Open Access Article. Published on 15 Dezember 2020. Downloaded on 12.04.26 06:15:40.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

A dual-fluorophore sensor approach for ratiometric

i") Check for updates‘
fluorescence imaging of potassium in living cellsT

Cite this: Chem. Sci., 2021, 12, 1720

@ Allpublication charges for thisarticle  Zeming Wang,? Tyler C. Detomasi®?2 and Christopher J. Chang & *2°¢

have been paid for by the Royal Society
of Chemistry Potassium is the most abundant intracellular metal in the body, playing vital roles in regulating intracellular
fluid volume, nutrient transport, and cell-to-cell communication through nerve and muscle contraction. On
the other hand, aberrant alterations in K* homeostasis contribute to a diverse array of diseases spanning
cardiovascular and neurological disorders to diabetes to kidney disease to cancer. There is an unmet
need for studies of K* physiology and pathology owing to the large differences in intracellular versus
extracellular K* concentrations ([K'linva = 150 mM, [K*leya = 3-5 mM). With a relative dearth of
methods to reliably measure dynamic changes in intracellular K* in biological specimens that meet the
dual challenges of low affinity and high selectivity for K*, particularly over Na*, currently available
fluorescent K* sensors are largely optimized with high-affinity receptors that are more amenable for
extracellular K* detection. We report the design, synthesis, and biological evaluation of Ratiometric
Potassium Sensor 1 (RPS-1), a dual-fluorophore sensor that enables ratiometric fluorescence imaging of
intracellular potassium in living systems. RPS-1 links a potassium-responsive fluorescent sensor fragment
(PS525) with a low-affinity, high-selectivity crown ether receptor for K* to a potassium-insensitive
reference fluorophore (Coumarin 343) as an internal calibration standard through ester bonds. Upon
intracellular delivery, esterase-directed cleavage splits these two dyes into separate fragments to enable
ratiometric detection of K*. RPS-1 responds to K* in aqueous buffer with high selectivity over competing
metal ions and is sensitive to potassium ions at steady-state intracellular levels and can respond to
decreases or increases from that basal set point. Moreover, RPS-1 was applied for comparative screening

of K* pools across a panel of different cancer cell lines, revealing elevations in basal intracellular K* in
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Accepted 3rd December 2020 metastatic breast cancer cell lines vs. normal breast cells. This work provides a unique chemical tool for

. the study of intracellular potassium dynamics and a starting point for the design of other ratiometric
DOI-10.1039/d0sc03844j fluorescent sensors based on two-fluorophore approaches that do not rely on FRET or related energy
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malfunction of K" channels or pumps, can contribute to serious
diseases that range from neurodegeneration and epilepsy to
kidney failure to diabetes to arrhythmia and heart disorders to

Introduction

All cells in all living organisms require potassium,“* where the

abundant K' cation regulates cellular osmolality, nutrient
status, and membrane potential,>® contributing to physiolog-
ical processes including neuron firing, muscle contraction,®’
and hormone regulation.®** Cellular potassium homeostasis is
maintained by an intricate network of membrane K" channels
and pumps, giving physiological K' concentrations ranging
from approximately 3-5 mM extracellularly to 150 mM intra-
cellularly.!* Aberrant elevations or depletions of intracellular K*
from these tightly regulated set points, caused largely by
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cancer.” In one example, a growing body of literature
connects K" channels to cancer through cell motility, which is
critical to tumor growth and metastasis.”>>* However, most of
these studies have focused on correlations of aberrant expres-
sion of K" channels in various types of cancer and suggest
a relationship between altered intracellular K* level and cell
apoptosis,'®**»** with limited information on direct measure-
ments of K" pools themselves.

These foregoing considerations motivate the development of
chemical tools that can enable detection of K* pools in living
biological specimens with higher spatial and temporal resolu-
tion compared to conventional methods of detection such as K-
selective microelectrodes and patch clamp techniques.***
Notably, recent years have also seen advances in the develop-
ment of genetically encoded potassium probes and nano-
sensors.?*! In this context, small-molecule fluorescent sensors
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offer an attractive approach to meet this goal, as they are valued
as non-invasive, high signal-to-noise reagents that can accu-
rately map a variety of biological analytes, particularly metal
ions.>*?*” Despite notable advances in the development of small-
molecule fluorescent sensors for potassium,**** imaging intra-
cellular K' in biological samples with high selectivity over Na"
remains a significant and insufficiently solved challenge, owing
in large part to high resting K" concentrations within the cell
(150 mM), which requires a low-affinity molecular recognition
element that still achieves high K" selectivity. Pioneering work
by Tsien and Minta on the first potassium probe, potassium
benzofuran isophthalic acid (PBFI), offered an important early
solution to this problem, but PBFI is limited by slow cellular
uptake kinetics due to its high molecular weight and need for
UV excitation, which can trigger background autofluorescence
and sample photodamage.”® Likewise, He and colleagues
developed a high-affinity fluorescent K* sensor based on a tri-
aza-cryptand potassium receptor,®® and Verkman and other
research teams have successfully developed several useful
sensors for monitoring extracellular K, including stimulated K"
release, based on this ionophore.*”*° Specifically, the Verkman
laboratory has demonstrated visualizing K* waves in brain
cortex using a K" indicator.’ K" sensors have also been devel-
oped using native and engineered nucleic acid G-quadruplex
binding motifs.******% As such, the vast majority of available
fluorescent K* sensors for biological use achieve selectivity of K*
over Na' by high-affinity means. However, the tight-binding
nature of these probes does not allow for a dynamic range of
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Fig. 1 Design considerations of extracellular and intracellular potas-
sium pools and potassium-binding receptors for the development of
Ratiometric Potassium Sensor-1 (RPS-1). (a) Comparison of extracel-
lular and intracellular potassium pools showing higher resting levels of
K* inside versus outside the cell. (b) Comparison of high-affinity G-
quadruplex and cryptand receptors tailored for extracellular K* binding
versus lariat crown ether receptors that are more amenable for
intracellular K* binding. The Ky values of both G-quadruplex- and
cryptand-based receptors are well-matched with extracellular [K']
levels in the 3-5 mM range, whereas the weaker-binding lariat crown
ether ionophores are more suited sensing to intracellular [K*] levels in
the 150 mM range.
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detection of K" in the cytosol without saturation, limiting their
utility for studies of intracellular K" dynamics (Fig. 1).

