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Mitoechondria-Targeting Fluorescent Potassium™ Senser

and Method of Making the Same

CROSS-REFERENCE TO RELATED APPLICATIONS
100601} This application claims priority from the U.S. Provisional Patent Application No.
62/363,148 filed on July 15, 2016, the disclosure of which is incorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
18662} This invention was made with government support under P50 HG002360 and
U0l CA164250 awarded by the National Institutes of Health. The government has

certain rights in the invention.

BACKGROUND

[0001] Potassium channels (KCh) belong to a class of transmembrane proteins with
more than 100 genes coding for the principle subunits. KCh are involved in many
physiological functions, such as cell proliferation, growth, apoptosis, reactive oxygen
species creation, inflammsome formation, and insulin secretion. By opening or blocking
KCh and thus adjusting the potassium-ion concentration in cellular organelles, a cell can
control  cell-membrane potential, contribute to cardiac action potentials and
neurotransmitter release, and affect various critical biological functions. It has been
recently determined that KCh i3 a potential pharmacological target in treating cancer,
autoimmune disease, neuroprotection, cardioprotection, and diabetes.

[0002] Typical research tools for KCh study include a patch-clamp technique, a
fluxOR™ assay method using T1" ion and corresponding fluorescent probes, and a Rb*
ion method. While these methods have been demonstrated to be useful for high-
throughput screening of drugs with a certain type of potassium channels, related art is
timited in understanding of the relationship(s) in a multi-factor pathway in the cell. Due

to the lack of fluorescent potassium sensors targeting mitochondria, most research on
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mitochondrial KCh uses indirect experimental methods, leaving lots of uncertainty in the
research conclusion,

[0003] Recent research demonstrated that K© flux through the inner mitochondrial
membrane had a significant effect in insulin secretion, inflammasome formation, and cell
apoptosis. Development of a mitochondria-targeting K7 sensor is critical in investigation
of the potassium-related mitochondrial signaling processes and the pathway of the

disease, including single cell metabolic analysis, cancer studies, and new drug screening,

SUMMARY

10004} Embodiments of the present disclosure provide a potassium-sensing compound,
interchangeably referred to as a potassiumn sensor, and methods for forming one
embodiment of said compound. This potassium-sensing compound is highly selective for
monitoring potassium (K7} ion dynamics in mitochondria.  The disclosed potassium
sensor 1s characterized by sensing a range of the potassium concentration between about
30 mM and about 500 mM. In a specific implementation, when this potassium sensor i
exposed to potassium concentrations, it demonstrates a large, a 130-fold dynamic range
in response {at a K~ concentration of 0.8 M), Additionally, the fluorescence intensity of
said potassium sensor increases 1.3 fold at a wavelength of light of about 572 nm when
said compound is exposed to a concentration of potassium at about S mM and increases
57 fold at a wavelength of light of about 572 nm when said compound is exposed to a
concentration of potassium at about 150 mM.

[0005] In certain embodiments, the mitochondria-targeting potassium  sensor s
insensitive to cellular pH values and/or concentrations (mM) of ions of other metal that
are typical in normal and healthy cells. The potassium sensor produces fluorescence
intensity that is independent from a cellular pH value within a range from about 3.5 to
about 9. In certain embodiments, the potassium sensor produces tluorescence intensity
independent from intracellular concentration of other ions, such as, Na*, Ca¥*, Mg?", Fe¥*,
Fe** Zn™, Mn*", and Cu®", at a concentration from about 50uM to about 15mM.

[0006] Embodiments of a method for producing one embodiment of the rttochondrnia-
targeting potassium sensor include a step of reacting between 4-(0-Bromohexyloxy)-

benzaldehyde and triphenylphosphine to obtain a first solid; a step of reacting the furst
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solid and 2 4-dimethylpyrrole  in dichloromethane in the presence of calatlytic
trifluorcacetic acid; optionally followed by oxidation with p-chlorani] (or 2,3-Enchloro-
5 o-dicvano-p-benzoquinone, DDQ), triethylamine, and boron trifluoride diethyl etherate
{(BF;0EM), as well as a step of purification with the use of silica chromatography to
obtain a second solid. An embodiment may further include refluxing the so-procured
second solid with TAC-CHO in a benzene, by using piperidine-acetic acid as catalyst,

followed by purtfication with the use of silica chromatography to obtain the sensor.

BRIEF DESCRIPTION OF DRAWINGS
106007} The idea of the present technology is better understood with reference to the
following generally not-to-scale Drawings, of which:
[0008] Fig. 1A presents fluorescence spectra of KS6 (5.0 uM} in Tris butter (pH=74, 5
mM)/CTAB (0.50 mM) with different KCl concentrations, (Aex: 340 nm);
[6009] Fig. 1B shows a plot of normalized intensity F/Fo at 572 nm as a function of [K'].
Fo is the intensity before adding K™ jons. F is defined as the intensity determined at
various concentrations of K™ ions;
0018} Fig. 2A shows the plots of fluorescence intensities of K86 (5 M) in different pH
Britton-Robiuson bufter solution ({CTAB: 0.5 mM) containing no KCL, 10 M KCl, and
150 mM KCl, respectively;
[0011] Fig. 2B Fluorescence intensities of K86 (5 uM K86 in CTAB: 0.5 mM)
containing only sensor {column 210}, adding metal ions (column 220), adding both metal
tons and 5 mM Kl (column 230}, and metal tons and 150 mM KCI (column 240},
10012} Figs. 3A, 3B, 3C present fluorescence images, formed with the use of a confocal
microscope, of KS6 (2 uM) in Hel.a cells co-stained with MitoTracker® Green FM. Fig.
3A illustrates red emission from KS6; Fig. 3B provides a representation of green
emission from MitoTracker® Green; and Fig. 3C shows an overlay of MitoTracker
Green, K.S6 and bright-field images;
[0013] Figs. 4A, 4B, 4C, 4D, and 4E shows time-dependent fluorescence images of K86-
stained Hela cells stimulated by ionomycin observed under confocal fluorescence
microscope: t = 0 (before the addition of tonomyciny;, t = 0.75, 1, 2, 10 min, respectively,

