue and obtained the accurate
weights following the procedure described in Supplementary Materials. This is a simple
but reliable method to measure the accurate concentration of the solution.

The second difficulty was the poor solubility of the fluorescent probes in the cultural
medium. The pure form of Kap A-5-FL (5a) prepared from a single fluorescent dye 3a
showed unexpectedly poorer solubility than that from a mixture of 5a/b. Presumably,
pure 5a can aggregate easier and form crystals. Although pure 5a showed lower solubility
in the culture medium than the mixture 5a/b, treatment of 5a with Lipofectamine 2000
showed improvement in solubility. It is speculated that 5a became more hydrophilic
because of the encapsulating effects by Lipofectamine 2000. The highly hydrophobic 5a
and 6a form a complex with the cationic lipid Lipofectamine, allowing better dissolution
in the medium. The hydrophobicity of the natural compounds can be affected largely by
fluorescent labelling, but this procedure recovers the reduced solubility and improves cell
staining efficiently.

We performed staining of HeLa cells as well as P388 cells using prepared Kap A-5-FL
(5a) and Kap F-5-FL (6a) treated with Lipofectamine 2000. At the concentration of 20 µM,
5a stained HeLa cells within 1 and 2 h, while 6a stained HeLa cells only weakly. To obtain
higher resolution images of the localization, confocal microscopic images of the HeLa cells
treated by 5a were analyzed. The obtained images showed that 5a clearly localized in the
cytoplasm, but not in the Golgi apparatus, on the basis of co-staining with HPA (Figure 4).
This observation is different from the result by Rocha et al. in which Kap E-FL localized in
Golgi apparatus [16], suggesting kapakahine A targets the biomolecule different from that
of kapakahine E.

To approach the modes of action, labelling of the bioactive compound is an important
step. Labelling by RI [27], photoaffinity reaction [28], click reaction [29] and fluorescent
dyes are major labelling methods. Although there are many choices in labelling methods,
we often face difficulty to choose suitable labelling methods applicable to the limited
quantity of the compounds in the case of marine natural products. Preparation of chemical
probes using synthetically prepared natural products is the desirable way, but it requires
multiple steps of reactions, e.g., Yakua'amide B [30]. Compared to the approach using
synthetically prepared natural compounds available over 100 mg [31,32], the reaction scale
dependent on the naturally available compounds has to be much smaller (below 1 mg).
Our method may be useful for the preparation of probes using marine natural products
with amino groups that have not yet been synthesized due to their structural complexity.

In this study, we prepared fluorescent probes using a naturally available small amount
of kapakahines A (1, 0.5 mg) as well as the equivalent small amount of the synthetic F
(2, 0.5 mg). Kap A-5-FL (5a) successfully visualized the in-cell localization. It is noteworthy
that this method can be applicable to the preparation of the chemical probes for target
identification that are linked to beads with active ester modification on the surface.
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4. Materials and Methods
4.1. General Experimental Procedures

All nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance
(600 MHz, Bruker Corporation, Billerica, MA, USA) spectrometers. Fluorescent microscopic
images were obtained using an Olympus IX71 microscope equipped with an Olympus
DP72 digital camera (Olympus Corporation, Tokyo, Japan). Confocal microscopic images
were obtained using an Olympus FV1000 (Olympus Corporation, Tokyo, Japan). HPLC
(high-performance liquid chromatography) was conducted using a JASCO PU-1580 pump
system equipped with a JASCO FP-2020 Plus fluorescence detector (JASCO Corporation,
Tokyo, Japan) or TOSOH UV8011 (TOSOH Corporation, Tokyo, Japan) or JASCO UV-
4075 UV detectors (JASCO Corporation, Tokyo, Japan). Small amounts of probes were
weighed using Sartorius SE2 Ultra Micro Balance (Sartorius, Göttingen, Germany). All the
high-resolution mass spectra (HRMS) were acquired on a JEOL JMS-T100CS spectrometer
(JEOL Ltd., Tokyo, Japan) at the Materials Characterization Central Laboratory, Waseda
University, Tokyo, Japan.