In addition, currently available small-molecule fluorescent
K" sensors are limited to intensity-based responses. In the best
case scenario, such turn-on fluorescence potassium probes can
detect dynamic K' fluxes within the same cell population before
and after a stimulation event, but comparing relative K* levels
across different biological samples can be complicated. Proper
comparisons can be hindered by variations in: intracellular
delivery, uptake, and retention of probes among cell types;
sample thickness and other heterogeneities, and both excita-
tion and emission light intensity and power dependency. These
issues can be mitigated by ratiometric fluorescence imaging,
which enables calibration by an internal standard.>* Along these
lines, we have recently reported activity-based sensing probes
for iron® (FRET Iron Probe-1, FIP-1) and copper®® (FRET Copper
Probe-1, FCP-1), which feature ratiometric fluorescence detec-
tion using a fluorescence resonance energy transfer (FRET)
strategy.

Here we report the design, synthesis, and biological eval-
uation of a first-generation ratiometric fluorescent sensor for
K' detection, termed Ratiometric Potassium Sensor-1 (RPS-1).
RPS-1 is composed of a dual-fluorophore system that
combines a K'-responsive rhodol moiety (Potassium Sensor
525, PS525) and a standard fluorophore (Coumarin 343) for
more suited sensing to intracellular [K'] levels in the 150 mM
range with internal self-calibration. Unlike previously reported
FIP-1 and FCP-1 indicators that rely on FRET, the two fluo-
rophores in RPS-1 are spectrally distinct and are not designed
to undergo internal energy transfer. Instead, RPS-1 utilizes
ester linkers that can be cleaved by intracellular esterases to
detach the K'-responsive fluorophore from its internal stan-
dard and trap both dyes inside the cell in their carboxylate
forms, an approach inspired by previous work by Woodroofe
and Lippard on ratiometric zinc sensors.”” As a key design
feature to tailor its use for intracellular K" detection, the PS525
portion of RPS-1 utilizes a lariat-modified crown ether to
achieve a K4 value more in line with intracellular K* levels
(Fig. 1).*2°%%° Indeed, despite its low affinity for K', RPS-1
shows sufficient selectivity for K over competing biologically
relevant metal ions, including Na', and is able to monitor
intracellular K" fluxes. Moreover, because ratiometric cali-
bration minimizes interference arising from analyte-
independent phenomena such as sample thickness, hetero-
geneity, variations in light intensity, and dye loading, RPS-1
enables a rapid readout of K" levels among different cell lines
that can be corroborated by ICP-MS. Interestingly, data from
these independent measurements reveal that select types of
breast cancer cells possess elevated concentrations of K'
relative to normal breast cell counterparts. In addition to
providing a unique chemical tool for interrogating intracel-
lular X" dynamics, this chemical modification strategy of
converting a turn-on probe to a ratiometric probe is broadly
applicable to a variety of fluorescent probes for different ana-
lytes provided each fluorophore has a non-overlapping emis-
sion spectrum. Taken together, RPS-1 provides key advances in
terms of visible wavelength excitation and emission to
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minimize background autofluorescence and photodamage to
biological samples, a low-affinity K* receptor that retains high
selectivity over Na' to better match intracellular [K'] levels in
the 150 mM range, and a ratiometric response to enable
internal self-calibration.

Results and discussion

Design of Ratiometric Potassium Sensor-1 (RPS-1), a dual-
fluorophore probe for ratiometric potassium detection