K

after adding ionomycin (20 pM final concentration} into the culture medium containing

3
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20 mM of KCl Fig. 4F shows the average fluorescence intensity ratios as measured by
Image I Fo is the average fluorescence iotensity at =0 min; F is the average
fluorescence intensity at other times;

16614} Figs. SA, 5B, SC, 5D, and SE presents time-dependent fluorescence images of
KSo-stained UBTMG cells stimulated by nigericin observed under confocal fluorescence
microscope: t = O (before the addition of nigericiny, t = 0.5, 1, 5, 15 min, respectively,
after adding nigericin (20 pM final concentration) into the culture medium containing
200 mM of KCl; Fig. 5F shows the average fluorescence intensity ratios as measured by
Image J.

[6015] Fig 6A illustrates an '"H NMR spectrum of TAC-CHO in CDCls;

[0016] Fig 6B illustrates an 'H NMR spectrum of compound 3 in CDCls;

6017} Fig. 6C shows a high resolution-mass spectium (procured with the APCI
ionization method) of compound 3;

[6018] Fig 6D illustrates an 'H NMR spectrum of K86 in CDCl3;

[0019] Fig. 6E presents a high resolution mass spectrum (acquired with the ESI
tonization method) of K86 {discussed below};

10020} Fig. 7A provides UV-Vis absorption spectra of K86 during the titration in Tris
buffer (pH = 7.4, 5.0 mMYCTAB (0.5 mM) solution from 0 mM 16 0.80 M K7,

[0021] Fig. 7B shows excitation and emission spectra of K86 in Tris bufter (pH = 7.4;
5.0 mMYCTAB (0.5 mM) solution containing 0.80 M KCl,

[6022] Fig. 8A shows UV-Vis spectra of K86 during the titration in Tris/HCI buffer (pH
=7 4; 50 mMY/CTAB (0.5 mM) solution from 0.00 M to 0.80 M Na™;

[0023] Fig. 8B shows fluorescence spectra of K86 during the titration in Tris/HCI buffer
(pH=74; 50 mM)/CTAB {0.5 mM} solution from ¢.00 M to 0.80 M Na™;

[0024] Fig. 8C provides fluorescence spectra of K86 in Tris/HCL buffer (pH = 74, 5.0
mM)/CTAB (0.5 mM) solution, after adding in Na™ to make that the final concentration
of Na” is 150 mM; and followed by adding in K to make the final K" and Na™ are 150
mM;

[0025] Fig. 9 shows the results of the cell viability test of Hel.a cells, conducted using

the MTT assay for KS6 at different concentrations and times;
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[0026] Figs 10A and 10B illustrate time-dependent fluorescence images of Hela cells in
EMEM containing 10uM of ionomycin and 200 mM of K,

0027} Fig. 11 shows time-dependent fluorescence images of Hela cells in EMEM
containing 20 mM of KCI after stimulation with nigericin (10 uM);

[0028] Fig. 12 illustrate time-dependent fluorescence images of US7MG cells in EMEM
containing 20 roM of KCl1 (Top) and 200 M of KCl1 (Bottom) without stimulation;

[0029] Fig. 13 shows time-dependent fluorescence images of US7MG Cells in EMEM
containing 200 mM of KCI after stimulation with ionomycin (20 uM);

0030} Fig. 14 shows typical time dependent fluorescence images of US7MG cells under
the stimulation of 40 uM CCCP from 0 to 10 minutes. The plot at the right bottom shows
the intensity ratio changes under different CCCP concentrations. Fo is the average
intensity at time of 0; F is the average intensity at various time; and

[0031] Fig. 15 illustrates typical time-dependent fluorescence images of Hel.a cells under
the stimulation of 40 uM CCCP trom 0 to 10 munutes. The plot at the right bottom shows
the intensity ratio changes under different CCCP concentrations. Fo is the average

intensity at time of O, F is the average intensity at various fimes.

DESCRIPTION

[6032] Embodiments of the technology solve the issue of monitoring potassium ion
levels 1n mitochondria of a living cell by providing a mitochoundria-targeting potassium
Sensor.

{0033} This technology is described with examples referring to the Figures, in which like
numbers represent the same or similar elements. Reference throughout this specification
to “one embodiment,” “an embodiment,” or similar language means that a particular
feature, structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the present technology. Thus, appearances of the
phrases “in one embodiment,” “in an embodiment,” and similar language throughout this
spectfication may, but do not necessarily, all refer to the same embodiment.

10634} The described features, structures, or characteristics of the embodiments may be

combined in any suitable manner in one or more embodiments. In the following
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description, numerous specific details are recited to provide a thorough understanding of
the embodiments. One skilled in the relevant art will recognize, however, that the
technology may be practiced without one or more of the specific details, or with other
methods, components, materials, and so forth. In other instances, well-known structures,
materials, or operations are not shown or described in detail to avoid obscuring aspects of
the technology.

[8035] For the terms “for example” and “such as,” and grammatical equivalents thereof,
the phrase “and without himitation” is understood to follow unless explicitly stated
otherwise. As used herein, the term “about,” when used in combination with a specific
numerical value representing a physical characteristic, is defined to account for and
include a variation or deviation from such numerical value that 1s typically encountered
in related art when performing a measurement of the physical characteristic in question
with the use of a described technique. Numerical result of any measurement disclosed
below i3 understood to be modified by the term “about,” whether or not the term is
explicitly used and unless explicitly stated otherwise.