4.2. Methods
4.2.1. Synthesis of 6-(Fluorescein-5-Carboxamido) Hexanoic Acid, Methyl Ester
(5-FL-COOMe: 4a)

6-(Fluorescein-5-carboxamido) hexanoic acid succinimidyl ester (5-SFX: 3a, 1.3 mg,
2.2 µmol, Thermo Fisher Scientific Inc., Waltham, MA, USA) were mixed with 1 µL of
triethylamine (TEA, 7.2 µmol) in 645.6 µL of MeOH. The reaction mixture was stirred at
room temperature in the dark for 20 h. The reaction was quenched with excess MeOH and
the dried reaction mixture was subjected to reversed-phase HPLC [COSMOSIL 5C18-ARII
(ϕ10 × 250 mm, Nacalai Tesque Inc., Kyoto, Japan), flow rate; 2 mL/min, isocratic elution
with 35% acetonitrile 0.05% TFA, detection; 220 nm, JASCO UV4075] yielding 5-FL-COOMe
(4a, 550 µg). Compound 4a gave an [M − H]− ion peak at m/z 502.1511 (calcd. C28H24NO8
502.1507) in the ESIMS.

Methyl esters 4a and 4b were also obtained by HPLC separation of the reaction
mixture obtained following the same procedure but with a 1:1 mixture of 5- and 6-SFX
(3a/b) instead of 3a with adjustment of the amounts of triethylamine.

4.2.2. Preparation of Kap A-5-FL (5a)

A portion (100 µL) of 3a in N,N-dimethylformamide (DMF) (20 mg/mL, 6.8 µmol)
was added dropwise to kapakahine A (1, 0.5mg, 0.5 µmol) dissolved in 50 µL of DMF.
In this experiment, we used kapakahine A isolated from natural sources. The reaction
mixture was stirred at room temperature in the dark for 20 h. After quenching with MeOH,
the reaction mixture was subjected to ODS flash column chromatography eluting with
100% MeOH. The 100% MeOH eluting fraction was further purified by reversed-phase
HPLC [COSMOSIL 5C18-ARII (ϕ10 × 250 mm), flow rate; 2 mL/min, isocratic elution with
55% acetonitrile 0.05% TFA, detection; 220 nm, JASCO UV4075] to yield Kap A-5-FL (5a:
340 µg). In the ESIMS analysis, 5a gave an [M − H]− ion peak at m/z 1522.6737 (calcd.
C85H92N11O16 1522.6729).

Kap A-5,6-FL (5a/b) was also prepared following the same procedure but with 3a/b
instead of 3a.

4.2.3. Preparation of Kap F-5-FL (6a)

Kapakahine F (2, 0.5 mg, 0.7 µmol) in 33.3 µL DMF was added to 66.6 µL of the
solution of reagent 3a in DMF (20 mg/mL) and was stirred at room temperature in the dark
for 20 h. In this experiment, we used synthetic kapakahine F (provided by Prof. Phil Baran).
After quenching with MeOH, the fraction was further purified by reversed-phase HPLC
[COSMOSIL 5C18-AR II (ϕ10 × 250 mm), flow rate; 2 mL/min, isocratic elution with 50%
acetonitrile 0.05% TFA, detection; 220 nm JASCO UV4075] yielding Kap F-5-FL (6a, 370 µg)
which gave an [M − H]− ion peak at m/z 1171.4579 (calcd. C67H63N8O12 1171.4571).
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Kap F-5,6-FL(6a/b) was also obtained following the same procedure but with 3a/b
instead of 3a.

4.2.4. Cell Culture

Dulbecco’s Modified Eagle Medium (DMEM, Low Glucose, FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) supplemented with 10% fatal bovine serum (FBS,
Biowest, Nuaillé, France), 10 µg/mL of antibiotic antimycotic and 2 µg/mL of gentamicin
solution was used as the culture media for HeLa human cervical cancer cells. Roswell Park
Memorial Institute medium (RPMI, FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) supplemented with kanamycin sulfate and HRDS solution (2,2′-dithiobisethanol)
was used as the culture media for P388 murine leukemia cells. Both cells were cultured at
37 ◦C under the atmosphere of 5% CO2.