To develop a ratiometric sensing platform for potassium
tailored for intracellular use, we envisioned a dual-fluorophore
system with two dyes, one being potassium-sensitive and one
being potassium-insensitive, which could be delivered in
a 1:1 ratio to cells. In principle, the potassium-sensitive
moiety would possess a low-affinity receptor to better match
the high levels of resting intracellular K" pools in the 150 mM
range and respond by an intensity-based turn-on response,
whereas the potassium-insensitive dye would exhibit a distinct
spectral excitation and emission from the potassium sensor
for internal calibration. We chose Coumarin 343 as the
internal standard fluorophore owing to its lack of a fluores-
cence response to K', and we designed and synthesized the
new potassium-responsive dye Potassium Sensor 525 (PS525)
for the other portion of the sensor (Scheme 1a). Coumarin 343
is coupled to PS525 via two ester-based linkers to yield RPS-1
(Scheme 1b). After RPS-1 is delivered into the cells, cellular
esterases will cleave the ester bonds to give two separate flu-
orophores, PS525 (K'-responsive) and Coumarin 343 (K'-
insensitive), in a 1: 1 ratio (Scheme 1c). After cleavage, both
fluorophores are cell-trappable due to their negatively charged
carboxylate groups. As such, the ratio of respective emission
profiles for PS525 and Coumarin 343 can determine a readout
of intracellular K" concentrations.
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Synthesis and characterization of the K'-responsive turn-on
probe Potassium Sensor 525 (PS525)

As our design of RPS-1 is comprised of a K'-responsive fluo-
rescent moiety linked to an internal dye standard for ratio-
metric calibration, we sought to prepare a new turn-on
fluorescent sensor that responds selectively to K* in the high
intracellular [K'] range of 150 mM. To achieve this goal, we
chose a lariat ether modified aza-crown ether receptor as the K*-
responsive moiety, as it retains high selectivity for K" over Na*
but exhibits a weaker binding affinity for K compared to
cryptand and G-quadruplex moieties (Fig. 1b and 2a). The probe
is designed to operate by a standard photoinduced electron
transfer (PET) mechanism where the electron-rich amine
receptor will quench fluorescence by PET, which is alleviated by
binding of the positively charged cation to the receptor.***° We
appended this receptor to a rhodol-based structure owing to its
spectral separation from Coumarin 343 and attractive imaging
properties, including good optical brightness and photo-
stability in one- and two-photon modes, as well as a balance
between hydrophilicity and cell-permeability.>>**

The synthesis of this K" responsive moiety, Potassium Sensor
525 (PS525), is shown in Scheme 2. Lariat ether modified aza-
crown ether 1 was synthesized using published procedures®
and then converted to xanthene 2 through a Vilsmeier-Haack
reaction using phosphoryl chloride in N,N-dimethylformamide,
followed by resorcinol condensation with trifluoroacetic acid as
the solvent. Rhodol 3 was synthesized by converting the
hydroxyl group on 2 to a triflate group, followed by Buchwald-
Hartwig amination to add tert-butoxycarbonyl(Boc)-protected
piperazine group and worked up with a trace amount of tri-
fluoroacetic acid. Finally, PS525 was obtained by reacting 3 with
methyl 2-bromoacetate, followed by treatment of lithium
hydroxide in tetrahydrofuran and water mixture.
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Scheme 1 Design and action of Ratiometric Potassium Sensor-1 (RPS-1). (a) Molecular structures of K*-insensitive Coumarin 343 and K*-
responsive Potassium Sensor 525 (PS525) portions to generate (b) RPS-1. (c) RPS-1 is cleaved by intracellular esterases back to PS525 and
Coumarin 343, which are both cell-trappable owing to their negatively charged carboxylate motifs. Because PS525 has a turn-on response to K*
whereas Coumarin 343 is non-responsive to K*, ratiometric fluorescence measurements can be made using two-channel imaging and be

correlated with changes in K*.
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Fig. 2 Turn-on response and potassium selectivity for PS525. (a) Photoinduced electron transfer (PET) sensing and K*/Na™ selectivity mech-
anism for lariat ether sensor PS525. (b) Fluorescence spectra of 2 uM PS525 in HEPES buffer (pH 7.4) containing [K*] at 0, 5, 10, 20, 30, 40, 50, 70,
90, 110, 130, 150, 200 mM. The blue trace is at 0 mM K* and red trace is at 200 mM K*. Excitation was provided at 525 nm. (c) Fluorescence
intensity changes of PS525 in the presence of competing biological metalions at the physiological concentrations with (red) or without (blue) K*:
K* (150 mM), Na* (5.0 mM), Mg?* (2.0 mM), Ca2* (2.0 mM), Mn?* (10 uM), Fe?* (10 pM), Co?* (10 pM), Ni2* (10 pM), Cu?* (10 uM), Zn?* (10 pM). (d)
Response of the ratio of the fluorescence intensity of PS525 and Coumarin 343 to physiologically relevant K* levels. 5 uM PS525 and Coumarin
343 (1:1) in HEPES buffer (50 mM, pH 7.4) was used for measurement. Peak intensity value of PS525 (552 nm) and Coumarin 343 (490 nm) was

obtained to calculate ratio intensity. Error bars denote SEM, n = 3.