[60836] The term “salt” refers to any ionic form of a compound and one or more counter-
tonic species (cations and/or antons). The term “salt” additionally includes zwitterionic
compounds {i.e, a molecule containing one more cationic and anionic species, e.g.,
rwitterionic aming acids).  Counter ions present in a salt can include any cationic,
anionic, ot zwitterionic species. Examples of anions ionclude, but are not limited to:
chloride, bromide, iodide, nitrate, sulfate, bisulfate, sulfite, bisulfite, phosphate, acid
phosphate, perchlorate, chlorate, chlorite, hypochlorite, periodate, iodate, iodite,
hypotodite, carbonate, bicarbonate,  isonicotinate,  acetate, trichloroacetate,
trifluoroacetate, lactate, salicylate, citrate, tartrate, pantothenate, bitartrate, ascorbate,
succinate, maleate, gentisinate, fumarate, gluconate, glucaronate, saccharate, formate,
benzoate, glutamate, methanesulfonate, trifluormethansulfonate, ethanesulfonate,
benzensulfonate, p-toluenesulfonate, p-trifluoromethylbenzenesulfonate, hydroxide,
aluminates and borates. Examples of cations include, but are not limited to: monovalent
alkali, metal cations, such as lithium, sodium, potassium, and cesium, and divalent

alkaline earth metals, such as beryllium, magnesium, calcium, strontium, and barium.
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Also covered by this term are transition metal cations, such as gold, silver, copper and
zing, as well as non-metal cations, such as ammonium salts.

[0037] The termy “pharmaceutically acceptable” is used to refer to those compounds,
materials, compositions, and/or dosage forms which are, within the scope of sound
medical judgment, suitable for use in contact with the tissues of human beings and
animals without excessive toxicity, irritation, allergic response, or other problem or
complication, commensurate with a reasonable benefit/risk ratio.

16038} The scope of the present technology also includes pharmaceutically acceptable
salts of the compounds described herein.  As used herein, “pharmaceutically acceptable
salts” reters to dertvatives of the disclosed compounds wherein the parent compound is
modified by converting an existing acid or base moiety to its salt form. Exarples of
pharmaceutically acceptable salts include, but are not limited to, mineral or organic acid
salts of basic residues such as amines; alkali or organic salts of acidic residues such as
carboxvlic acids; and the like. The pharmaceutically acceptable salts of the present
technology include the conventional non-toxic salts of the parent compound formed, for
example, from non-toxic inorganic or organic acids. The pharmaceutically acceptable
salts of the present technology can be synthesized from the parent compound which
contains a basic or acidic moiety by conventional chemical methods. Generally, such
salts can be prepared by reacting the free acid or base forms of these compounds with a
stoichiometric amount of the appropriate base or acid in water or in an organic solvent, or
in a mixture of the two, generally, non-aqueous media like ether, ethyl acetate, alcohols
{e.g., methanol, ethanol, 1so-propanol, or butanol) or acetonitrile (ACN) are preferred.
Lists of suitable salts are found in Remington's Pharmaceutical Sciences, 17th ed., Mack
Publishing Company, Easton, Pa., 1985, p. 1418 and Jowrnal of Pharmaceutical Science,
66, 2 (1977), each of which is tncorporated herein by reference in ifs entirety.
Conventional methods for preparing salt forms are described, for example, in Handbook
of Pharmaceutical Salts: Properties, Selection, and Use, Wiley-VCH, 2002,

0639} The compounds described below, including salts of such compounds, can be
prepared using known organic synthesis technigues and can be synthesized according to

any of numerous possible synthetic routes.
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(0040} With respect to a mitochondria-targeting K™ sensor, in certain embodiments, the

sensor comprises a formula I

or a salt form thereof.
6041} In certain embodiments, a mitochoria-targeting moiety, Ry, which s

independently selected from the group consisting of
_ @
e

o

—{CHgln—H{CH

°
—{CHzR—MCH),

)
—{CHn R OHs
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or
—{CHz ) N( O;%y)z, wherein n is greater than about 1 and less than about 20,

Further, R, B3, Rq in formula (1) are independently selected from the group consisting of
H, CH;, CH:CHs; and Rz, Rs in formula (1) are independently selected from the group
consisting of H, CHs, CH:CH;, CO:H, CO:CHs, CO:Et, CH:CHCOOCH;,
CH.CHRCOOCHCHs, CH:CH2COOH, and 2-thiophene.

[0042] ln certain embodiments, the mitochondria-targeting K™ sensor is generated, by
attaching a mitochondria-targeting moiety to a flourophore, which is compatible with a
chosen mitochondria-targeting moiety and contains K™ binding ligand triazacryptand
(TAC). In some embodiments, a lipophilic triphenylphosphonium cation (TPP7) is used
as the mitochondnia-targetting moiety.  In some embodiments, 3-styrylated boron-
dipvrromethene (BODIPY) is used as the mitochondria-targeting moiety compatiable
flurophore (M. F. Ross, G F. Kelso, F. H. Blatkie, A. M. James, H. M. Cocheme, A,
Filipovska, T. Da Ros, T. R. Hurd, R. A, J. Smith, M. P. Murphy, Biochemistry-Moscow
2008, 70, 222-230; Q. L. Hu, M. Gao, G. X. Feng, B. Liu, dngew. Chem. Int. Fd. 2014,
53, 14225-14229; K. Krumova, L. E. Greene, . Cosa, J. Am. Chem. Soc. 2013, 133,
17135-17143; C. W. T. Leung, Y. N. Hong, 5. J. Chen, E. G. Zhao, J. W. Y. Lam, B. Z.
Tang, J. Am. Chem. Soc. 2013, 135, 62-65.).