4.2.5. Preparation of the Sample Solution for Cell Staining Using Lipofectamine 2000

Compounds 4a, 5a, and 6a were dissolved in EtOH at the concentration of 2 mM,
respectively. EtOH was used as the blank. Each portion (20 µL) of the solutions was mixed
with 20 µL of 1 mg/mL of Lipofectamine 2000 (Thermo Fisher Scientific Inc., Waltham,
MA, USA) in 1.5 mL microtube and then incubated for 10 min. Each solution (4 µL) was
added to the cultural medium (200 µL) in each well of the 96-well glass bottom microplate
(final concentrations of the 4a, 5a and 6a were 20 µM in the medium), respectively. After
pipetting, the plate was left to stand for 45 min at the room temperature. After 45 min, the
supernatant was collected and used as the sample solution. The same preparation was
performed for the sample without Lipofectamine 2000.

4.2.6. Cell Staining

HeLa cells (10,000 cells/well in 200 µL medium) were plated into each well of a 96-well
glass bottom microplate. After 24 h incubation, the medium in each well was removed
and exchanged with 100 µL of sample solution prepared as above, then incubated at 37 ◦C
under the atmosphere of 5% CO2 for 2 h. After incubation, the cells were fixed in 4%
paraformaldehyde (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) at room
temperature for 20 min. After washing with phosphate-buffered saline (PBS, FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), nuclei were stained with Hoechst 33342
(1:1000, DOJINDO, Kumamoto, Japan) dissolved in PBS for 20 min. After washing with
PBS, cell images were acquired at ×20 magnification under the microscope equipped with a
digital camera or ×100 magnification under the confocal microscope system (for Figure 2).

4.2.7. Cell Staining with Organelle Staining

HeLa cells (10,000 cells/well in 200 µL medium) were plated into each well of a 96-well
glass bottom microplate. After 24 h incubation, the medium in each well was removed
and exchanged with 50 µL of sample solution of fluorescent probe 5a with Lipofectamine
2000 prepared as above, then incubated at 37 ◦C under the atmosphere of 5% CO2 for 2 h.
Cells were fixed in 4% paraformaldehyde at room temperature for 20 min. After fixation
and washing with PBS, the cell images of fluorescent signal of 5a were acquired at ×100
magnification under the confocal microscope system (for Figure 3).

Then, cells were permeabilized with 100 µL of 0.1% Triton X-100 in PBS for 30 seconds.
After washing with PBS twice, blocking was carried out with 50 µL of Blocking One-P
(Nacalai Tesque Inc., Kyoto, Japan) for 20 min. Organelle stain was performed using
concanavalin A (Con A) Alexa Fluor 594 conjugate (Thermo Fisher Scientific Inc., Waltham,
MA, USA) for endoplasmic reticulum and HPA from Helix pomatia (edible snail) Alexa
Fluor 647 conjugate (Thermo Fisher Scientific Inc., Waltham, MA, USA) for Golgi apparatus,
respectively. A total of 50 µL of Con A Alexa Fluor 594 conjugate solution at the final
concentration of 25 µg/mL in PBS or HPA Alexa Fluor 647 conjugate solution at the final
concentration of 7.5 µg/mL in PBS was added to each well and shaken for 1h at the room
temperature in the dark, respectively. After washing with PBS, microscopic images at ×100
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magnification were obtained under the confocal microscope system (Olympus FV1000).
Prior to the organelle staining, fluorescent images stained with fluorescent probes 5a were
obtained, because fluorescence reduced dramatically by treatment of the permeabilization
buffer containing Triton X-100 which may dissociate the weak binding between kapakahine
probes and the target molecules. The obtained two images stained with 5a and Con A/HPA
could be overlayed manually, because the permeabilization procedure did not affect the
cell shapes (Figure S9).

