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The Ca2 + activated K+ channel KCa3.1 is overexpressed in several
human tumor cell lines, e. g. clear cell renal carcinoma, prostate
cancer, non-small cell lung cancer. Highly aggressive cancer
cells use this ion channel for key processes of the metastatic
cascade such as migration, extravasation and invasion. There-
fore, small molecules, which are able to image this KCa3.1
channel in vitro and in vivo represent valuable diagnostic and
prognostic tool compounds. The [18F]fluoroethyltriazolyl sub-
stituted senicapoc was used as positron emission tomography
(PET) tracer and showed promising properties for imaging of
KCa3.1 channels in lung adenocarcinoma cells in mice. The novel
senicapoc BODIPY conjugates with two F-atoms (9a) and with a

F-atom and a methoxy moiety (9b) at the B-atom led to the
characteristic punctate staining pattern resulting from labeling
of single KCa3.1 channels in A549-3R cells. This punctate pattern
was completely removed by preincubation with an excess of
senicapoc confirming the high specificity of KCa3.1 labeling. Due
to the methoxy moiety at the B-atom and the additional
oxyethylene unit in the spacer, 9b exhibits higher polarity,
which improves solubility and handling without reduction of
fluorescence quantum yield. Docking studies using a cryo-
electron microscopy (EM) structure of the KCa3.1 channel
confirmed the interaction of 9a and 9b with a binding pocket
in the channel pore.

Introduction

KCa3.1channel

The Ca2+-activated K+ channel 3.1 (KCa3.1) also known as Garlos
channel, IKCa channel or SK4 channel belongs to the heteroge-
neous family of K+ channels which are activated by intracellular
Ca2+ ions.[1] The KCa3.1 channel is formed by the assembly of
four identical subunits (homotetramer), which are encoded by
the KCNN4 gene. Each subunit consists of six transmembrane
helices and both the amino and carboxy termini are located at
the cytosolic side of the membrane. The ion channel pore is
located between the 5th and 6th transmembrane helix.[2] The
KCa3.1 channel possesses a calmodulin binding site, which is

located intracellularly in the C-terminus close to the
membrane.[3,4]

KCa3.1 channels are widely expressed in many human tissues
and organs. It is highly expressed in secretory epithelial cells
such as those of the gastrointestinal tract and the pancreas.[5,6,7]

Moreover, essentially all blood cells and microglial cells express
the KCa3.1 channel, where it contributes to migration, activation
and cytokine release.[8,9] Due to its widespread distribution,
dysregulation of the KCa3.1 channel was observed in various
inflammatory neurological disorders, e. g. ischemic stroke,
epilepsy, Alzheimer’s disease, Multiple sclerosis,[10–14] and vascu-
lar diseases (e. g. kidney fibrosis,[15,16] atherosclerosis,[17,18] and
restenosis).[19,20]
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Several human cancer cells such as clear cell renal cell
carcinoma (ccRCC),[21] papillary thyroid cancer (PTC),[22] human
prostate cancer,[23] non-small cell lung cancer (NSCLC)[24,25] as
well as breast cancer cells MCF-7[26] express high amounts of
KCa3.1 channels. In NSCLC patients the hypomethylation of the
KCa3.1 channel promoter, which in turn is responsible for its
elevated expression, is a strong predictor of poor patient
prognosis.[25] Highly aggressive cancer cells require the KCa3.1
channel for key processes of the metastatic cascade including
migration, extravasation and invasion[27,28] as well as for
proliferation[29] and development of resistance (e. g. against
irradiation, cisplatin or EGFR tyrosine kinase inhibitor
erlotinib).[30–32] One important function of KCa3.1 channels is to
hyperpolarize the cell membrane potential thereby providing a
favorable driving force for the influx of Ca2 + ions into the cell.
The increased intracellular Ca2 + concentration allows the cells
among others to pass the G0/G1 and G1/S checkpoints resulting
in increased cell proliferation. Based on the multiple functions
of KCa3.1 channels in tumor and tumor stroma cells they may
represent a promising target for the treatment of cancer.[28]

It was found that the antifungal drug clotrimazole (1,
Figure 1) inhibits the KCa3.1 channel. Treatment of mice trans-
planted with human endometrial cancer cells with clotrimazole
led to reduced mass of the tumor. The same effect was
observed upon treatment with the clotrimazole analog TRAM-
34 (2).[33] TRAM-34 contains a pyrazole ring instead of the
imidazole ring of clotrimazole, which reduces the interactions
with Fe3 + containing enzymes, such as CYP enzymes. Another
similarly effective KCa3.1 channel inhibitor is senicapoc (3). It
was originally tested for the treatment of sickle cell anemia[34]

and also led to decreased tumor mass after treatment of mice
bearing the non-small cell lung cancer cells A549-3R.[25]

In addition to the tumor itself, stroma cells in the micro-
environment of the tumor, such as immune cells, cancer-
associated fibroblasts and endothelial cells, play a crucial role
for remodeling of the tumor microenvironment and tumor
growth. It was shown that immune cells in the stroma
overexpress the KCa3.1 channel and release K+ ions leading to
restore T-cell function and reduce tumor proliferation.[35,36]

Imaging of the KCa3.1channel by positron emission
tomography (PET)

The metastatic status and the aggressiveness of a tumor often
correlate with the density/expression of KCa3.1 channels in the
tumor, but also in its stroma.[37] KCa3.1 channel expression was
used as predictive biomarker for the localization of a tumor and
for the prognosis of the disease. Positron emission tomography
(PET) allows for imaging of targets in vivo. The KCa3.1 channel
represents a promising target to be addressed by PET, as almost
all cells of the tumor and tumor stroma express this ion
channel.[37] Therefore, a strong signal is expected by a PET tracer
labeling KCa3.1 channels.

For the development of a PET tracer, the KCa3.1 channel
inhibitor senicapoc (3) was used as lead compound. It binds
with high affinity at the KCa3.1 channel (IC50 = 11 nM) and shows
excellent selectivity over related ion channels.[38] Since senica-
poc (3) has already been used in human clinical trials for the
treatment of sickle cell anemia,[28,38] it represents an ideal
starting point for the development of imaging probes.