{0043} The term “fluorophore” or “fluorophore motety” as used herein, by itself or as
part of another group, means a molecule or a portion of a molecule which exhibits
fluorescence (K. Rurack, M. Kolimannsberger, J. Daub, Angew. Chem. Int. Fd. 2001, 40,
385-387; M. Baruah, W. W. Qin, C. Flors, J. Hofkens, R. A L. Vallee, D Beljoune, M.
Van der Auweraer, W. M. De Borggraeve, N. Boens, J. Phyvs. Chem. 4 2006, 170, 5998-
6009.). In certain embodiments, a mitochondria-targeting moiety compatible fluorophore
can be utilized to synthesize different embodiments of mitochondria-targeting K sensors,

which can be described with the following non-limiting formulae:

9
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[6044] In one embodiment of the current disclosure, the mitochondna-targeting

potassium sensor {referred to as a KS6 sensor) has a structure comprising formula 1L

(0045} The structure of the KS6 is characterized by mass spectrometry, such as H NMR
and MALDI-TOF-mass spectra, and any other mass spectrometry technologies known to
a person having ordianry skill in the art. In certain embodiments, K86 is soluble in
organic solvents, such as DMSO, CH:Cly, chloroform, or any organic solvent known to a
person having ordianry skill in the art. In certain embodiments, K56 is insoluble in
water.

[0046] Referring to Figs. 1A and 1B, the titration of KS6 is carried out in agueous
solutions that do not contain any organic solvent. In certain embodiments, K86 solution,
dissolved in DMRSO, 15 dispersed 1o Tris/HCI buffer (pH about 7.4) containing
centrimonium bromide (CTAB) with the surfactant concentrations below their critical
micelle concentrations. The concentrations of KS6-DMSO solution and the Tris/HCl
bufter vary according to different experiement coditions. In certain embodiments, the

final concentration of K86 in the aqueous Tris/HCI-CTAB solution 1s about 5 pM.
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[0047] Further, referring to Figs. 1A and 7A, in certain embodiments, the potassium
concentration is within the range from about 5 to 800 mM and the emission spectrum of
KS6-K™ complex demonstrated a maximum peak at 572 nm and a broad shoulder peak
from 600 to 690 nm. Without binding any X7, in certain embodiments, KS6 has a
maximum absorbance peak at 582 nm in aqueous solution and an extinction coefficient of
25210 Mem™ (Fig. 7A). The extent to which a sample absorbs light depends upon the
wavelength of light. The wavelength at which a substance shows maximum absorbance is
called absorption maximum or Amax. In other embodiemnts, upon binding K (0.8 M), the
maximum absorbance peak blue-shifted to 567 nm with an extinction coefficient of
3.05210* M'em™. Further, KS6 demonstrated very weak fluorescence peak in its free
form at 572 nm, and a quanturn yield () as low as 0.7% using rhodamine 101 in ethanol
{(pe=1.0) as a standard. In one example, when the extracelular concentration of K7 is
about 5 mM, the fluorescence peak at 572 nm was empirically measured to increase
about 1.3 told, which corresponded to ¢r of 1.0%; and when the intracellular
concentration of K™ was about 150 mM, in ancther example, the fluorescence peak at 572
nm was increases about 57 fold, which corresponded to ¢r of 14.4%.

16048} Referring to Fig. 1B, KS6 is shown to be suitable for monitoring K' within a
range between 30 mM and 500 mM, based on the normalized values of intensities F/Fo as
a function of K*. Here, Fo is the intensity before adding K ions and F is the intensity at
various concentrations of K ions.

16049} Referring to Fig. 2A, in certain embodiments, KS6 sensor of the invention is
demonstrated to be independent of pH of the aqueous buffer solution in the range from
about 5.5 to about 9.0, which evidences the suitability of KS6 sensors, configured to an
emdbodiment, for targeting mitochondria (because the pH value tn mitochondria is
around 8 and more than likely does not decreases below 5.5). “About” as used herein is
to describe a difference of plus or minus 10% with respect to a stated value.

[0030] Referring to Fig. 2B, in certain embodiments, KS6 sensors demonstrated
selectivity towards postassium ions and chemical stability to HaOq, indicating its
capability to monitor the concentration change of K7 in intracellular environments. For

example, in the presence of 100 mM Hx0», the tfluoroscnece intenstity of the KS6 sensors

17
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dose not change. Fluorescense intenstity of a KS6 sensor of the disclosure did not change
when the K86 sensor was exposed to physiological concentrations mimicing intracelluar
environment of Na”, Ca*™, Mg"* Fe™" Fe**, Zn*", Mn?", and Cu®". KS6 sensor was
exposed to HoOz (100 mM) and no fluorescence intensity change was observed.

{0031} Referring to Figs. 8A, 88, and8(, the sensing mechanism of the K86 sensor was
turther tested and ruled out BODIPY fluorophores’s changes in fluorescence are not
caused by changes of the polarity of the solvent in the aguesou buffer solution. In certain
embodiments, a NaCl aqueous solution (4.0 M) was used to titrate the KS6 sensor for
comparison. Unlike in the case of titration with KCI, no UV-Vis specira change was
observed during the titration with NaCl (Fig. 8A). The fluorescence band in the range of
600-700 nm increased with the increase of the concentration of Na™ up to 0.80 M (Fig.
8B). Ata Na” concentration of about 150 mM, which is close to the extraceuliar
concentration of Na™ the increase of fluorescence intensity caused by the ionic strength
effect can be omitted (Fig. 8C), indicating that the respounse of K56 was mainly due to the
binding to the postassium 1ons, and not its dispersion in less polar CTAB phase at a hugh
tonic strength.

10052] Referring to Figs. 3A through 3C, K586 sensors were confirmed to mainly localize
in mitochondria of cells and are suitable for cell imaging. The cytotoxicity of K86 to
human HeLa cells was investigated using MTT assay. At a concentration of 3 uM of
K86, more than 90% of the cells were viable after internalization of the sensor in cells for
3 h (Fig 9). While at a lower concentration of 2 uM of K86, more than 80% of the cells
were viable after 15 h. In both cases, K86 can be used for cell imaging due to its large
absorption coefficient and high fluorescent quantum yield after binding K™ ion. A
colocalization assay was carried out with mitochondrial dye MitoTracker® Green FM
and KS6 in the Hel a cells (Figs. 3A-3C). The Pearson’s correlation coefficient and the
Mander’s overlap coefficient are 0.89 and 0.94, respectively, indicating that KS6 is
predominantly localized in the mitochondria of live cells (K. W. Dunn, M. M. Kamocka,
J.H McDonald, Am. J Physiol Cell Physiol 20811, 300, C723-C742.}.