5. Conclusions

In this study, we prepared fluorescent probes of kapakahines A and F in a small-scale
manner. As mentioned, one of the major difficulties in exploring the mechanisms of action
of marine natural products is the limited amounts of available natural compounds for the
use of the preparation of chemical probes. In spite of the limited amounts, the fluorescent
labeling of kapakahines was successfully carried out and the localization of the fluorescent
probes in the cells was clearly visualized. This result indicated that the chemical probes
linked to beads for target identification can be prepared on a small scale using the same
reaction, as described.

Supplementary Materials: The followings are available online at https://www.mdpi.com/1660-339
7/19/2/76/s1, Experimental section including Preparation of compounds 4a and 4b, Preparation
of compounds 5a/b, Preparation of compounds 6a/b, Procedure for weighing small amounts of 5a
and 6a, Preparation of the negative control 4a for cell staining, Scheme S1: Reaction conditions of
the preparation for 4a, 4b, 5a/b, and 6a/b, Figure S1: UV spectrum of 3a, 5a and 6a, Figures S2 and
S3: ESIMS (neg.) of 4a and 4b, Figures S4 and S5: HRESIMS (neg.) of 5a/b and 6a/b, Figure S6:
Microscopic images of HeLa cells (a) or P388 cells (b) treated with DMSO, 5a/b, and 6a/b at 20 µM
for 20 h, Figure S7: Microscopic images of HeLa cells (a) or P388 cells (b) treated with 5a at 20 µM for
20 h (green, lower lane), Figure S8: Precipitation of Kap A-5-FL (6a) on the bottom of the microplate,
Figure S9: Reduction of the fluorescent intensity of 5a in HeLa cells by the permeabilization using
0.1% Triton X-100 in PBS, Figure S10: Overlay images of the organelle stain and the location of 5a in
HeLa cells, Figures S11–S13: HRESIMS (neg.) of 4a, 5a, and 6a, Figures S14–S16: 1HNMR spectrum
of 4a, 5a, and 6a.

Author Contributions: R.K. wrote the paper and Y.N. verified the content. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI Grant Numbers JP18H02100, JP26221204,
JP25303008, and JP19310138, the Waseda University Grants for Special Research Projects.

Acknowledgments: The authors would like to thank Phil Baran and Tim Newhouse for providing
synthetic kapakahine F. This work was supported by JSPS A3 Foresight Program. This work was
inspired by the international and interdisciplinary environments of the JSPS Core-to-Core Program,
“Asian Chemical Biology Initiative”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fusetani, N.; Matsunaga, S.; Matsumoto, H.; Takebayashi, Y. Bioactive marine metabolites. 33. cyclotheonamides, potent thrombin

inhibitors, from a marine sponge Theonella sp. J. Am. Chem. Soc. 1990, 112, 7053–7054. [CrossRef]
2. Nakao, Y.; Yoshida, S.; Matsunaga, S.; Shindoh, N.; Terada, Y.; Nagai, K.; Yamashita, J.K.; Ganesan, A.; van Soest, R.W.M.;

Fusetani, N. Azumamides A–E: histone deacetylase inhibitory cyclic tetrapeptides from the marine sponge Mycale izuensis. Angew.
Chem. Int. Ed. 2006, 45, 7553–7557. [CrossRef] [PubMed]

3. Williams, P.G.; Yoshida, W.Y.; Quon, M.K.; Moore, R.E.; Paul, V.J. The structure of palau'amide, a potent cytotoxin from a species
of the marine cyanobacterium Lyngbya. J. Nat. Prod. 2003, 66, 1545–1549. [CrossRef] [PubMed]

4. Ireland, C.M.; Durso, A.R.; Newman, R.A.; Hacker, M.P. Antineoplastic cyclic peptides from the marine tunicate Lissoclinum
patella. J. Org. Chem. 1982, 47, 1807–1811. [CrossRef]