At first, the fluorinated PET tracer [18F]5 was designed for
in vivo imaging of the KCa3.1 channel. (Scheme 1) For this
purpose, the tosylate precursor 4 was transformed into [18F]5 by
a nucleophilic substitution with [18F]fluoride. After optimization
of the radiosynthesis, biodistribution studies were performed
with [18F]5. Unfortunately, high activity uptake by the bones
was observed, which indicated the release of [18F]fluoride from
the PET tracer.[39]

Based on the results with the PET tracer [18F]5, the
fluoroethyltriazole [18F]7 was designed as second generation
PET tracer. (Scheme 1) A copper-catalyzed 1,3-dipolar cyclo-
addition of alkyne precursor 6 with in situ prepared
[18F]fluoroethyl azide provided the triazole [18F]7 in good
radiochemical yields and purity. In patch clamp experiments
the non-radioactive triazole 7 was able to inhibit and thus to
bind to the KCa3.1 channel. [18F]7 was stable in mouse and
human serum. Biodistribution studies showed a clean profile
with fast elimination of the radioactivity via kidney and liver.
Therefore, [18F]7 was employed in a tumor model. A549-3R lung
adenocarcinoma cells expressing high density of the KCa3.1

Figure 1. Prominent inhibitors of the KCa3.1 channel: the antifungal drug clotrimazole (1) represents the first member of this class of KCa3.1 channel blockers,
which was developed into TRAM-34 (2) and senicapoc (3).
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channel, were implanted subcutaneously. The fluorinated PET
tracer [18F]7 showed considerable tumor uptake, but moderate
tumor-to-muscle ratios. The moderate tumor-to-muscle ratio
may be due to the wide expression of the targeted KCa3.1
channel.[40]

Imaging of the KCa3.1channel by small-molecule fluorescent
probes

A fluorescent probe, which is able to label selectively KCa3.1
channels, represents a valuable tool to detect cells with high
density of the ion channel. Compared to labeling with anti-
bodies, in vitro staining with fluorescent probes is cheap,
simple, efficient and fast (ca. 10–20 min). Moreover, optimized
fluorescent probes with appropriate fluorescent dyes could be
used for in vivo imaging as well.

In general, a fluorescent probe designed to label the KCa3.1
channel has to contain a targeting unit (“warhead”) connected
via a linker with a fluorescent dye. Senicapoc was selected as
warhead and BODIPY as fluorescent dye. Both components had

to be connected by an appropriate linker in an appropriate
position. (Figure 2)

In a previous study, senicapoc was connected with a
BODIPY dye via a 1,3-dipolar cycloaddition. The resulting probe
8 showed very good imaging properties, allowing the visual-
ization of single KCa3.1 channels of aggressive non-small cell
lung cancer cells A549-3R. Incubation of the cells with the
BODIPY-labeled senicapoc derivative 8 for a period of only
10 min led to the typical punctate staining pattern, which could
be blocked by pre-incubation with senicapoc. The density of
KCa3.1 channels determined by direct staining with 8 was
identical with the density obtained by antibody-based indirect
immunofluorescence.[41,42]

Results and Discussion

Design, of polar fluorescent probes to image the
KCa3.1 channel

As the binding site of senicapoc is located within the ion
channel, it is hypothesized that the fluorescent probe has to

Scheme 1. Senicapoc (3) and senicapoc derived fluorinated PET tracers. Reactions and reaction conditions: (a) [18F]KF, K222, CH3CN, 90 °C, 15 min,
radiochemical yield (decay corrected) 4�1.5 %.[39] (b) 1. N3CH2CH2OTs + [18F]KF, K222, CH3CN, 110 °C, 3 min, distillation under helium flow; 2. prepared
N3CH2CH2

18F +6, CuSO4, sodium ascorbate, H2O, DMF 60 °C, 30 min. radiochemical yield (decay corrected) 13�4.6,%, over two steps.[40]
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penetrate into the cell and enter the ion channel from the
inside of the channel pore. For this purpose, the dye should
possess well-balanced lipophilic properties allowing it to
penetrate the membrane but not to stick in the membrane.
Since the probe 8 is rather lipophilic, we designed a more polar
label with increased solubility and improved membrane pene-
trating properties. In the newly designed probe 9, the linker
should be extended by one polar oxyethylene unit, which
increases considerably the conformational flexibility. Further-
more, exchange of an F-atom at the B-atom by a methoxy
moiety should additionally increase the polarity. (Figure 3)

Interaction of 9a and 9b with the ion channel

In 2018, the activation mechanism of the human KCa3.1 channel
was elucidated by solving its molecular structure by cryo-EM
(PDB 6cno).[43] This structure was used to investigate, whether
the designed novel BODIPY labeled senicapoc derivatives 9a

and 9b can interact with the channel protein and thus can be
used as molecular probes to image KCa3.1 channels. The
molecular modelling study was performed with the Molecular
Operating Environment program version 2019 (MOE).[44]

The modelling study of compounds 9a and 9b led to
binding modes, which are comparable to binding modes
already described in previous studies.[41,42] Both compounds
bind in the channel pore. However, they can only interact with
their binding sites in the open state of the ion channel.
(Figure 4) The senicapoc targeting unit binds at the top of the
inner pore of the ion channel, whereas the linker and the
connected BODIPY dye bind in the lower part of the ion
channel. The additional oxyethylene moiety of 9 compared to 8
seems not to influence the interactions of 9 with KCa3.1.
Moreover, replacement of one F-atom at the B-atom by a
methoxy moiety was also well tolerated by the ion channel,
although it changes the electronic situation within the BODIPY
fluorophore considerably.

Figure 2. The fluorescent probe 8 consists of a senicapoc warhead (targeting unit) connected via a linker with a fluorescent label.