[0633] Referring to Figs. 4A through 4F, 10A, 10B, 11, and 12, K56 sensors were shown

to be utilized to monitor influx and efflux of potassium ions in mitochondria. In certain

18
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embodiments, to monitor the mitochondrial K* concentration change under stimulation,
Hel.a cells internalized with K56 (2 uM) for 10 minutes were treated with an ionophore,
ionomycin (10 pM) at 37 °C. Fast efflux of mitochondrial K7 within 2 minutes was
observed by the decrease of fluorescence intensity (Figs. 4A through 4F). Control
experiments without ionomycin stimulation showed no obvious fluorescence intensity
change in culture medium containing either 20 or 200 mM KCI, respectively (Figs. 10A
and 10B).

[0054] Further, in other embodiments, the influx and then efflux of K7 in mitochondria
was chserved in Hela cells after stimulation with another tonophore, nigericin (10 pM)},
in a medium containing 200 mM of KCI (Fig. 11). Within a 30 second period of time,
the average fluorescent intensity of cells increased by 60%, indicating the influx of K" in
mitochondria. After 2 minutes lapsed, potassium efflux from mitochondria was observed
by the decrease of fluorescence intensity. The final intensity after stabilization for 10
minutes was 40% above that before stimulation by nigericin,

{00635} In addition, K806 sensors were demonstrated to possess the ability to monitor the
influx and then efflux of K in mitochondria in types of cells, which can physiologically
act as a K™ buffer to remove excess potassium. In certain embodiments, referring to Figs.
11 and 12, K" influx/efflux in USTMG cells were investigated with/without stimulation.
In comparison with Hel.a cells, a simple treatment of USTMG cells with a medium
containing 20 mM of KCl caused slow fluorescence intensity decrease to 74% in 12
minutes. When the concentration of Kl in the medium increased to 200 mM, the
fluorescence intensity from U8TMG cells first jumped 50% above that before the
treatment, and slowly decreased to its original state (Fig. 12). Stimulating US7TMG cells
with ionomyein (10 uM} in medium caused a fluorescence intensity decrease to 59%
from mitochondria within 2 minutes, and finally reached 30% of its original intensity in
the end, indicating the K eftlux from the mitochondria (Fig. 13).

18036} Referring to Figs. SA through 5F, K™ influx/efflux was alsc observed when KS6
internalized UB7TMG cells were treated with nigericin (20 upM) in the presence of 200
mM of KCl. Within 30 seconds after the treatment, the fluorescence intensity of UB7

cells increased by 250%. After reaching the thuorescence maximum, the fluorescence

19
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intensity started to decrease and decayed to 75% of the maximum value, indicating the
efflux of K™ ions from mitochondria. The quick influx of the K™ jons in mitochondria
might be caused by nigericin-facilitated diffusion of K™ ions into the mitochondrial under
transmemberane potential.

[0057] Another typical stimulator to study the tonic fluxes of mitochondria including
potassium ions 1s carbony! cyanide m-chlorophenyihydrazone (CCCP), which is one of
OXPHOS uncouplers working as proton transmembrane carrier. Two cell lines, Hel.a
and US7MG, were used in this research to dynamically detect the potassium fluxes in
mitochondrial matrix responding to membrane potential changes induced by CCCP. Cells
were incubated with 1 uM of KS6 for 30 minutes before two concentrations, t.e. 10 uM
and 40 pM, of CCCP were applied on these cells. No fluorescence intensity change was
observed without the CCCP treatment; whereas, compared to control experiment {no
CCCP treatment), luorescence intensities of K86 in mitochondria dropped about
maximum 50% in USTMG cells and 20% in Hel.a cells depending on CCCP
concentrations, showing the different behaviours of various cell lines (Figures 14 and 15)
to the stimulation.

10058} After the characterization of the K86 sensors, the following paragraphs describe
the process of synthesizing K56 sensors. In certain embodiments, compound 1 (4-(6-

Bromohexyloxy}-benzaldehyde), having a structure:

ts used, according to an embodiment, to synthesize compound 2 {(Jo-(4-

formylphenoxy }hexyljtriphenylphosphonium bromide) that has a structure:

. & N y
e
Br = H
2
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The synthesis scheme s shown below and turther described 1o example 1.
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Compound 2 is prepared by reaction of compound 1 in the presence of any reagent which
would achieve formation of compound 2. In certain embodiements, the reagent can be
triphenylphosphine in ethanol.

[6639] The TPP -containing BODIPY (compound 3), having a structure:

is also disclosed. Compound 3 is prepared by by reaction of 2 with any reagent that
would achetve formation of compound 3, in the presence of any catalysts that would
achieve catlyzing formation of compound 3, followed by oxidation with any reagents that
would achieve oxydation in this process, and treated with BF3-OEt: and triethylamine. In

certain embodiements, reagent 2,4-dimethylpyrrole is used herein, trifluoroacetic acid in
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anhydrous dichloromethane is used to catalyze, and p-chloranil is used to oxydize the

reaction. The synthesis scheme is shown below and further described in example 1.
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[8060] K56 15 obtained by condensation of compound 3 with TAC-CHO, which has a

structure:
\\>
-/
/ a /}\/\
// o) NQ/ h
VRN \\N ™ O\‘w
—_ |
/ N / b
° A o 9
Ohvg Ny
/ N\ Ve
N\ =V
)L
. ol N/
TAC-CHO ~ S

o
in any reagent that would acheive formation of K86 using any catalysts that would
achieve catlyzing formation of KS6. In certain embodiements, reagent benzene is used
herein and piperidinium acetate 1s used as the catalyst. In other embodiments, reagent

toluene 1s used instead of benzene.

