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Xiangxing Kong, Fengyu Su, Ligiang Zhang, Jordan Yaron, Fred Lee, Zhengwei Shi,

Yanqing Tian,* and Deirdre R. Meldrum*

Abstract: Regulation of intracellular potassium (K*) concen-
tration plays a key role in metabolic processes. So far, only
a few intracellular K* sensors have been developed. The highly
selective fluorescent K+ sensor KS6 for monitoring K™ ion
dynamics in mitochondria was produced by coupling triphe-
nylphosphonium, borondipyrromethene (BODIPY), and tri-
azacryptand (TAC). KS6 shows a good response to K" in the
range 30-500 mw, a large dynamic range (F,,,/F,~ 130), high
brightness (¢oy=14.4% at 150 mm of K*), and insensitivity to
both pH in the range 5.5-9.0 and other metal ions under
physiological conditions. Colocalization tests of KS6 with
MitoTracker Green confirmed its predominant localization in
the mitochondria of HeLa and US7TMG cells. K* efflux/influx
in the mitochondria was observed upon stimulation with
ionophores, nigericin, or ionomycin. KS6 is thus a highly
selective semiquantitative K sensor suitable for the study of
mitochondrial potassium flux in live cells.

P otassium channels (KCh) are a class of transmembrane
proteins, with about 90 human genes coding for the principle
subunits.'! They are involved in many physiological functions,
such as cell proliferation, growth, and apoptosis.”) By opening
or blocking KCh to adjust the K* concentration in cellular
organelles, the cell can control its membrane potential,
contribute to cardiac action potentials and neurotransmitter
release, and alter many critical biological functions.”! Recent
research found that KCh is a potential pharmacological target
in cancer, autoimmune disease, cardioprotection, and diabe-
tes.! Typical research tools for studying KCh include:
1) patch-clamp techniques,” 2) fluxOR™ assay method with
TI* ions and corresponding fluorescent probes,© and 3) the
Rb* ion method.”" These methods are well-developed for
high-throughput screening of drugs with certain type of KCh,
but they have limitations for understanding the relationships
in multifactor cellular signaling pathways. Owing to the lack
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of fluorescent potassium sensors, most research on KCh
makes use of indirect experimental methods, which leave lots
of uncertainty in terms of the research conclusions.””! Recent
research has demonstrated that K* flux through the inner
mitochondrial membrane has a significant effect on insulin
secretion,”’] inflammasome formation,'”! and apoptosis.'!
The development of a mitochondria-targeting K* sensor is
critical for the investigation of K'-related mitochondrial
signaling, analysis of metabolism at the single-cell level, and
screening of new drugs.!"”

An ideal intracellular K* sensor should have a large
dynamic range compatible with the intracellular concentra-
tions of K* (130-460 mw in different cell compartments!™), as
well as insensitivity to pH and competing Na* (5-15 mM in
intracellular fluid; ca. 145 mwm in extracellular fluid) and other
metal ions at physiological concentrations."” The best-known
K* sensors for molecular biology studies, K™-binding benzo-
furan isophthalate (PBFI) and its cell-permeable form
bis(acetyloxymethyl) esterized PBFI (PBFI-AM), suffer
from poor selectivity against Na*.'’! In 2003, He etal.
discovered a fluorescent extracellular K* sensor based on
a highly selective triazacryptand (TAC) ligand, which features
an excellent selective response to K over Na*.['! More
recently, the Verkman group!” and our group!® have
developed several fluorescent K* sensors based on the TAC
ligand. By linking TAC to different positions of BODIPY, two
different K* ion sensors were reported.'”*' The fluorescent
K" ion sensor based on 3-styrylated BODIPY reported by
Hirata et al. demonstrated a large apparent disassociation
constant (K, 53 mm) from the spectroscopic data obtained in
a mixed solution of HEPES (pH 7.0)/MeCN (60:40); no
in vivo cell imaging is available. As far as we know, these
sensors are unsuitable for mitochondrial K* sensing.