We evaluated the optical properties of PS525 in aqueous
solution buffered to physiological pH (50 mM HEPES, pH 7.4).
PS525 shows a maximum absorption peak at 525 nm with
calculated absorption coefficients of e = 61 100 M~ " cm ™' and ¢
= 65000 M~ * cm ™' in the presence of 0 and 200 mM of K,
respectively (Fig. S21). When exposed to K', PS525 shows a 7-
fold turn-on increase in fluorescence emission centered at
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552 nm (Fig. 2b), with a quantum yield increase from 0.03 in the
absence of K to 0.15 in the presence of K (Fig. S27). The Ky
value of the probe was calculated to be 137 mM based on the K"
titration response using a Benesi-Hildebrand plot (Fig. S17),
which is well-matched with intracellular [K'] in the 150 mM
range.
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We next tested the metal selectivity of PS525 for K compared
to a panel of biologically relevant alkali, alkaline earth, and
transition metals (Fig. 2c). Notably, even with its low affinity for
K', PS525 showed a greater than five-fold selectivity for K™ over
Na" at relevant intracellular levels, presaging that it possesses
adequate sensitivity and selectivity for downstream biological
applications. We then tested the sensitivity of the ratio
responsiveness of PS525 and Coumarin 343 to the K' level
around intracellular K* concentration (140 mM) (Fig. 2d).
Within the range of 80 mM to 120 mM, linear regression anal-
ysis was performed to calculate limit of detection at 5.8 mM.
Additionally, the pH sensitivity test of both PS525 and
Coumarin 343 demonstrated their usability under physiological

pH (Fig. S31).

Synthesis of Ratiometric Potassium Sensor-1 (RPS-1) from
PS525 and Coumarin 343 dyes and demonstration of
ratiometric fluorescence imaging of K* levels in living cells

After establishing that PS525 is a selective and sensitive fluo-
rescent K'-sensing dye unit, we synthesized RPS-1 through
esterification of PS525 with a previously reported coumarin
synthon® using 2-(3H-[1,2,3]triazolo[4,5-b]pyridine-3-y1)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TATU) as a carboxylate
activator (Fig. 3a). We tested the fluorescence response and
esterase-catalyzed hydrolysis of RPS-1 (Fig. S4 and S57). We next
applied RPS-1 for ratiometric fluorescence imaging of intracel-
lular K* pools with confocal microscopy, given the ability of the
PS525 sensing unit to respond selectively to K* levels at bio-
logically relevant concentrations in aqueous buffer in vitro. We
note that the K'-insensitive Coumarin 343 piece has a quantum
yield of 0.02, which is comparable to the PS525 portion, but is
excited at a separate 458 nm wavelength (Fig. S2). HeLa cells
were first incubated with 10 uM RPS-1 before imaging to ensure
probe uptake and esterase cleavage. Dual-color confocal
microscopy images were acquired using 458 nm excitation of
the Coumarin 343 unit (blue channel) and 514 nm excitation of
the PS525 unit (green channel). A ratio image was then obtained
using these two channels (green channel/blue channel, Fig. 3b).
To assess whether RPS-1 can respond to changes in intracellular
K" changes through its PS525 unit, HeLa cells were then treated
with 5 pM valinomycin, a compound known to chelate and
transport potassium selectively through membranes and
deplete intracellular pools of K'. Confocal images from both
channels were taken at 0, 5, 15, 30, 45, 60 min after valinomycin
addition and compared with a vehicle control. We observed
a clear decrease in green/blue ratio intensities in the HeLa cells
stimulated by valinomycin compared to the cells in the vehicle
control group (Fig. 3c). Furthermore, we confirmed that cells
treated with valinomycin indeed have decreased levels of
intracellular K" through inductively coupled plasma mass
spectrometry measurements (ICP-MS; Fig. S5t). These data
suggest that RPS-1 can respond to dynamic changes in intra-
cellular K™ pools and is capable of monitoring decreases in [K']
from basal levels. Moreover, the dual-fluorophore ratio from the
vehicle control remains stable throughout the time course of
the experiment, consistent with the design in which the two dye
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Fig. 3 (a) Synthesis of RPS-1 and ratiometric imaging of intracellular
K* pools using RPS-1. (b) Time-dependent ratiometric fluorescence
imaging with RPS-1 enables monitoring of depletion of intracellular K*
poolsin live Hela cells treated with 5 uM valinomycin for 1 h. The green
channel shows emission from the PS525 chromophore with 514 nm
excitation, and the blue channel shows emission from the Coumarin
343 chromophore with 458 nm excitation. Fluorescence ratio images
from the two channels were constructed from Imaged. (c) Average
fluorescence intensity ratios from multiple biological replicates plotted
as measured and analysed by ImageJ. Decreases of intracellular K*
levels upon valinomycin stimulation are clearly shown by fluorescence
ratio changes (red trace) relative to vehicle control (blue trace). Error
bars denote SEM for mean green/blue ratios, n = 3. Scale bar = 25 um.

components are delivered and trapped upon esterase cleavage.
Finally, cell viability was measured through propidium iodide
staining and was not significantly different with valinomycin
and/or RPS-1 treatments over the course of the experiment
(Fig. S67).

We next tested the ability of RPS-1 to detect increases in
intracellular K" levels upon stimulation. HT29 cells are known
to selectively express significantly higher levels of the human
ether-a-go-go-related gene (HERG) potassium channel relative
to other cancer cell lines such as HeLa and A549.%%% We treated
HT29 cells with astemizole, a known HERG potassium channel
blocker, to enable expansion of intracellular K pools.* We first

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Application of RPS-1 to assay astemizole-induced K* influx
across a variety of cell lines. Data shown for HT29 cancer cells
compared to Hela and A549 cells under basal conditions and after
treatment with 5 uM asterizole for 1 h. Mean Green/Blue ratio was
obtained for each cell line; error bars denote SEM, n = 3. Statistical
significance was assessed by calculating the p-value using one-way
ANOVA with Bonferroni correction in R, *p < 0.05.

incubated all three cell types with 10 pM RPS-1 for 3 hours,
followed by media exchange and treatment with 5 pM astemi-
zole and 30 mM K" or with vehicle control in HEPES buffer for 1
hour. We observed an increase in the ratio of green/blue fluo-
rescence in the HT29 cells compared to vehicle control and Hela
and A549 cell lines (Fig. 4). The astermizole-induced increases
in intracellular K' levels were verified by ICP-MS (Fig. S57).
Taken together, these data establish that RPS-1 is indeed able to
visualize both increases and decreases in intracellular K* levels
by ratiometric fluorescence imaging.