EXAMBLES

Ixample 1 - Svnthesis of K56,

{0061} Synthesis of [6~(4-formylphenoxy hexylltriphenylphosphonium bromide (2): 4-
{(6-Bromohexyloxy)-benzaldehyde (2.85g, 10 mmol) and triphenyiphosphine (2.62g, 10
mmol} were added into a flask containing 30 mL of ethanol. The mixture was refluxed
for 24 h. After removal of solvent by vacuum rotavapor, the remaining solid was purified
by silica flash column chromatography with gradient solvent from CHxCh to
CH2CL/MeOH (viv = 9/1). 3.83 g of white solid was obtained, yield: 70%. 'H NMR
(CDCls, o) (ppm): 9.84 (s, 1H, CHO), 7.88-7.79 (m, 6H, Ar-H), 7.76-7.66 (m, 5H, Ar-H),
7.68 (m, 6H, Ar-H), 6.93 (ZH, Ar-H), 400 (t, 2H, CH:0), 3.91 (t, 2H; CHz), 1.75 (m,
4H), 1.64 (m, 2H}, 1.48 (m, 2H).

[0062] Synthesis of 4-{6-(triphenylphosphonium}hexyloxyiphenyl-1,3,5 7-tetramethyl
horondipyrro-methene bromide (3): [6-{(4-formylphenoxyyhexyl ftriphenyiphosphonium
bromide (2, 1.1 g; 2 mmol) and 2,4-dimethylpyrrole (0.52 mL; 5 mmol} were added in a
dry 500 mL three-neck flask under nitrogen. 200 mL of anhydrous dichloromethane was
added, followed by 2 drops of trifluoroacetic acid. After the mixture was stirred at room

temperature tor 12 hours, p-chloranil (0 487 g, 2 mmol) in 100 mL dichloromethane was
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added. After stirred for another 30 minutes, 10 mL of trimethylamine and 10 mL of
BF;0EfL was added in. The mixture was poured into 200 mL of water, and afterwards
stirred for another 2 hours. The dark organic phase was separated using separation funnel,
and washed with HCl (1.0 M), water, 10% NaxCOs aqueous solution, and then water. The
organic phase was removed under vacuum. The final product was purified by silica flash
chromatography using CHyCl; to CHaCL/MeQOH (v/v: 95:5) as eluent; 0.60 g of product
was obtained. Yield: 39%. 'H NMR (CDCls, §) (ppm): 7.80-7.70 (m, 15H, PhaP™), 7.10-
7.09 (dd, 2H, AR-H,), 6.96 (d, 2H, AR-H, J= 8.4 Hz), 5.95 (s, 2H, C-H); 3.97 (¢, 2,
CH>), 3.36 {m, 2H, CHa), 2.53 (s, 6H, 2xCHs), 1.78 (m, 2H, CHy), 1.69 (m, 4H, 2xCH),
1.54 {(m, 2H, CHy), 1.41 (m, 6H, 2xCHs). C NMR (100 MHz, CDCI3) & (ppm): 159.62,
15512, 143.20, 142,01, 135,08, 135.05, 133,52, 133,42, 131.85,130.58, 130.45, 12910,
126.77, 121 03, 118.70, 117.84, 115.04, 67.83, 30.07, 29.91, 28.89, 25.53, 22.60, 22 55,
21.65, 1459, 14,54 HRMS (APCI) (m/e): calculated for CasHasNoOF2PB:
685.3331; found: 685.3321.

10063] Synthesis of K56 TAC-CHO (72.0 mg, 0.1 mmol) and compound 3 (76.6 mg, 0.1

2215

2

mmol) were refluxed in a mixture of benzene (5 mL), acetic acid (30 uL} and piperidine
{36 uL) overnight. The reaction mixture was cocled to room temperature, diluted with 10
mb CH2Cly and washed with water. The organic layer was dried over anhydrous Naz8Os,
filtered and evaporated. K86 (27 mg) was obtained by silica flash chromatography using
CHaCla to CHoClo/MeOH (viv: 95:5) as eluent. Yield: 18.4%. K86 was further purified
by reverse-phase HPLC using water and methanol/acetic acid (0.1%) for NMR and Mass
spectra characterization. "H NMR (CDCls, 8) (ppm): 7.88-7.67 (m, 15H, PPh3), 7.6-6 45
(m, 15H, Ar-H and vinyl-H), 5.95 (s, 1H), 4.2-3.2 (m, 43H), 2.56 (5, 3H, CHs), 2.10 (s,
6H, 2xCHsPh); 1.78-1.60 (m, 6H, 3xCHa); 1.54 (m, 8H, CH», 2xCHs). HRMS (ESL,
m/ey. calculated for CasHosBF2NsOsP™: 1388.7177; found 1388.7167.

Fxample 2 - jonic fluxes of mitochondria

[0064] Carbonyl cyanide m-chlorophenyihydrazone (CCCP}, which is one of OXPHOS
uncouplers working as proton transmemberane carrier, 1s used as a typical stiraulator to

study the ionic fluxes of mitochondria including potassium jons. Two cell lines, Hel.a
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and UB7TMG, were used in this research to dynamically detect the potassium fluxes in
mitochondrial matrix responding to membrane potential changes induced by CCCP. Celis
were incubated with 1 uM of K56 for 30 minutes before two concentrations, t.e. 10 pM
and 40 uM, of CCCP were applied on these cells. No fluorescence intensity change was
observed without the CCCP wreatment, whereas, compared to control experiment {no
CCCP treatment), fluorescence intensities of KS6 in mitochondria dropped about
maximum 50% in USTMG cells and 20% in Hel.a cells depending on CCCP

concentrations, showing the ditferent behaviors of various cell lines to the stimulation.

Muaterials and Methods

[0065] Reagents. All mentioned chemicals were used without additional purification,
MitoTracker® Green FM was ordered from Life technology (Carlsbad, CA). 4-(6-
Bromohexyloxy)-benzaldehyde (1) and TAC-CHO were synthesized according to known
procedures, respectively.