We report herein a mitochondria-targeting K* sensor
produced by attaching a lipophilic triphenylphosphonium
cation (TPP") to TAC-modified 3-styrylated BODIPY. TPP*
has been used as a mitochondria-targeting moiety because of
its accumulation in the mitochondrial matrix.”” Scheme 1
shows the synthetic route to the KS6 sensor. [6-(4-Formyl-
phenoxy)hexyl]triphenylphosphonium bromide (2) was pre-
pared through the reaction of 6-bromohexyloxybenzo-alde-
hyde with PPh; in ethanol. The TPP*-containing BODIPY (3)
was synthesized by reacting 2 with 2,4-dimethylpyrrole in
a reaction catalyzed by trace amounts of trifluoroacetic acid
in anhydrous dichloromethane, followed by oxidization with
p-chloranil and treatment with BF;-OEt, and triethylamine.
KS6 was obtained through condensation of 3 with TAC-CHO
in benzene with piperidinium acetate as the catalyst. The
structures of KS6 and intermediate 3 were characterized by
'HNMR and high-resolution mass spectroscopy (see the
Supporting Information). KS6 is soluble in organic solvents

Wiley Online Library

die

Chemie

12053


http://dx.doi.org/10.1002/ange.201506038
http://dx.doi.org/10.1002/anie.201506038
http://dx.doi.org/10.1002/anie.201506038
http://dx.doi.org/10.1002/anie.201506038

12054 www.angewandte.org

Angewandte

Communications

o ® @j N
PPh PhsP(CH,)e0 —_H 5
Br(CHz)eo@ L B 4 TFA, CH,Cly
H EtOH, reflux Br

1 2

TAC-CHO
HAc, piperidine, benzene

p-chloranil

R —
BF;0Et, TEA

®
PhzP(CH3)s0O
Br

®
O(CH;)sPPh3 Br

ol L4
wo ) ﬂg/o\jéj
o J o J

weakly fluorescent state strongly fluorescent state

Scheme 1. Synthetic route to KS6 and its response to K.

such as DMSO, CH,Cl,, and chloroform, but is insoluble in
water.

To avoid using any organic solvent in the KS6 titration, we
dispersed KS6 (1.0mm in DMSO) into three aqueous
solutions [Tris HCl buffer (5mwm); KS6 (5um), pH 7.4]
containing different surfactants: sodium dodecylsulfate
(SDS), Pluronic F127, and centrimonium bromide (CTAB),
with the surfactant concentrations below their critical micelle
concentrations. Adding KCl stock solution (4.0 M) into KS6 in
SDS solution led to the formation of a white precipitate, thus
making it unsuitable for titration. For KS6 in Pluronic F127
aqueous solution, it takes about 5-6 min for the fluorescence
intensity to reach the maximum (or equilibrium) state
(Figure S1IA in the Supporting Information). The slow
response might be caused by competition for K* binding
between KS6 and Pluronic F127, which has a similar
[OCH,CH,] unit to that of KS6. The titration of KS6 in
CTAB solution reaches equilibrium in 10s after simply
shaking the solution (Figure S1B), therefore CTAB was
selected for further experiments.

Figure 1 shows the titration result for KS6 (5.0 um) carried
out in Tris/HCI buffer (pH 7.4, 10 mm)/CTAB (0.5 mm) with
KCI concentrations from 5 to 800 mm. KS6 without K*
binding has a maximum absorbance peak at 582 nm in
aqueous solution and an extinction coefficient of 2.5x
10*m 'ecm ™! (Figure S2A). Upon binding K* ions (0.8M), the
maximum absorbance peak is blue-shifted to 567 nm, with an
extinction coefficient of 3.05x10*m 'ecm !. KS6 showed
a very weak fluorescence peak at 572 nm in its free form
and a quantum vyield (¢;) as low as 0.7% when using
rhodamine 101 in ethanol (¢;=1.0) as a reference.”!! The
fluorescence peak at 572 nm increased by 1.3- and 57-fold at
K" concentrations of 5 mM and 150 mwm (typical extracellular
and intracellular K* concentrations), respectively, which
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Figure 1. Fluorescence spectra for KS6 (5.0 um) in Tris buffer (pH 7.4,
5 mm)/CTAB (0.50 mm) containing different concentrations of KCl
(Aex: 540 nm). The inset shows F/Fy at 572 nm vs. [K']. F, is the
intensity before adding K* ions. F is the intensity at various concen-
trations of K* ions.

corresponds to ¢; values of 1.0% and 14.4 %. The excitation
spectrum of the KS6-K* complex showed a maximum peak at
565 nm and a shoulder peak at 527 nm (Figure S2B). The
emission spectrum of the KS6-K* complex showed a max-
imum peak at 572 nm and a broad shoulder peak from 600 to
690 nm. Theoretical calculations of K, by using either the
linear Benesi-Hildebrand equation or Hill plot failed,*
which might be caused by the high ionic strength and the
presence of surfactant in the solution. From the F/F, vs.
log[K*] plot, we found that KS6 is suitable for monitoring K*
between 30 mm and 500 mm. We suggest a [K*]. concentration
of [ Fyax—Fy] (ca. 170 mm) to be used to compare to the K, of
other K" sensors.