Figure 3. Design of novel fluorescent dye labelled senicapoc derivatives 9. In order to increase the polarity, the linker will be extended by one oxyethylene
unit and one F-atom at the B-atom will be replaced by a methoxy moiety.
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Synthesis

The synthesis of the BODIPY dye 14a followed a standard
procedure.[46,47] According to this procedure, benzaldehyde 10
equipped with the appropriate side chain reacted with two
equivalents of 2,4-dimethylpyrrole 11 in presence of F3CCO2H to
afford the triarylmethane derivative 12. Without isolation, 12
was oxidized with DDQ and subsequently reacted with BF3 · OEt2

to provide the BODIPY dye 14a. The methoxy analog 14b was
obtained by activation of 14a with TMSOTf and subsequent
replacement of one F-atom with methanol.[47] In the last step a
Cu-mediated 1,3-dipolar cycloaddition of the alkyne 6 with the
azides 14a and 14b led to the desired fluorescently labeled
senicapoc derivatives 9a and 9b. (Scheme 2)

Lipophilicity

The conversion of the difluoro BODIPY dye 14a into the
methoxy-fluoro analog 14b was controlled by thin layer
chromatography. The exchange of one F-atom for the methoxy
moiety led to a dramatic decrease of the Rf value from 0.87
(14a) to 0.32 (14b). (see Figure S1 in the Supporting Informa-
tion) The decreased Rf value of 14b correlates with increased
polarity, since the Rf value reflects predominantly the inter-
actions of a sample with polar OH moieties of silica.

The lipophilicity of the BODIPY dyes 14 and the final
conjugates 9 was recorded using the recently developed micro
shake flask method. After distribution between n-octanol and
MOPS buffer pH 7.4 layers, the amount of compound in the
aqueous layer was determined by mass spectrometry.[48,49] The
lipophilicity of the dyes 14a and 14b is rather high with logD7.4

values of 4.29 and 4.41, respectively. (Table 1) The increased
polarity of 14b observed during thin layer chromatography was
not confirmed by its logD7.4 value. LogD7.4 values in the range
4–5 bring the micro shake flask method to its limit, since the
remaining concentration of the sample in the aqueous layer is
rather low. Nevertheless, the increased lipophilicity resulting

from coupling the dyes 14 with the lipophilic senicapoc
targeting unit 6 to yield fluorescent probes 9 could be
confirmed by the logD7.4 values. However, differences between
the difluoro derivatives 9a/14a and the methoxy-fluoro deriva-
tives 9b/14b are not significant. Compared to 8 (logD7.4 = 2.86�
0.15), the recorded logD7.4 value of 9a with a longer linker
between the BODIPY dye and the triazole moiety is unexpect-
edly higher (logD7.4(9a) = 4.73�0.03).

Photophysical properties

Since staining of KCa3.1 channels should be analyzed by
fluorescence microscopy, photophysical properties of the
senicapoc BODIPY conjugates 9a and 9b are of high interest.
Since the senicapoc targeting unit and the BODIPY itself are not
in direct conjugation with each other in 9, the precursor azides
14a and 14b were photophysically characterized instead of the
final products. Table 2 shows both the absorption and emission
maxima (λmax) as well as the Stokes shift, photoluminescence
lifetimes (τ) and absolute quantum yields (ΦF).

Due to their structural analogy, the difluoro derivative 14a
and the methoxy-fluoro derivative 14b have comparable photo-
physical properties. The obtained absorption and emission
maxima, as well as the Stokes shift of roughly 15 nm, match
perfectly to commercially available filter sets for fluorescence
microscopy. As shown in Table 2, the photoluminescence life-
time τ of the methoxy-fluoro derivative 14b is slightly shorter
than for the difluoro derivative 14a. In addition, both molecules

Figure 4. Binding of compound 9b (magenta surface) in KCa3.1 (PDB 6cno,[43] light grey: KCa3.1 channel as ribbons, blue: calmodulin as surface representation).
a) Compound 9b binding in the full homotetrameric KCa3.1 channel. b) 9b bound to the channel, with one monomer removed. c) A detailed view on 9b in the
channel pore. The figures were created using UCSF Chimera.[45]

Table 1. logD7.4 values of the fluorescent probes 9 and the fluorescent
dyes 14.

Compd R logD7.4

9a F 4.73�0.03
9b OCH3 4.60�0.23
14a F 4.29�0.19
14b OCH3 4.41�0.04
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exhibited comparably efficient quantum yields (ΦF values). The
difluoro BODIPY 14a shows a quantum yield of 48 %, whereas
ΦF of the methoxy-fluoro analog 14b is slightly reduced to
43 %. Aside from this slight difference (due to the uncertainty of
the method, both values are almost equivalent), the two
molecules have sufficiently high quantum yields ΦF and
prominent absorption maxima to be used as bright labels in
fluorescence microscopy.

In vitro imaging of non-small cell lung cancer cells A549-3R

We used the non-small cell lung cancer (NSCLC)) cell line A549-
3R overexpressing the KCa3.1 channel for the staining

experiments.[50] The imaging properties of the new fluorescent
probes were analyzed with an optimized staining protocol.
According to this protocol, the fluorescent probes 9a and 9b
were dissolved in PBS (10 μM) and 100 μL of the staining
solution were added to a glass bottom dish, containing the
adherent A549-3R tumor cells. The complete set-up was
incubated for 20 min at room temperature in a dark chamber
and the dish was washed 5 times with PBS afterwards. We used
an Axiovert 200 microscope with a × 100 1.45 oil immersion
objective connected to a RT-SE-Spot camera (Visitron, Puch-
heim, Germany). Image acquisition was controlled by MetaVue
software.