5. Kehraus, S.; König, G.M.; Wright, A.D.; Woerheide, G. Leucamide A: A new cytotoxic heptapeptide from the Australian sponge
Leucetta microraphis. J. Org. Chem. 2002, 67, 4989–4992. [CrossRef] [PubMed]

https://www.mdpi.com/1660-3397/19/2/76/s1
https://www.mdpi.com/1660-3397/19/2/76/s1
http://doi.org/10.1021/ja00175a045
http://doi.org/10.1002/anie.200602047
http://www.ncbi.nlm.nih.gov/pubmed/16981208
http://doi.org/10.1021/np034001r
http://www.ncbi.nlm.nih.gov/pubmed/14695793
http://doi.org/10.1021/jo00349a002
http://doi.org/10.1021/jo020058r
http://www.ncbi.nlm.nih.gov/pubmed/12098321


Mar. Drugs 2021, 19, 76 11 of 11

6. Alexander, M.D.; Burkart, M.D.; Leonard, M.S.; Portonovo, P.; Liang, B.; Ding, X.; Joullié, M.M.; Gulledge, B.M.; Aggen, J.B.;
Chamberlin, A.R.; et al. A central strategy for converting natural products into fluorescent probes. Chembiochem 2006, 7, 409–416.
[CrossRef]

7. Li, X.; Barasoain, I.; Matesanz, R.; Fernando Díaz, J.; Fang, W.-S. Synthesis and biological activities of high affinity taxane-based
fluorescent probes. Bioorg. Med. Chem. 2009, 19, 751–754. [CrossRef]

8. Reguera, L.; Méndez, Y.; Humpierre, A.R.; Valdés, O.; Rivera, D.G. Multicomponent reactions in ligation and bioconjugation
chemistry. Acc. Chem. Res. 2018, 51, 1475–1486. [CrossRef]

9. Yao, H.; Wei, G.; Liu, Y.; Yao, H.; Zhu, Z.; Ye, W.; Wu, X.; Xu, J.; Xu, S. Synthesis, biological evaluation of fluorescent 23-
hydroxybetulinic acid probes, and their cellular localization studies. Synth. ACS Med. Chem. Lett. 2018, 9, 1030–1034. [CrossRef]

10. Suenaga, K.; Mutou, T.; Shibata, T.; Itoh, T.; Fujita, T.; Takada, N.; Hayamizu, K.; Takagi, M.; Irifune, T.; Kigoshi, H.; et al. Aurilide,
a cytotoxic depsipeptide from the sea hare Dolabella auricularia: isolation, structure determination, synthesis, and biological
activity. Tetrahedron 2004, 60, 8509–8527. [CrossRef]

11. Sato, S.; Murata, A.; Orihara; Shirakawa, T.; Suenaga, K.; Kigoshi, H.; Uesugi, M. Marine natural product aurilide activates the
OPA1-Mediated apoptosis by binding to prohibitin. Chem. Biol. 2011, 18, 131–139. [CrossRef] [PubMed]

12. Yamada, K.; Ojika, M.; Ishigaki, T.; Yoshida, Y.; Ekimoto, H.; Arakawa, M. Aplyronine A, a potent antitumor substance and the
congeners aplyronines B and C isolated from the sea hare Aplysia kurodai. J. Am. Chem. Soc. 1993, 115, 11020–11021. [CrossRef]

13. Kita, M.; Yoneda, K.; Hirayama, Y.; Yamagishi, K.; Saito, Y.; Sugiyama, Y.; Miwa, Y.; Ohno, O.; Morita, M.; Suenaga, K.; et al.
Fluorescent aplyronine a: intracellular accumulation and disassembly of actin cytoskeleton in tumor cells. Chembiochem 2012, 13,
1754–1758. [CrossRef] [PubMed]

14. Kita, M.; Hirayama, Y.; Yoneda, K.; Yamagishi, K.; Chinen, T.; Usui, T.; Sumiya, E.; Uesugi, M.; Kigoshi, H. Inhibition of
microtubule assembly by a complex of actin and antitumor macrolide aplyronine A. J. Am. Chem. Soc. 2013, 135, 18089–18095.
[CrossRef] [PubMed]