For fluorescent sensors with a mechanism involving
photoinduced charge transfer, the fluorescence quantum
yields often decrease with increasing solvent polarity, and
effect that has also been observed in BODIPY fluoro-
phores.™! To clarify the sensing mechanism of the KS6
sensor, a NaCl aqueous solution (4.0M) was used to titrate the
KS6 for comparison. Unlike titration with KCI, no UV/Vis
spectral change was observed during the titration (Fig-
ure S3A). The fluorescence band in the range of 600-
700 nm increased with an increase in the concentration of
Na' up to 0.80m (Figure S3B). At a Na" concentration of
approximately 150 mMm, which is close to the extracellular
concentration of Na*, the increase in fluorescence intensity
caused by the ionic strength effect can be omitted (Fig-
ure S3C), thus indicating that the response of KS6 is mainly
due to the binding of the K* ions and not its dispersion in the
less polar CTAB phase at a high ionic strength.

The fluorescence intensity of the KS6 sensor is independ-
ent of pH in the range of 5.5-9.0 (Figure 2 A). It started to
decrease when the pH value of the buffer solution decreased
from 5.5 to 4.0. The pH value in mitochondria (ca. pH 8)
would not reach such low levels in live cells; thus it doesn’t
affect the application of KS6 in mitochondria The selectivity
of KS6 was also tested against physiological levels of the
following metal ions: Na*, Ca®", Mg?", Fe*', Fe*", Zn*', Mn*",
and Cu®*" (Figure 2B), as well as H,0, (100 mm), and no
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Figure 2. A) Fluorescence intensity of KS6 (5 mwm) in different Britton—
Robinson buffer solutions (0.5 mm CTAB) at different pH values and
containing no KCl, 10 mm of KCl, or 150 mm of KCI. B) Fluorescence
intensity of KS6 (5 mm KS6, 0.5 mm CTAB) samples containing only
sensor (black), metal ions (red), metal ions and 5 mm KCl (green),
and metal ions and 150 mm KCI (blue).

significant effects were observed. Therefore, KS6 demon-
strates high selectivity for K* in an ambient cell environment,
and good chemical stability to H,O,, thus indicating its
suitability for monitoring the concentration change of K" in
intracellular environments.

The cytotoxicity of KS6 towards human HeLa cells was
investigated by using the MTT assay. At a concentration of
3 uMm of KS6, more than 90% of the cells were viable after
incubation with the sensor for 3 h (Figure S4). At a lower
concentration of 1 um of KS6, more than 95% of the cells
were viable after 15 h. In both cases, KS6 can be used for cell
imaging owing to its large absorption coefficient and high
fluorescent quantum yield after binding to K ions. A
colocalization assay was carried out with the mitochondrial
dye MitoTracker® Green FM and KS6 in HeLa cells
(Figure 3). The Pearson’s correlation coefficient and Man-

Figure 3. Confocal fluorescence microscope images of Hela cells co-
stained with KS6 (2 um) and MitoTracker® Green FM. A) Red emission
from KS6; B) green emission from MitoTracker® Green; C) overlay of
MitoTracker Green, KS6, and bright-field images.

der’s overlap coefficient were 0.89 and 0.94, respectively, thus
indicating that KS6 is predominantly localized to the mito-
chondria of live cells.*”! Similar colocalization was observed
in US7TMG cells.