Incubation of A549-3R cells with both probes 9a and 9b for
20 min resulted in the typical punctate staining pattern of the

Scheme 2. Synthesis of senicapoc BODIPY conjugates. Reagents and reaction conditions: (a) F3CCO2H, CH2Cl2, rt, 24 h. (b) DDQ, CH2Cl2, rt, 30 min. (c) BF3 · OEt2,
NEt3, rt, 16 h, 13 % (over three steps). (d) TMSOTf, CH2Cl2, 0 °C, 2.5 min; then CH3OH, DIPEA, 0 °C, 5 min, 39 %. (e) CuSO4, Na-ascorbate, DMF, H2O, rt, 16 h, 43 %
(9a), 25 % (9b). Details for the synthesis of aldehyde 10 are given in the Supporting Information.

Table 2. Photophysical properties of fluorescent dyes 14a and 14b.[a]

Compd R absorption
λmax [nm]

emission
λmax [nm]

Stokes
shift [nm]

τ
[ns]

ΦF�0.02

14a F 501 515 14 3.80�0.02 0.48
14b OCH3 501 516 15 3.50�0.01 0.43

[a] Data were recorded in solution (CH2Cl2, c= 10� 5 M) at 298 K. In both cases, the emission was monitored by exciting at λex = 350 nm (photoluminescence
spectra) and λex = 376 nm (τ). Absorption and emission spectra can be seen in the Supporting Information, Figures S2 and S3; raw time-resolved
photoluminescence decays are available in the SI, Figures S4 and S5.
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KCa3.1 channel in the cell membrane. (Figure 5A–D). The size of
the single dots was analyzed in detail after staining the A549-3R
cells with compounds 9a and 9b according to staining protocol
1. For this purpose, squares of 50 × 50 pixels were defined and
the dots within the squares were analyzed. It has been shown

that a single channel has a Full Width at Half Maximum (FWHM)
of �5 pixels corresponding to �300 nm.[41,42] According to our
measurements, the dots for the difluoro derivative 9a (FWHM:
7.75�0.70 pixel, N = 3) were larger than 5 pixels. On the other
side, the dots for compound 9b bearing a methoxy group and a

Figure 5. Staining of NSCLC tumor cells A549-3R with senicapoc BODIPY conjugates. 5 A,B; Staining with difluoro derivative 9a; 5 C,D: Staining with methoxy-
fluoro derivative 9b.

Figure 6. Staining of NSCLC tumor cells A549-3R after preincubation with senicapoc. A549-3R cells were preincubated with senicapoc (30 μM, 100 μL) and
incubated with 9a (Figure 6A) and 9b (Figure 6B). The staining solutions contained senicapoc (100 μL) as well.
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F-atom at the B-atom displayed a size in the range of 5 pixels
(FWMH: 5.04�0.44 pixel, N = 3) indicating single KCa3.1 channel
staining.

We concluded that the more polar methoxy-fluoro deriva-
tive 9b is superior to the difluoro derivative 9a with respect to
precise KCa3.1 channel labeling. The same punctate staining
pattern was observed for the first generation of probes,
containing a shorter linker with only one oxyethylene
moiety.[41,42]

In order to test, whether the senicapoc BODIPY conjugates
9 label selectively the KCa3.1 channel, blocking experiments
were performed. In these experiments, A549-3R cells were
preincubated with an excess of senicapoc to occupy all binding
sites in the channel pore. Subsequently, the cells were treated
with staining solutions containing 9a or 9b (10 μM). After
preincubation with senicapoc, the previously observed punctate
staining of the single KCa3.1 channels was no longer detected.
(Figure 6) We concluded that the senicapoc BODIPY conjugates
9a and 9b compete with senicapoc for its binding site at the
KCa3.1 channel.

Conclusion

The 18-F-labeled PET tracer [18F]7 with a fluoroethyltriazolyl
moiety represents a promising molecular probe to image KCa3.1
ion channels in vivo (mouse). The senicapoc BODIPY conjugate
9b is able to label selectively single KCa3.1 channels in A549-3R
NSCLC tumor cells. To our delight, the fluorescence quantum
yield of 9b is only marginally reduced, while the methoxy
moiety at the B-atom and the additional oxyethylene unit in the
spacer increase the polarity and thus improve the solubility and
the general handling of 9b. Preincubation with an excess of
senicapoc led to removal of the punctuate staining pattern
confirming the high specificity of 9b to interact with KCa3.1
channels.

Experimental Section

Chemistry, general

Oxygen and moisture sensitive reactions were carried out under
nitrogen, dried with silica gel with moisture indicator (orange gel,
VWR, Darmstadt, Germany) and in dry glassware (Schlenk flask or
Schlenk tube). All solvents were of analytical or technical grade
quality. Thin layer chromatography (tlc): tlc silica gel 60 F254 on
aluminum sheets (VWR). Flash chromatography (fc): Silica gel 60,
40–63 μm (VWR); parentheses include: diameter of the column (Ø),
length of the stationary phase (l), fraction size (v) and eluent.
Automated flash chromatography: IsoleraTM Spektra One (Biotage®);
parentheses include: cartridge size, flow rate, eluent, fractions size
was always 20 mL. Melting point: Melting point system MP50
(Mettler Toledo, Gießen, Germany), open capillary, uncorrected. MS:
MicroTOFQII mass spectrometer (Bruker Daltonics, Bremen, Ger-
many); deviations of the found exact masses from the calculated
exact masses were 5 ppm or less; the data were analyzed with
DataAnalysis® (Bruker Daltonics). NMR: NMR spectra were recorded
in deuterated solvents on Agilent DD2 400 MHz and 600 MHz
spectrometers (Agilent, Santa Clara CA, USA); chemical shifts (δ) are

reported in parts per million (ppm) against the reference substance
tetramethylsilane and calculated using the solvent residual peak of
the undeuterated solvent; coupling constants are given with 0.5 Hz
resolution; assignment of 1H and 13C NMR signals was supported by
2-D NMR techniques where necessary. IR: FT/IR IR Affinity®-1
spectrometer (Shimadzu, Düsseldorf, Germany) using ATR techni-
que.