RPS-1 enables profiling of intracellular K" levels across a panel
of cancer cell lines

After establishing that RPS-1 is capable of monitoring dynamic
changes in intracellular K" levels upon external stimulation, we
sought to expand applications of RPS-1 to profiling relative
intracellular K' levels across different cell types. We became
interested in comparative screening of K* levels between cancer
and non-cancer cell models, as many types of tumors are known
to exhibit elevated K" channel expression and elevated K* has
been observed in some cases.'®*"*” We turned our attention to
comparing K" levels in two different types of metastatic breast
cancer cell lines, MDA-MB-468 and MDA-MB-231, relative to
a normal breast cancer cell control line MCF-10A. Given the
ability of RPS-1 to reliably measure the relative intracellular K*
level in multiple types of cell lines, we also screened other
cancer cell lines, including U20S (bone), RKO (colon), and PC-3
(prostate), using HeLa as a comparison. Interestingly, RPS-1
imaging reveals that the breast cancer cell lines MDA-MB-468
and MDA-MB-231 possess higher basal levels of K' compared
to the normal breast cell line MCF-10A (Fig. 5). We speculate
that the expansion of K* pools is due to higher proliferation
needs for metastatic tumor cells versus normal ones. In addi-
tion, PC-3 and U20S lines also exhibit higher resting levels of K*
over RKO and HeLa, showing that different cell types can indeed
possess different basal K' pools. Moreover, ICP-MS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Profiling relative resting intracellular K* levels in various cancer
and non-cancerous (MCF-10A) cell lines by RPS-1 and ICP-MS. Data
given for (a) RPS-1 and (b) ICP-MS. Average fluorescence intensity
ratios are measured using Imaged. Error bars denote SEM, n = 3.
Statistical significance was assessed by calculating the p-value using
one-way ANOVA with Bonferroni correction in R, *p < 0.05.

measurements of bulk intracellular K" levels validate the RPS-
1 assay by providing an independent measure of potassium
(Fig. 5 and S87).

Concluding remarks

To summarize, we have presented the design, synthesis, char-
acterization, and biological applications of RPS-1, a first-
generation chemical probe for ratiometric imaging of intracel-
lular K" pools. RPS-1 features a dual-fluorophore approach to
ratiometric potassium detection where the two fluorophores
operate independently to provide a potassium-sensitive
response in one dye with internal calibration from the other
dye. RPS-1 is composed of two units: PS525 as a turn-on K'-
responsive fluorophore with a lariat crown ether receptor
tailored to selective but low-affinity K* binding, and Coumarin
343 as a K'-insensitive fluorophore. When joined by ester
linkages in the full RPS-1 probe, both components are taken up,
released, and trapped in cells after cleavage by intracellular
esterases. Through the PS525 unit, RPS-1 can sensitively and
specifically respond to intracellular K* as well as report dynamic
changes in K' levels upon stimulation with an external input.
Compared to previous potassium probes such as PBFI, which
requires high-energy UV excitation, visible light excitation of
RPS-1 through the PS525 chromophore minimizes background
autofluorescence and photodamage. Moreover, due to its
ratiometric response RPS-1 can be used to profile basal intra-
cellular K" pools across a variety of different cell lines, revealing
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that breast cancer cells possess higher resting levels than a non-
cancerous counterpart. We anticipate that RPS-1 and related
fluorescent probes will be of value in providing foundational
information about K" physiology and pathology owing to the
broad importance of this abundant metal in biology, as well as
promote further investigations into design strategies for ratio-
metric detection of metals and other important biological
analytes.