[0066] Instruments. A Varian liquid-state NMR operated at 400 MHz was used for 'H
NMR spectra measurements. High resolution Mass Spectra of the intermediates and the
final product were obtained by Joel LCmate at CLAS High resolution Mass Spectrometry
Lab, ASU, using either atmospheric pressure chemical ionization (APCI) or electrospray
tonization {ESI) methods. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer
{Shimadzu Scientific Instruments, Columbia, MDD} was used for UV-Vis absorption
spectra measurements. A Shimadzu RF-5301 spectrofluorophotometer was used for

fluorescence measurements.

Fluorescence guantum efficiency determination.
66671 The fluorescence quantum yields {&r) of samples in solution were measured by
using Rhodamine 101 in ethanol (¢r=100%) as a standard excited at 540 nm and were

calculated according to the following equation:

/ \/ N z\
A,
(ﬁs :%”i _...... "-;"Ji 07
‘\ s - 7, (1)
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where ¢s and §rare the fluorescence quantum vields of standards and the samples,
respectively. A- and 4; are the absorbance of the standards and the measured samples at
the excitation wavelength (adjusting the concentration of both the reference and the
sample to make A- and 4 around 0.05), respectively. /- and /; are the integration emission
intensities of the standards and samples, respectively. nr and ns are the refractive indices

of the corresponding solvents of the solutions, respectively.

Sensor titration with KUl in a surfactant solution containing:

[0068] A). CTAB surfactant: 10 uL of KS6 dissolved in DMSO (1 mM) was added into
a solution containing 1 mL of Tris-HCl (10 mM, pH 7.4} butter solution and 1mkL of
CTAB (I mM) in water. This resulted in the final K86 concentration of 5 M in the
solution. Different volumes of KCI (4.0 M) were added into the solution. The mixture
was gently shaken for 10 seconds. Both UV-Vis spectra and fluorescence spectra were
recorded to study KS6’s responses to [K']. K86/metal ion complexes were excited at 540
nm and emission spectra were collected from 550 to 750 nm. The real concentration of
the K7 was calculated after volume correction.

(060691 B). Plaronic F127. 10 gL of KS6 dissolved in BMSO (1 mM)j and 20 ul. of
Pluronic F127 (10%) in DMSO were added 1nto a solution containing 1 mb of Tris-HCl
(10 mM, pH 7 4) butfer and 1 mL of DI water. This resulted in the final KS6
concentration to be 5 uM in the buffer solution. Similar titration was performed as
described with CTAB surfactant.

6070} C). Sedium dodecy! sulfate (SDS): 10 uL of K86 dissolved in DMSO (1 mM)
was added into a solution containing T mL of Tris-HCl (10 mM, pH 7 4) buffer and ImL
of SmM of SIS in DI water. Titration with KCI (4.0 M) in water caused formation of

white precipitate.

Cell culture for imaging,
[0071] USTMG cells ( American Type Culture Collection, ATCC, Manassas, VA) were
cultured in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal

bovine serum, 100 u/mL penicillin, and incubated at 37 °C in 5% CG» atmosphere. Celis

A
W
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were then seeded onto 96 well plates at 10,000 cells per well, and incubated overnight at
37 °C. The sensor dissolved in BMSO was added to the medium to make the sensor
concentrations in a range of 0.5 - 5 uM. 10 min of internalization was found to be
sufficient for achieving satisfactory images. To achieve images with satistactory signal-

to-noise ratio, a sensor concentration of 2 uM was usually used for intracellular study.

Colocalization test of K56 and MitoTracker® Green FM:

16072} Cells were co-stained using the sensor K86 in combination with MitoTracker®
(reen FML. To co-stain the mitochondria, MitoTracker® Green FM in DMSO was used.
Cells were first internalized with KS6 (2 uM in cell culture medium) for 10 minutes.
MitoTracker® Green FM diluted in the fresh mediom was then added into the wells to
stain cell for 10 min at 37°C. The resulting concentration of MitoTracker® Green FM in
the cell medium was 50 nM.

66731 Under a Nikon C251 Eclipse Ti confocal fluorescence microscope (Melville, NY},
Sensor (K56) was excited at 561 nm and its red emission was collected using a 605/75
nm filter set. MitoTracker® Green FM was excited at 488 nm and its green emission was

collected using a S15/30 nm filter set.

Monitoring the intracellular K* effux using KS6.

16674} Hela cells or UBTMG cells were seeded onto 96 well plates with 5,000 cells and
15,000 cells per well respectively in 100 gl medium, and incubated overnight at 37°C.
On the following day, the cells were internalized with KS6 (2 pM) for 10 min at 37°C. A
nigericin solution was then added. Final concentrations of nigericin in the cell culture
medium were 10 uM. Fluorescence in cells was visualized by Nikon C281 Eclipse Ti

confocal fluorescence microscope {(Melville, NY)at 37 °C.

Cytotexicity of KS6 to cells by viable cell counts using MTT,
[6875] To determine cell viability, a colorimetric MTT metabolic activity assay was

used. HeLa cells (1 x 10" cells/well} were cultured in a 96-well plate at 37 °C, and

N
Ch
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exposed to varying concentrations of K56 for 3, 6, and 15 hours. Cells treated with
medium only served as a negative control group. After removing the supernatast of each
well and washing by PBS, 15 ul. of MTT solution and 100 pL of medium were then
introduced. After incubation for another 4 hours, the resultant formazan crystals were
dissolved in solubilization solution (100 gL} and the absorbance intensity measured by a
microplate reader (BioTek Synergy H4, USA) at 570 nm. All experiments were
performed in triplicate, and the relative cell viability (%4) was expressed as a percentage

relative to the untreated control cells.

RESULTS AND DISCUSSION

[0876] The demonstrated KS6 is a predominantly mitochondria-targeting K™ sensor, that
selectively responds to K™ with a 130-fold florescence enhancement, (at a K*
concentration of 0.8 M) and a dynamic K ion concentration range (30-500 mM). The
K56 1s able to localize into the mitochondria, making it the first mitochondria-specific
potassium 1on sensor. During the use of this sensor, 1t was demonstrated that KS61is a
useful] tool to monitor mitochondria potassium fluxes (both influx and efftux) under
various stimulations, although not quantitatively vet.