HPLC methods for the determination of the purity

HPLC method 1

HPLC: Merck Hitachi Equipment; UV detector: L-7400; autosampler:
L-7200; pump: L-7100; degasser: L-7614; column: LiChrospher® 60
RP-select B (5 μm); LiChroCART-250–4 mm cartridge; flow rate:
1.0 mL/min; injection volume: 5.0 or 10 μL; detection at λ= 210 nm;
solvents: A: water with 0.05 % (v/v) trifluoroacetic acid; B:
acetonitrile with 0.05 % (v/v) trifluoroacetic acid: gradient elution: (A
%): 0–4 min: 90 %, 4–29 min: 90!0 %, 29–31 min: 0 %, 31–31.5 min:
0!90 %, 31.5–40 min: 90 %. Data acquisition: HSM software; manual
integration.

HPLC method 2

An Ultimate system by Thermo Scientific was used to determine
the purity of the synthesized compounds at a detection wavelength
of 210 nm: guard column: Zorbax SB� Aq 12.5 × 4.6 mm cartridge;
column: Zorbax SB� Aq StableBond analytical 150 × 4.6 mm; UV-
detector: UltiMate VWD-3400RS variable Wavelength Detector;
autosampler: UltiMate 3000; pump: Ultimate LPG-3400SD; degasser:
Ultimate AFC-3000: data acquisition: Chromeleon Client 6.80
(Dionex Corpor). Data were evaluated by manual integration.
Gradient used to determine purities via HPLC, Tetrabutylammonium
phosphate buffer (5 mM) in H2O/CH3CN, flow rate: 1.0 mL min� 1 at
room temperature; 0 min: 20 % CH3CN, 20 min: 80 % CH3CN, 30 min:
20 % CH3CN.

Synthetic procedures

8-[4-(2-(2-Azidoethoxy)ethoxy)phenyl]-4,4-difluoro-
1,3,5,7-tetramethyk-4-bora-3a,4a-diaza-s-indacene (14a)

Under moisture, oxygen, and light free conditions, 2,4-dimeth-
ylpyrrole (11, 0.61 mL, 5.95 mmol, 2.0 eq.) and benzaldehyde 10
(700 mg, 2.98 mmol,1.0 eq.) were dissolved in dry CH2Cl2 (80 mL).
Trifluoroacetic acid (2 drops) was added and the mixture stirred at
room temperature for 24 h (!12). A solution of 2,3,5,6-tatrachloro-
1,4-benzoquinone (722 mg, 2.98 mmol, 1.0 eq.) in CH2Cl2 (20 mL)
was added and the mixture was stirred at room temperature for
30 min (!13). Et3N (2.3 mL, 16.39 mmol, 5.5 eq.) was added and
the mixture was stirred at room temperature for 15 min. BF3 · OEt2
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(2.3 mL, 17.9 mmol, 6 eq.) was added slowly dropwise and the
mixture was stirred at room temperature overnight (16 h). H2O
(100 mL) was added to the mixture and was stirred at room
temperature for 1 h. The organic layer was separated, washed with
H2O (3 × 100 mL), dried (Na2SO4), filtered and concentrated in vacuo.
The crude product was filtered over silica with CH2Cl2. The filtrate
was concentrated in vacuo and the product was purified by
automatic flash chromatography; column 1: (cartridge: SNAP KP-Sil,
50 g (Biotage®), 20 %!40 % ethyl acetate in cyclohexane, 50 mL/
min), column 2: (cartridge: SNAP KP-Sil, 50 g (Biotage®), 30 %!
100 % CH2Cl2 in cyclohexane, 50 mL/min), Rf = 0.42 (cyclohexa-
ne : ethyl acetate = 5 : 2). Orange solid, mp 138 °C, yield 170 mg
(13 %). Purity (HPLC, method 1): 92,8 % (tR = 23.6 min). C23H26BF2N5O2

(Mr = 453.3). 1H NMR (600 MHz, DMSO): δ (ppm) = 1.40 (s, 6H, 1-CH3,
7-CH3(indacene)), 2.44 (s, 6H, 3-CH3, 5-CH3(indacene)), 3.44 (t, J= 4.3 Hz, 2H,
OCH2CH2N3), 3.69 (t, J= 4.7 Hz, 2H, OCH2CH2N3), 3.82 (t, J= 4.3 Hz,
2H, OCH2CH2O), 4.18 (t, J= 4.7 Hz, 2H, OCH2CH2O), 6.17 (s, 2H, 2-CH,
6-CH(indacene)), 7.12 (d, J= 8.7 Hz, 2H, 3-H, 5-H (Ph)), 7.26 (d, J= 8.6 Hz,
2H, 2-H, 6-H(Ph)).

13C NMR (151 MHz, DMSO-d6): δ (ppm) = 14.2 (4 C,
1-CH3, 3-CH3, 5-CH3, 7-CH3(indacene)), 49.9 (1 C, OCH2CH2N3), 67.2 (1 C,
OCH2CH2O), 68.8 (1 C, OCH2CH2O), 69.4 (1 C, OCH2CH2N3), 115.2 (2 C,
C-3, C-5(Ph)), 121.3 (2 C, C-2, C-6(indacene)), 126.0 (1 C, C-8(indacene)), 129.1
(2 C, C-2, C-6(Ph)), 131.1 (2 C, C-7a, C-8a(indacene)), 142.1 (1 C, C-1 (Ph)),
142.7 (2 C, C-1, C-7(indacene)), 154.6 (2 C, C-3, C-5(indacene)), 159.1 (1 C, C-
4 (Ph)). Exact mass (ESI): (m/z) = 454.2220 (calcd. 454.2238 for
C23H26BF2N5O2 [M + H]+). IR (neat): v˜ (cm� 1) = 2928 (C� H, aliph),
2870 (C� H, aliph), 2114 (N=N=N), 1546 (C=C, arom), 1508 (C=C,
arom), 1408 (B� F).