Experimental section
General methods

Reactions using moisture- or air-sensitive reagents were carried
out in flame-dried glassware in an inert atmosphere of N,.
Solvent was passed over activated alumina and stored over
activated 3 A molecular sieves before use when dry solvent was
required. All other commercially purchased chemicals were used
as received (without further purification). SiliCycle 60 F254 silica
gel pre-coated sheets (0.25 mm thick) were used for analytical
thin layer chromatography and visualized by fluorescence
quenching under UV light. Silica gel P60 (SiliCycle) was used for
column chromatography. 'H and *C NMR NMR spectra were
collected at 298 K in CDCl; or CD;OD (Cambridge Isotope
Laboratories, Cambridge, MA) at 25 °C using Bruker AVQ-400,
AVB-400, AV-500, or AV-600 instruments at the College of
Chemistry NMR Facility at the University of California, Berkeley
or using a Bruker 900 at the QB3 Central California 900 MHz
NMR Facility. All chemical shifts are reported in the standard
notation of ¢ parts per million relative to the residual solvent
peak at 7.26 (CDCl;) or 3.31 (CD;0D) for 'H and 77.16 (CDCl,) or
49.00 (CD;0D) for **C as an internal reference. Splitting patterns
are indicated as follows: br, broad; s, singlet; d, doublet; t, triplet;
m, multiplet; dd, doublet of doublets. Low-resolution electro-
spray mass spectral analyses were carried out using LC-MS
(Agilent Technology 6130, Quadrupole LC/MS and Advion
Expression-L. Compact Mass Spectrometer). High-resolution
mass spectral analyses (ESI-MS) were carried out at the College
of Chemistry Mass Spectrometry Facility at the University of
California, Berkeley. Compound 1 was synthesized using the
published procedure.”” All aqueous solutions were prepared
using Milli-Q water, and all spectroscopic experiments were
carried out in 50 mM HEPES, pH 7.4, unless otherwise noted. All
spectroscopic experiments were prepared using freshly prepared
aliquots. Absorption spectra were acquired using a Varian Cary
50 spectrophotometer, and fluorescence spectra were acquired
using a Photon Technology International Quanta Master 4 L-
format scan spectro-fluorometer equipped with an LPS-220B
75 W xenon lamp and power supply, A-1010B lamp housing
with an integrated igniter, switchable 814 photocounting/analog
photomultiplier detection unit, and MD5020 motor driver. 1 cm
x 1 cm quartz cuvettes (1.4 mL volume, Starna, capped) were
used for obtaining absorption and fluorescence spectra. For all
fluorescence measurements and K' studies, aqueous solutions
of KCI (Sigma) were used. For metal selectivity studies, aqueous
metal solutions of MgCl,-4H,0 (EMD Millipore), CaCl,-2H,0
(EMD Millipore), NiCl,-6H,O (Sigma), ZnCl, (Sigma),
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CuCl,-2H,0 (Baker & Adamson), CoCl,-6H,0 (Sigma), MgCl,-
-6H,0 (Sigma), NaCl (Sigma), and FeCl, (Sigma) were used.

Synthesis of RPS-1

4-(1,4,7,10,13-Pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)benzaldehyde (2). POCl; (3.72 mL, 40 mmol)
was added dropwise to a vigorously stirring portion of anhy-
drous DMF which was kept in an ice bath in a N, atmosphere.
The resulting pale yellow solution was stirred at room temper-
ature for an additional 15 min. To this mixture, a DMF (2 mL)
solution of 16-(2-(2-methoxyethoxy)phenyl)-aza-18-crown-6 1
(ref. 42) (1.65 g, 4 mmol) was then slowly introduced and the
resulting dark red solution was heated at 70 °C for 3 h. The
reaction was cooled to room temperature, and poured into an
an ice-cold satd NaHCOj; solution. The mixture was extracted
with 3 x 100 mL DCM/toluene (2 : 1) and dried over anhydrous
MgS0,. The solvent was evaporated in vacuo and the compound
was purified by silica gel flash column chromatography (FCC)
using DCM : MeOH (19 : 1) as the eluent and aldehyde 2 was
obtained as a dark red oil (820 mg, 44% yield) "H NMR (400
MHz, CDCl,) 6 (ppm): 9.48 (s, 1H), 7.38 (d, 2H, J = 7.5 Hz), 7.17
(d, 2H,J = 1.5 Hz), 6.47 (dd, 2H, J = 7.5, 1.5 Hz), 4.31 (t, 2H, ] =
8.2 Hz), 3.77 (d, 2H, J = 8.2 Hz), 3.60-3.52 (m, 24H), 3.41 (s, 3H).
BC NMR (101 MHz, CDCl3) ¢ (ppm): 191.01, 162.72, 148.11,
127.08, 122.39, 115.44, 115.09, 72.21, 69.01, 59.79, 59.12. LCMS
caled for C,,H35NOg [M + H]' 442.24, found 442.19.

9-(4-(1,4,7,10,13-Pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)phenyl)-6-hydroxy-3H-xanthen-3-one (3). Alde-
hyde 2 (150 mg, 0.34 mmol, 1 equiv.) and resorcinol (82 mg,
0.74 mmol, 2.2 equiv.) were dissolved in 4.25 mL of trifluoro-
acetic acid (TFA) in a 35 mL pressure flask. The solution was
then stirred at 115 °C for 13 h and concentrated by rotary
evaporation to yield a crude red oil. The red oil was taken up in
a silica column for purification by flash column chromatog-
raphy (50% MeCN/toluene) to yield 3 (35 mg, 18% yield) as
a bright yellow solid. "H NMR (400 MHz, CDCl;) 4 (ppm): 7.33
(d, 2H, J = 7.3 Hz), 6.84 (d, 2H, J = 1.8 Hz), 6.47-6.11 (m, 7H),
4.31 (t, 2H, J = 8.2 Hz), 3.77 (d, 2H, J = 8.2 Hz), 3.60-3.52 (m,
24H), 3.41 (s, 3H). "*C NMR (101 MHz, CDCIl;) 6 (ppm): 185.70,
162.72, 161.51, 155.92, 148.11, 127.08, 122.39, 115.44, 115.09,
95.73,72.21, 69.01, 59.79, 59.12. LRMS calcd for C3,H,;N Oy [M
+ H]" 624.70, found 624.49.