15. Matsunaga, S.; Fusetani, N.; Hashimoto, K.; Koseki, K.; Noma, M. Bioactive marine metabolites. Part 13. kabiramide C, a novel
antifungal macrolide from nudibranch eggmasses. J. Am. Chem. Soc. 1986, 108, 847–849. [CrossRef]

16. Petchprayoon, C.; Suwanborirux, K.; Tanaka, J.; Yan, Y.; Sakata, T.; Marriott, G. Fluorescent kabiramides: new probes to quantify
actin in vitro and in vivo. Bioconjug. Chem. 2005, 16, 1382–1389. [CrossRef]

17. Nakao, Y.; Yeung, B.K.S.; Yoshida, W.Y.; Scheurer, P.J. Kapakahine B, a cyclic hexapeptide with an α-carboline ring system from
the marine sponge Cribrochalina olemda. J. Am. Chem. Soc. 1995, 117, 8271–8272. [CrossRef]

18. Nakao, Y.; Kuo, J.; Yoshida, W.Y.; Kelly, M.; Scheuer, P.J. More kapakahines from the marine sponge Cribrochalina olemda. J. Org.
Lett. 2003, 5, 1387–1390. [CrossRef]

19. Yeung, B.K.S.; Nakao, Y.; Kinnel, R.B.; Carney, J.R.; Yoshida, W.Y.; Scheuer, P.J.; Kelly-Borges, M. The kapakahines, cyclic peptides
from the marine sponge Cribrochalina olemda. J. Org. Chem. 1996, 61, 7168–7173. [CrossRef]

20. Rocha, D.D.; Espejo, V.R.; Rainier, J.D.; La Clair, J.J.; Costa-Lotufo, L.V. Fluorescent kapakahines serve as non-toxic probes for live
cell golgi imaging. Life Sci. 2015, 136, 163–167. [CrossRef]

21. Newhouse, T.; Lewis, C.A.; Baran, P.S. Enantiospecific total syntheses of kapakahines B and F. J. Am. Chem. Soc. 2009, 131,
6360–6361. [CrossRef] [PubMed]

22. Newhouse, T.; Lewis, C.A.; Eastman, K.J.; Baran, P.S. Scalable total syntheses of N-linked tryptamine dimers by direct
indole−aniline coupling: psychotrimine and kapakahines B and F. J. Am. Chem. Soc. 2010, 132, 7119–7137. [CrossRef] [PubMed]

23. Gaich, T.; Baran, P.S. Aiming for the ideal synthesis. J. Org. Chem. 2010, 75, 4657–4673. [CrossRef] [PubMed]
24. Espejo, V.R.; Rainier, J.D. Total synthesis of kapakahine E and F. Org. Lett. 2010, 12, 2154–2157. [CrossRef]
25. Rainier, J.D.; Espejo, V.R. Total syntheses of kapakahines E and F. Isr. J. Chem. 2011, 51, 473–482. [CrossRef]
26. Meng, Q.; Yu, M.; Zhang, H.; Ren, J.; Huang, D. Synthesis and application of N-hydroxysuccinimidyl rhodamine B ester as an

amine-reactive fluorescent probe. Dyes Pigm. 2007, 73, 254–260. [CrossRef]
27. Hosoya, T.; Hiramatsu, T.; Ikemoto, T.; Nakanishi, M.; Aoyama, H.; Hosoya, A.; Iwata, T.; Maruyama, K.; Endo, M.; Suzuki, M.