8-[4-(2-(2-Azidoethoxy)ethoxy)phenyl]-4-fluoro-4-methoxy-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s–indacene (14b)

Under N2, BODIPY dye 14a (150 mg, 0.33 mmol, 1.0 eq.) was
dissolved in CH2Cl2 (50 mL). The solution was cooled to 0 °C on ice
and under stirring TMSOTf (0.3 mL, 1.65 mmol, 5 eq.) was added.
The solution was stirred for 2.5 min. Methanol (1.34 mL, 33.1 mmol,
100 eq.) and DIPEA (0.58 mL, 3.31 mmol,10 eq.) were injected into
the solution and the solution was stirred for 5 min. H2O (50 mL) was
added and the mixture was stirred for 20 min at room temperature.
The organic layer was separated, washed with H2O (3 × 50 mL),
dried (Na2SO4), filtered and concentrated in vacuo. The crude
product was purified by flash column chromatography; column 1:
(ø = 2.5 cm, h = 20 cm, V = 10 mL, CH2Cl2 : MeOH = 98 : 2), column 2:
(ø = 2.5 cm, h = 20 cm, V = 10 mL, toluene : acetonitrile = 4 : 1), Rf =

0.34 (CH2Cl2 : MeOH = 98 : 2).

Orange solid, mp 88–89 °C, yield (39 %). Purity (HPLC, method 1):
95.3 % (tr = 27.3 min). C24H29BFN5O3 (Mr = 465.3). 1H NMR (600 MHz,
DMSO): δ (ppm) = 1.39 (s, 6H, 1-CH3, 7-CH3(indacene)), 2.43 (s, 6H, 3-CH3,
5-CH3(indacene)), 2.81 (s, 3H, OCH3), 3.44 (t, J= 5.6 Hz, 2H, OCH2CH2N3),
3.69 (t, J= 5.5 Hz, 2H, OCH2CH2N3), 3.79–3.84 (m, 2H, OCH2CH2O),
4.14–4.19 (m, 2H, OCH2CH2O), 6.13 (s, 2H, 2-CH, 6-CH(indacene)), 7.07–
7.15 (m, 2H, 3-H, 5-H (Ph)), 7.19–7.28 (m, 2H, 2-H, 6-H (Ph)).

13C NMR

(151 MHz, DMSO-d6): δ (ppm) = 14.2 (4 C, 1-CH3, 3-CH3, 5-CH3, 7-
CH3(indacene)), 48.5 (1 C, OCH3), 49.9 (1 C, OCH2CH2N3), 67.2 (1 C,
OCH2CH2O), 68.8 (C1, OCH2CH2O), 69.4 (1 C, OCH2CH2N3), 115.1 (2 C,
C-3, C-5(Ph)), 121.0 (2 C, C-2, C-6(indacene)), 126.5 (1 C, C-8(indacene)), 129.2
(2 C, C-2, C-6 (Ph)), 131.9 (2 C, C-7a, C-8a(indacene)), 141.6 (1 C, C-1 (Ph)),
141.9 (2 C, C-1, C-7(indacene)), 154.6 (2 C, C-3, C-5(indacene)), 159.0 (1 C, C-
4(Ph)). Exact mass (ESI): (m/z) = 466.2361 (calcd. 466.2420 for
C24H29BFN5O3 [M + H]+). IR (neat): v˜ (cm� 1) = 2866 (C� H, aliph), 2808
(C� H, aliph), 2110 (N=N=N), 1543 (C=C, arom), 1508 (C=C, arom),
1249 (C� O).

2-{4-[(1-{2-[4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s–indacen-8- yl)phenoxy]ethylethoxy}-1,2,3-triazol-
4-yl)methoxy]phenyl}-2-(4-flluorophenyl)-2- phenylacetamide
(9a)

BODIPY azide 14a (26.7 mg, 0.06 mmol, 1.0 eq.) and propargyl ether
6[41] (21.2 mg, 0.06 mmol, 1.0 eq.) were dissolved in a mixture of
DMF (5 mL) and H2O (4 mL). Sodium ascorbate (77.1 mg, 0.4 mmol,
6.6 eq.) and CuSO4 (61.2 mg, 0.4 mmol, 6.5 eq.) were added. The
solution was stirred at room temperature for 16 h. LiCl solution (5 %
wt in H2O, 10 mL) was added. The organic layer was separated and
washed with LiCl solution (5 % wt in H2O, 3 × 10 mL). The organic
layer was dried (Na2SO4), filtered and concentrated in vacuo The
crude product was purified by flash column chromatography (ø =

2.5 cm, h = 15 cm, V = 2 mL, CH2Cl2 : MeOH = 95 : 5), automatic flash
chromatography 1: (cartridge: SNAP KP-Sil, 10 g (Biotage®), 50 %!
85 % ethyl acetate in cyclohexane, 12 mL/min), automatic flash
chromatography 2: (cartridge: SNAP C18, 12 g (Biotage®), 60 %!
100 % CH3CN in water, 12 mL/min), Rf = 0.34 (cyclohexane : ethyl
acetate = 1 : 5). Orange solid, mp 103 °C, yield 21 mg (43 %). Purity
(HPLC, method 2): 91.6 % (tR = 20.9 min). C46H44BF3N6O4 (Mr = 812.7).
1H NMR (600 MHz DMSO-d6): δ (ppm) = 1.38 (s, 6H, 1-CH3, 7-
CH3(indacene)), 2.44 (s, 6H, 3-CH3, 5-CH3(indacene)), 3.74–3.82 (m, 2H,
OCH2CH2N), 3.91 (t, J= 5.2 Hz, 2H, OCH2CH2O), 4.09–4.15 (m, 2H,
OCH2CH2N), 4.59 (t, J= 5.2 Hz, 2H, OCH2CH2O), 5.11 (s, 2H, aryl-
CH2O), 6.15 (s, 2H, 2-CH, 6-CH(indacene)), 6.61 (bs, 1H, NH2), 6.96 (d, J=

9.0 Hz, 2H, 2-H, 6-H(OPh)), 7.06–7.12 (m, 6H, 3-H, 5-H(OPh), 3-H, 5-H(FPh)

3-H, 5-H(dye-Ph)), 7.14–7.25 (m, 7H, 2-H, 6-H (dye-Ph), 2-H, 6-H (Ph), 2-H, 6-
H(FPh), 4-H(Ph)), 7.25–7.31 (m, 2H, 3-H, 5-H(Ph)), 7.52 (bs, 1H, NH2), 8.23
(s, 1H, CH(triazole)).