9-(4-(1,4,7,10,13-Pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)phenyl)-3-oxo-3 H-xanthen-6-yl tri-
fluoromethanesulfonate (4). 3 (414 mg, 1 mmol) was suspended
in MeCN (10 mL). N-Phenyl-bis(trifluoromethane) sulfonimide
(1.071 g, 3 mmol) was then added and the solution was allowed
to stir for 3 h at room temperature. The solution was then
evaporated and the crude compound was purified by column
chromatography (silica gel, 5-20% MeOH in DCM) to afford 4 as
a transparent light yellow oil (433 mg, 0.57 mmol, 57%) "H NMR
(400 MHz, CDCl,): 6 7.20-7.12 (m, 2H), 6.89-6.30 (m, 6H), 6.21
(d, 1H, J = 1.6 Hz), 4.31 (t, 2H, J = 6.4 Hz), 3.77 (t, 2H, ] = 6.4
Hz), 3.64-3.54 (m, 24H), 3.35 (s, 3H). >*C NMR (101 MHz,
CDCl): 6 156.46, 149.93, 145.99, 134.71, 128.82, 125.07, 124.30,
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123.97, 123.76, 115.57, 72.54, 70.42, 69.08, 61.84, 55.35, 49.43.
LRMS calcd for C35H,40F3NOy,S [M + H]" 755.76; found: 755.70.
tert-Butyl-4-(9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctade-
can-16-yl)-3-(2-methoxyethoxy)phenyl)-3-oxo-3 H-xanthen-6-yl)
piperazine-1-carboxylate (5). Compound 4 (433 mg, 0.57 mmol),
BINAP (124 mg, 0.20 mmol), and palladium acetate (11 mg, 0.05
mmol) were suspended in THF (5 mL) and stirred at room
temperature. 1-Boc-piperazine (279, 1.5 mmol) was then added
and the solution was refluxed in a nitrogen atmosphere over-
night. The reaction was then allowed to cool and filtered. The
filtrate was evaporated and subjected to silica gel chromatog-
raphy (40-100% EtOAc in hexanes) to yield 5 as a tan oil
(214 mg, 0.26, 46%). *H NMR (400 MHz, CDCl,): 6 7.22 (m, 2H),
6.82-6.30 (m, 7H), 6.21 (d, 1H, J = 1.6 Hz), 4.31 (t, 2H, J = 6.4
Hz), 3.77 (t, 2H, ] = 6.4 Hz), 3.64-3.54 (m, 24H), 3.35 (s, 3H),
3.32-3.29 (m, 8H), 1.41 (s, 9H). ">C NMR (101 MHz, CDCl,):
6164.25, 157.24, 152.89, 152.51, 141.87, 139.99, 137.24, 135.91,
134.98, 132.44, 131.21, 130.74, 130.39, 124.57, 122.88, 67.21,
62.46, 56.49, 28.01, 20.85. LRMS calcd for C35H;oN;0,5 [M + H]'
791.46; found: 791.5.

9-(4-(1,4,7,10,13-Pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)phenyl)-6-(piperazin-1-yl)-3H-xanthen-3-one (6).
Compound 5 was dissolved in 5 mL of DCM. 5 mL of TFA was
added to the solution in a nitrogen atmosphere. The mixture
was stirred for 5 h at ambient temperature. The resulting
solution was evaporated under reduced pressure to yield a dark
brown oil crude product (198 mg). The crude product 6 was used
for the following step without purification.

Methyl  2-(4-(9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctade-
can-16-yl)-3-(2-methoxyethoxy)phenyl)-3-oxo-3 H-xanthen-6-yl)
piperazin-1-yl)acetate (7). Compound 6 from the previous
deprotection step was dissolved in 5 mL of dry MeCN. Methyl
bromoacetate (141 pL, 1.5 mmol) and sodium carbonate
(742 mg, 7 mmol) were then added and the solution was
refluxed for 13 h. After 13 h, the mixture was cooled down to
ambient temperature and poured into water (50 mL) and then
extracted with ethyl acetate (3 x 50 mL). The combined organic
layers were dried over sodium sulfate, filtered and concentrated
via rotary evaporation. The crude residue was purified using
flash chromatography (silica gel, 0-20% MeOH in DCM) to yield
7 as a foamy brown solid (93 mg, 0.12 mmol) "H NMR (400 MHz,
CD;CN): 6 7.35 (m, 2H), 6.99-6.37 (m, 7H), 6.28 (d, 1H,J = 1.4
Hz),4.31(t, 2H, ] = 6.7 Hz), 3.77 (t, 2H, ] = 6.7 Hz), 3.64-3.54 (m,
27H), 3.37-3.29 (m, 7H), 3.22 (s, 2H), 2.51 (t, 4H, ] = 5.3 Hz). *C
NMR (101 MHz, CD;CN): 6 166.42, 147.65, 145.88, 141.95,
137.27, 133.71, 131.64, 124.21, 123.71, 119.45, 112.76, 110.76,
109.81, 107.97, 107.79, 79.96, 70.36, 70.33, 69.58, 69.47, 55.63,
55.47, 43.18, 42.73, 28.36. LC-MS calculated for C;;H,{BrN,-
0,4S;Na [M + Na']: 763.11; found: 763.31.