66771 While the technology is described through the above-described exemplary
embodiments, it will be understood by those of ordinary skill in the art that modifications
to, and variations of, the illustrated embodiments roay be made without departing from
the inventive concepts disclosed herein. Disclosed aspects, or portions of these aspects,
may be combined in ways not listed above. Accordingly, the technology should not be

viewed as being limited to the disclosed embodiment(s).
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CLAIMS
What 1s claimed 1s:

1.

A potassiurn-sensing compound, comprising a sensing range of potassium ion
concentration from about 30 mM to about 500 mM potassium.

2 The compound of claim 1, comprising a formula L
Ra X R
:::" o j‘!\
,,,,,, . 3 N
-~ L P i/ \ :
’/,‘\3'\—\/ ) N oo
= N
- S
S ONO
or a salt form thereof.

3. The compound of claim 2, wherein

Ri, Rs, Ra in formula (1) are independently selected from the group consisting of
H, CHs, CHaCHz;

Ry, Rs in formula (1) are independently selected from the group consisting of H,
CHs, CHCHs, COeH, CO:CHs, COoEt

, CHCHCOOCH:, CHCHCOOCHCH3
CH:;CHCOOH, and 2-thiophene; and
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Rx in formula (I} is selected from the group consisting of

4 The compound of claim 1, configured to target mitochondria and to produce
fluorescence.
5. The compound of claim 4, further configured to target a plurality of potassium

channels (Kch) in mitochondria.

0. The compound of claim 1, wherein Ry is

and each of Ry, Rz, Rs, Ry, and Rsis H.

7. The compound of claim 6, configured to increase fluorescence intensity 130-fold

when exposed to potassium ions at a concentration of about 0.8 M.
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8. The compound of claim 6, wherein the fluorescence intensity of said compound
increases 1.3 fold at a wavelength of light of about 572 nm when said compound is
exposed to a concentration of potassium at about 5 mM, and increases 57 fold at a
wavelength of light of about 572 nm when said compound is exposed to a concentration

of potassium at about 150 mM.

9. The compound of claim 6, wherein the fluorescence intensity is independent

from a pH value of a cellular environment within a range from about 5.5 to about 9.0

10. The compound of claim 6, wherein the fluorescense intensity is independent
from an auxiliary ion, wherein the auxiliary 1on is selected from a group consisting of
Na®, Ca®", Mg*", Fe** Fe'", Zn*", Min*", and Cu*”, at a concentration from about 50pM to

about 15md.

11 The compound of claim 10, wherein the fluorescense intensity is further

indenpendent from Hx(Oq at about 100 nM.

12. A compound, comprising a formula T

30
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or a salt form thereof

13. The compound of claim 12, wherein:

Ri, Rs, R in formula (1) are independently selected from the group consisting of
H, CHs, CHCH;3;

Ry, Rs in formula (1) are independently selected from the group consisting of H,
CHs, CHxCHi, CuH, CO:CHs, CO:Et, CHaCH:COOCH:, CHCH2COOCH2CHs,
CH:;CH>COOH, and 2-thiophene; and

Rz in formula (I} 1s selected from the group consisting of

/é: """ N @

,,,,,,, < S —O(CHINPPha
N/

—(GHz)nPPh;

————————

,,,,,,,,

{74 N

ot N N
—{CHy) raj/N\ /)

€}
— (CHN N(CHz)

@
—————— (CHN—N(CoHz)s
f(cHgnf:‘f!(CgH?)rs

,,,,,, (CHaIn— ﬁ (CaHgls

14, The compound of claim 13, configured to target mitochondria.

i

L

The compound of claim 13, further configured to target a plurality of potassium

channels {Kch) in mitochondria.

16. The compound of claim 13, wherein Rx i3

S GE M PP,

31
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and each of Ry, Rz, R3, R4, and Rsis H.

17. The compound of claim 16, configured to increase fluorescence intensity 130-

fold when exposed to potassiurn ions at a concentration of about 0.8M.

18, The compound of claim 16, wherein the fluorescence intensity of said compound
increases 1.3 fold at a wavelength of light of about 572 sm when said compound is
exposed to a concentration of potassium at about 5 mM, and increases 57 fold at a
wavelength of light of about 572 nm when said compound is exposed to a concentration

of potassium at about 150 mM.

19. The compound of claim 16, wherein the fluorescence intensity is independent

from a pH value of a cellular environment within a range from about 5.5 to about 9.0

20. The compound of claim 16, wherein the fluorescense intensity i1s indenpendent
from an auxiliary ion, wherein the auxiliary ion is selected from a group consisting of
Na’, Ca**, Mg, Fe'*, Fe’*, Zn**, Mn®", and Cu®", at a concentration from about 50 pM

to about 15 mM.

21 The compound of claim 20, wherein the fluorescense intensity is further

indenpendent from Hx(On at about 100 nML

22 The compound of claim 16, comprising a sensing range of potassium ion

concentration from about 30 mM to about 500 mM potassium.

23. A method of synthesizing a compound comprising a formula (H}:

32
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the method comprising:

PCT/US2017/042174

mixing 4-(6-Bromohexyloxy)-benzaldehyde and triphenylphosphine to obtain a

first solid;

mixing the first solid and 2 4-dimethvlpyrrole under nitrogen to obtain a first

mixture;

adding dichloromethane and trifluoroacetic acid to the first mixture to obtain a

second mixiure;

stirring the second mixture at room temperature;

adding p-chloraml, trimethylamine, and boron trifluoride diethyl etherate

{BF30ER) to the second mixture to obtain a third mixture;

separating an organic phase from the third mixture to obtain a second solid;

refluxing the second solid with TAC-CHO in a fourth mixture of benzene, acetic

acid, and piperidine to obtain a fifth nuxture; and

separating an organic layer of the fifth mixture to obtain said compound.

33
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