13C NMR (151 MHz, DMSO-d6): δ (ppm) = 14.2 (4 C,
1-CH3, 3-CH3, 5-CH3, 7-CH3(indacene), 49.3 (1 C, OCH2CH2O), 61.1 (1 C,
aryl-CH2O), 65.9 (1 C, CCONH2), 67.0 (1 C, OCH2CH2N), 68.6 (1 C,
OCH2CH2N), 68.8 (1 C, OCH2CH2O), 113.8 (2 C, C-2, C-6(OPh)), 114.2 (d,
J= 21.0 Hz, 2 C, C-3, C-5(FPh)), 115.2 (2 C, C-3, C-5(dye-Ph)), 121.2 (2 C, C-
2, C-6(indacene)), 124.9 (1 C, C-5(triazole)), 126.0 (1 C, C-4(Ph)), 126.5 (1 C, C-
8(indacene)), 129.1 (2 C, C-2, C-6(dye-Ph)), 129.9 (2 C, C-2, C-6(Ph)), 131.1
(2 C, C-7a, C-8a (indacene)), 131.2 (2 C, C-3, C-5(OPh)), 132.0 (d, J= 8.0 Hz,
2 C, C-2, C-6(FPh)), 136.0 (1 C,C-4(OPh)), 140.4 (d, J= 3.0 Hz, 1 C, C-1(FPh)),
142.1 (1 C, C-1 (Ph)), 142.5 (2 C, C-1, C-7 (indacene)), 142.7 (1 C, C-4(triazole)),
144.0 (1 C, C-1(Ph)), 154.6 (2 C, C-3, C-5(indacene)), 156.5 (1 C, C-1(OPh)),
159.0 (1 C, C-4(dye-Ph)), 160.6 (d, J= 243.5 Hz, 1 C, C-4(FPh)), 174.2 (1 C,
CONH2). Exact mass (APCI): (m/z) = 793.3464 (calcd. 793.3480 for
C46H44BF3N6O4 [M� F]+). IR (neat): v˜ (cm� 1) = 3486 (CON� H), 2924
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(C� H, aliph), 1678 (C=O), 1605 (C=C), 1543 (C=C, arom), 1504 (C=C,
arom), 1470 (B� F).

2-{4-[(1-{2-[4-(4-Fluoro-4-methoxy-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s–indacen-8-yl)phenoxy]ethylethoxy}-1,2,3-triazol-
4-yl)methoxy]phenyl}-2-(4-flluorophenyl)-2- phenylacetamide
(9b)

BODIPY azide 14b (32.2 mg, 0.07 mmol, 1.0 eq.) and propargyl ether
6 (24.9 mg, 0.07 mmol, 1.0 eq.) were dissolved in a mixture of DMF
(5 mL) and H2O (4 mL). Sodium ascorbate (90.2 mg, 0.5 mmol,
6.6 eq.) and CuSO4 (71.6 mg, 0.5 mmol, 6.5 eq.) were added. The
solution was stirred at room temperature for 16 h. LiCl solution (5 %
wt in H2O, 10 mL) were added. The organic layer was separated and
washed with LiCl solution (5 % wt in H2O, 3 × 10 mL). The organic
layer was dried (Na2SO4), filtered and concentrated in vacuo. The
crude product was purified by automatic flash chromatography 1:
(cartridge: SNAP KP-Sil, 10 g (Biotage®), 60 %!85 % ethyl acetate in
cyclohexane, 12 mL/min), automatic flash chromatography 2:
(cartridge: SNAP C18, 12 g (Biotage®), 30 %!100 % CH3CN in water,
12 mL/min), Rf = 0.32 (cyclohexane : ethyl acetate = 1 : 4). Orange
solid, mp 97–98 °C, yield 14 mg (25 %). Purity (HPLC, method 2):
93.6 % (tR = 21.2 min). C47H47BF2N6O5 (Mr = 824.7). 1H NMR (600 MHz,
DMSO-d6): δ (ppm) = 1.37 (s, 6H, 1-CH3, 7-CH3(indacene)), 2.42 (s, 6H, 3-
CH3, 5-CH3(indacene)), 2.79 (s, 3H, OCH3) 3.72–3.82 (m, 2H, OCH2CH2N),
3.91 (t, J= 5.2 Hz, 2H, OCH2CH2O), 4.10–4.13 (m, 2H, OCH2CH2N),
4.59 (t, J= 5.2 Hz, 2H, OCH2CH2O), 5.11 (s, 2H, aryl-CH2O), 6.11 (s, 2H,
2-CH, 6-CH(indacene)), 6.62 (bs, 1H, NH2), 6.96 (d, J= 9.0 Hz, 2H, 2-H, 6-
H(OPh)), 7.04–7.12 (m, 6H, 3-H, 5-H(OPh), 3-H, 5-H(FPh) 3-H, 5-H(dye-Ph)),
7.13–7.24 (m, 7H, 2-H, 6-H (dye-Ph), 2-H, 6-H(Ph), 2-H, 6-H (FPh), 4-H (Ph)),
7.25–7.34 (m, 2H, 3-H, 5-H(Ph)), 7.52 (bs, 1H, NH2), 8.23 (s, 1H,
CH(triazole)).