To monitor the mitochondrial K" concentration change
under stimulation, HeL a cells, which had been incubated with
KS6 (2 um) for 10 min, were treated with the ionophore
ionomycin (10 pm) at 37°C. Fast efflux of mitochondrial K*
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Figure 4. Time-dependent confocal fluorescence microscopy imaging
of KS6-stained Hela cells stimulated with ionomycin at t=0 (before
the addition of ionomycin) and t=0.75, 1, 2, 10 min after adding
ionomycin (20 um final concentration) into culture medium containing
20 mwm of KCl. The average fluorescence intensity ratios as measured
by Image | are shown in the graph. F; is the average fluorescence
intensity at t=0 min; F is the average fluorescence intensity at a given
time point.

within 2 min was indicated by a decrease in fluorescence
intensity (Figure 4). Control experiments without ionomycin
stimulation showed no obvious fluorescence intensity change
in culture medium containing either 20 or 200 mm KCI,
respectively (Figure S5A,B).

Influx and then efflux of K" in mitochondria was observed
in HeLa cells after stimulation with another ionophore,
nigericin (10 pum), in a cell-culture medium containing 200 mm
of KCI (Figure S6). Within 30s, the average fluorescence
intensity of cells increased by 60 %, thus indicating influx of
K™ into the mitochondria. After 2 min, potassium efflux from
the mitochondria was indicated by a decrease in fluorescence
intensity. The final intensity after stabilization for 10 min was
40% above that before stimulation by nigericin.

U87MG cells can physiologically act as a K* buffer to
remove excess potassium.”! In contrast to HeLa cells, simple
treatment of US7MG cells with a cell-culture medium
containing 20 mm of KCI caused a slow decrease in fluores-
cence intensity to 74 % in 12 min. When the concentration of
KCI in the medium increased to 200 mmM, the fluorescence
intensity from the US87MG cells first jumped to 50 % above
the value measured before the treatment and the slowly
decreased to its original state (Figure S7). Stimulating
U8TMG cells with ionomycin (10 um) in a cell-culture
medium caused the fluorescence intensity to decrease to
59 % in the mitochondria within 2 min, and it finally reached
30% of its original intensity after 10 min, thus indicating K*
efflux from the mitochondria (Figure S8).

K" influx/efflux was also observed when KS6-internalized
U87MG cells were treated with nigericin (20 um) in the
presence of 200 mM of KCIl. Within 30s, the fluorescence
intensity in the U87TMG cells increased by 250% (Figure 5).
After reaching the fluorescence maximum, the fluorescence
intensity started to decrease and decayed to 75% of the
maximum value, thus indicating efflux of K" ions from the
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Figure 5. Time-dependent confocal fluorescence microscopy imaging
of KS6-stained U87MG cells stimulated with nigericin at t=0 (before
the addition of nigericin) and t=0.5, 1, 5, 15 min after adding
nigericin (20 um final concentration) into culture medium containing
200 mm of KCI.

mitochondria. The rapid influx of K* ions might be caused by
nigericin-facilitated diffusion of K* ions into the mitochon-
dria under the influence of the transmembrane potential.

Carbonyl cyanide m-chlorophenylhydrazone (CCCP),
one of the OXPHOS uncouplers that works as a proton
transmembrane carrier,? was used as a typical stimulator to
study mitochondrial K* ion flux.””! Both HeLa and US7MG
cell lines were used to dynamically detect the potassium flux
in mitochondrial matrix in response to changes in membrane
potential induced by CCCP. Cells incubated with 1 pm of KS6
for 30 min were treated with different concentrations of
CCCP (0, 10, and 40 pm). No fluorescence intensity change
was observed without CCCP treatment, whereas the fluores-
cence intensity of KS6 in mitochondria dropped about 50 % in
U87MG cells and 20% in HeLa cells depending on CCCP
concentration, thus demonstrating the different behaviors of
different cell lines (Figure S9 and S10) in response to
stimulation.

In summary, we have developed KS6, a predominantly
mitochondria-targeted K" sensor that selectively responds to
K* with a 130-fold florescence enhancement, (at a K*
concentration of 0.8M) and a dynamic range with respect to
K" ion concentration of 30-500 mM. The presence of the
triphenylphosphonium group in KS6 enables its localization
to the mitochondria, thus making it the first mitochondria-
specific K" sensor. We have demonstrated that KS6 is a useful
tool for monitoring mitochondrial K* flux (both influx and
efflux) under various stimulation conditions, although this is
not yet quantitative. We believe that KS6 has potential
applications in the investigation of many potassium related
biological processes, especially in single-cell analysis, drug
screening, and studies of the inflammatory response
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