Novel bifunctional probe for radioisotope-free photoaffinity labeling: compact structure comprised of photospecific ligand
ligation and detectable tag anchoring units. Org. Biomol. Chem. 2004, 2, 637–641. [CrossRef]

28. Verdier-Pinard, P.; Sitachitta, N.; Rossi, J.V.; Sackett, D.L.; Gerwick, W.H.; Hamel, E. Biosynthesis of radiolabeled curacin A and its
rapid and apparently irreversible binding to the colchicine site of tubulin. Arch. Biochem. Biophys. 1999, 370, 51–58. [CrossRef]

29. Chen, P.-H.C.; Ho, S.-Y.; Chen, P.-L.; Hung, T.-C.; Liang, A.-J.; Kuo, T.-F.; Huang, H.-C.; Wang, T.-S.A. Selective targeting of vibrios
by fluorescent siderophore-based probes. ACS Chem. Biol. 2017, 12, 2720–2724. [CrossRef]

30. Kitamura, K.; Itoh, H.; Sakurai, K.; Dan, S.; Inoue, M. Target identification of yaku’amide B and its two distinct activities against
mitochondrial FoF1-ATP synthase. J. Am. Chem. Soc. 2018, 140, 12189–12199. [CrossRef]

31. Yanagi, S.; Sugai, T.; Noguchi, T.; Kawakami, M.; Sasaki, M.; Niwa, S.; Sugimoto, A.; Fuwa, H. Fluorescence-labeled neopeltolide
derivatives for subcellular localization imaging. Org. Biomol. Chem. 2019, 17, 6771–6776. [CrossRef] [PubMed]

32. Huang, X.; Borgström, B.; Stegmayr, J.; Abassi, Y.; Kruszyk, M.; Leffler, H.; Persson, L.; Albinsson, S.; Massoumi, R.; Scheblykin,
I.G. The molecular basis for inhibition of stemlike cancer cells by salinomycin. ACS Cent. Sci. 2018, 4, 760–767. [CrossRef]
[PubMed]

http://doi.org/10.1002/cbic.200500466
http://doi.org/10.1016/j.bmcl.2008.12.018
http://doi.org/10.1021/acs.accounts.8b00126
http://doi.org/10.1021/acsmedchemlett.8b00321
http://doi.org/10.1016/j.tet.2004.06.125
http://doi.org/10.1016/j.chembiol.2010.10.017
http://www.ncbi.nlm.nih.gov/pubmed/21276946
http://doi.org/10.1021/ja00076a082
http://doi.org/10.1002/cbic.201200385
http://www.ncbi.nlm.nih.gov/pubmed/22807378
http://doi.org/10.1021/ja406580w
http://www.ncbi.nlm.nih.gov/pubmed/24228690
http://doi.org/10.1021/ja00264a053
http://doi.org/10.1021/bc050006j
http://doi.org/10.1021/ja00136a026
http://doi.org/10.1021/ol026830u
http://doi.org/10.1021/jo960725e
http://doi.org/10.1016/j.lfs.2015.06.014
http://doi.org/10.1021/ja901573x
http://www.ncbi.nlm.nih.gov/pubmed/19374357
http://doi.org/10.1021/ja1009458
http://www.ncbi.nlm.nih.gov/pubmed/20426477
http://doi.org/10.1021/jo1006812
http://www.ncbi.nlm.nih.gov/pubmed/20540516
http://doi.org/10.1021/ol100672z
http://doi.org/10.1002/ijch.201100024
http://doi.org/10.1016/j.dyepig.2005.12.008
http://doi.org/10.1039/b316221d
http://doi.org/10.1006/abbi.1999.1363
http://doi.org/10.1021/acschembio.7b00667
http://doi.org/10.1021/jacs.8b07339
http://doi.org/10.1039/C9OB01276A
http://www.ncbi.nlm.nih.gov/pubmed/31259993
http://doi.org/10.1021/acscentsci.8b00257
http://www.ncbi.nlm.nih.gov/pubmed/29974072

	Introduction 
	Results 
	Preparation of Fluorescent Probes of Kapakahines 
	Cell Staining 

	Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Methods 
	Synthesis of 6-(Fluorescein-5-Carboxamido) Hexanoic Acid, Methyl Ester (5-FL-COOMe: 4a) 
	Preparation of Kap A-5-FL (5a) 
	Preparation of Kap F-5-FL (6a) 
	Cell Culture 
	Preparation of the Sample Solution for Cell Staining Using Lipofectamine 2000 
	Cell Staining 
	Cell Staining with Organelle Staining 


	Conclusions 
	References