13C NMR (151 MHz, DMSO-d6): δ (ppm) = 14.0–14.3 (4 C, 1-
CH3, 3-CH3, 5-CH3, 7-CH3(indacene), 48.4 (d, J= 6.5 Hz, 1 C, OCH3), 49.3
(1 C, OCH2CH2O), 61.1 (1 C, aryl-CH2O), 65.9 (1 C, CCONH2), 67.0 (1 C,
OCH2CH2N), 68.6 (1 C, OCH2CH2N), 68.8 (C1, OCH2CH2O), 113.8 (2 C,
C-2, C-6(OPh)), 114.2 (d, J= 21.2 Hz, 2 C, C-3, C-5(FPh)), 115.1 (d, J =

11.0 Hz, 2 C, C-3, C-5 (dye-Ph)), 121.0 (2 C, C-2, C-6 (indacene)), 124.9 (1 C,
C-5(triazole)), 126.5 (d, J = 3.9 Hz, 1 C, C-8(indacene)), 127.7 (1 C, 4-C(Ph)),
129.2 (d, J = 2.7 Hz, 2 C, C-2, C-6(dye-Ph)), 129.9 (2 C, C-2, C-6(Ph)), 131.2
(2 C,C-3,C-5(OPh)),131.9 (2 C, C-7a, C-8a(indacene)), 132.0 (d, J= 8.0 Hz,
2 C, C-2, C-6(FPh)), 136.0 (1 C,C-4(OPh)), 140.4 (d, J= 3.0 Hz, 1 C, C-1(FPh)),
141.6 (1 C, C-1(Ph)), 141.9 (2 C, C-1, C-7(indacene)), 142.5 (1 C, C-4(triazole)),
144.0 (1 C, C-1(Ph)), 154.6 (2 C, C-3, C-5(indacene)), 156.5 (1 C, C-1(OPh)),
158.9 (1 C, C-4(dye-Ph)), 160.6 (d, J= 243.8 Hz, 1 C, C-4(FPh)), 174.2 (1 C,
CONH2). Exact mass (ESI): (m/z) = 793.3467 (calcd. 793.3480 for
C46H44BF3N6O4 [M-OMe]+). IR (neat): v˜ (cm� 1) = 3483 (CON� H), 2927
(C� H, aliph), 1678 (C=O), 1605 (C=C), 1543 (C=C, arom), 1504 (C=C,
arom), 1242 (C� O).

Materials for cell staining

10 mM stock solutions of 9a and 9b were prepared in a glass vial
with DMSO as solvent. The staining solutions of 9a and 9b (10 μM)
were obtained by diluting the stock solutions with phosphate

buffered saline (PBS, 1 : 1000) in a microcentrifuge tube (Eppen-
dorf®) and dissolving the precipitate by using a Vortex (Scientific®)
for 5 min.

Cell culture and staining

Cell culture. We used the non-small lung adenocarcinoma cell line
A549-3R. The suffix “3R” refers to the repeated process of intra-
venous administration of parental cells (also initially “0R”) into
immunocompromised mice to select for tumor cells with high
metastatic potential.[25,41,42] A549-3R cells overexpress KCa3.1 chan-
nels and thus are suitable for corresponding staining experiments.[7]

The cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 4.5 g/L glucose and supplemented with 10 % fetal calf
serum (FCS Superior) at 37 °C and 5 % carbon dioxide (CO2) in cell
culture dishes (Ø = 10 cm). For experiments, approximately 20.000
cells were seeded on glass bottom dishes coated with 0.1 % poly-L-
lysine (30 min, room temperature) and washed with Dulbecco’s
Phosphate Buffered Saline (PBS). DMEM (1 mL) was added to each
dish and the cells were incubated overnight at 37 °C and 5 % CO2

prior to the experiments.

Staining protocols. For each experiment, the medium was removed
and the cells were washed three times with PBS and fixed with
3.5 % paraformaldehyde (PFA) in PBS for 30 min at room temper-
ature. Then, the cells were washed three times with PBS at room
temperature and kept for 10 min in PBS supplemented with
100 mmol/L glycine and washed again three times. Thereafter,
staining with senicapoc BODIPY conjugates 9 was performed:

Protocol 1: The staining solution (100 μL) of 9a or 9b (10 μM in PBS)
was pipetted into the glass bottom dish so that all cells were
covered. The NSCLC cells were incubated in a humidified dark
chamber for 20 min. After washing the cells five times with PBS,
PBS (200 μL) was added to the glass bottom dish, which was used
for fluorescence microscopy.

Protocol 2 (blocking experiment): 100 μL of a senicapoc solution
(30 μM in PBS) was added to a glass bottom dish and incubated for
5 min. After washing with PBS once, 200 μL of a mixture of the
staining solution containing the senicapoc BODIPY conjugate 9a or
9b (100 μL) and the senicapoc solution (100 μL) were added to the
dish and incubated for 20 min in a dark chamber. After washing
five times with PBS and adding 100 μL PBS, the glass bottom dish
was used for fluorescence microscopy.

Molecular modelling

The same workflow as already described by Brommel et al.[41] was
used. The available cryo-EM structure of KCa3.1 channel[43] was
protonated at pH 7.4 and refined by adjusting and adding missing
residues and loop segments. The final structure was inspected
visually afterwards. Initially, a docking study of senicapoc was
carried out using the docking software GOLD[51] with standard
settings as described in ref.[41]. Afterwards, the BODIPY labelled
derivatives 9a and 9b were modelled along the pore and
minimized afterwards. The BODIPY is ~ 11.60 Å long and was
designed to perfectly accommodate the length of the pore,
allowing the fluorescent label to lay in the lower pore of the
channel. The Amber10 : EHT parameters and AM1-BCC[52] partial
charges for small molecules were used with MOE in the modelling
process.
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Supporting Information

The Supporting Information contains detailed information about
the synthesis of benzaldehyde 10, thin-layer chromatography,
photophysical characterization, and 1H and 13C NMR spectra.
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Highly aggressive human tumors use
the Ca2 + activated K+ channel KCa3.1.
for key processes of the metastatic
cascade. Imaging of the KCa3.1
channel in vitro and in vivo represents
a valuable diagnostic and prognostic

tool. A 18-fluorine labeled senicapoc-
based PET tracer showed promising
imaging properties in vivo. The
senicapoc-BODIPY conjugate shown
in the figure allowed labeling of
single KCa3.1 channels in vitro.
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