Potassium Sensor 525, PS525, (8). Compound 7 (50 mg, 0.06
mmol) was suspended in 5 mL of THF. Then 5 mL of 1 M LiOH
solution was added slowly to the above mixture while stirring.
After 1 h of stirring, the mixture had become homogeneous.
After 24 h, the solution was put in an ice bath and 2 mL of 3 M
HCl was added, and the mixture was allowed to warm to room
temperature. Following the addition of 20 mL of saturated
aqueous NaCl solution, the mixture was extracted four times
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with 10 mL portions of EtOAc, and the combined organic
layers were evaporated. Purification by high-performance
liquid chromatography (Agilent) on a C18 column using
a linear gradient of 20-100% CH3;CN over 50 minutes gave
PS525 as a light-yellow powder (23 mg, 0.03 mmol, 48%). 'H
NMR (400 MHz, CD;CN): 6 7.35 (m, 2H), 6.99-6.37 (m, 7H),
6.28 (d, 1H, J = 1.4 Hz), 4.31 (t, 2H, ] = 6.7 Hz), 3.77 (t, 2H, ] =
6.7 Hz), 3.64-3.54 (m, 27H), 3.37-3.29 (m, 4H), 3.22 (s, 2H),
2.51 (t, 4H, J = 5.3 Hz). **C NMR (101 MHz, CD;CN): 6 180.91,
176.99, 166.01, 147.32, 145.55, 141.72,137.07, 133.21, 129.58,
123.97, 123.42, 119.03, 112.40, 110.36, 109.49, 107.48, 79.50,
70.02, 69.98, 69.22, 69.10, 55.27, 71.03, 55.12, 42.83, 42.40,
28.07. HRMS-ESI calculated for C4Hs3N;04; [M + H'J:
750.1757; found: 750.1764.

Ratiometric Potassium Sensor-1, RPS-1. PS525 (21 mg, 0.03
mmol), compound 9 (ref. 63) (19 mg, 0.06 mmol), and TATU
(32 mg, 0.10 mmol) were dissolved in 2 mL of dry DMF and
stirred in a nitrogen atmosphere. DBU was then added to the
solution. The reaction was kept at room temperature for 12 h.
Purification by high-performance liquid chromatography (Agi-
lent) was carried out on a C18 column using a linear gradient of
40-100% CH;CN over 50 min. Fractions containing the product
were combined, evaporated under vacuum and lyophilized to
give RPS-1 as a brown powder (11.7 mg, 0.014 mmol, 48%). 'H
NMR (400 MHz, CD;CN): 6 8.32 (s, 1H), 7.35 (m, 2H), 7.28 (s,
1H), 6.99-6.37 (m, 7H), 6.28 (d, 1H, J = 1.4 Hz), 4.31 (t, 2H, ] =
6.7 Hz), 4.13 (t, 2H, J = 6.2 Hz), 3.97 (t, 2H, ] = 5.8 Hz), 3.77 (t,
2H, ] = 6.7 Hz), 3.64-3.54 (m, 27H), 3.37-3.29 (m, 8H), 3.22 (s,
2H), 2.79 (m, 4H), 2.51 (t, 4H, J = 5.3 Hz), 1.81-1.60 (m, 8H) °C
NMR (101 MHz, CD;CN): 6 180.93, 177.26, 166.42, 155.72,
153.70, 147.65, 145.88, 141.95, 137.27, 136.07, 133.21, 124.21,
123.71, 119.45, 112.76, 110.76, 109.81, 107.97, 107.79, 79.96,
70.36, 70.33, 69.58, 69.47, 59.54, 55.63, 55.47, 52.48, 51.23,
43.18, 42.73, 28.36, 26.17, 25.91, 23.01. HRMS-ESI calculated for
C4oH5:N;0;; Na [M + Na']: 771.1142; found: 771.1183.

Spectroscopic methods

Fluorescence turn-on responses to potassium. Two different
50 mM HEPES (pH 7.4) solutions, solution A and solution B
were made. Solution A contained 200 mM Na' and solution B
contained 200 mM K'. Solution A and B were mixed in different
ratios to yield 1 mL final buffer solution with 0, 5, 10, 20, 30, 40,
50, 70, 90, 110, 130, 150, 200 mM respectively. A 2 uM solution
of PS525 was prepared by diluting 1 mM DMSO stock solution of
PS525 with each buffer in a 1:500 ratio into a 1 cm x 1 cm
capped quartz cuvette. The probe solution was incubated at
37 °C for 5 minutes. Emission spectra were collected for PS525
(Aex = 525 nm, Aepy, = 545-700 nm).

Metal selectivity experiments. A 2 pM solution of PS525 was
prepared by diluting a 1 mM DMSO stock solution of the probe
into 1 mL 50 mM HEPES (pH 7.4). 500 pL aliquots of this
solution were added to ten 1 cm x 1 cm capped quartz cuvettes
and then 500 pL of the metal of interest was added to the cuvette
to bring the concentration of transition metals to 10 uM and
with the exception of Na* at 5 mM. The emission spectrum was
then recorded for each metal of interest solution.
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Preparation and staining of cell cultures. All cells were
maintained at exponential growth as a monolayer in Dulbeco's
Modified Eagle Medium (DMEM, Invitrogen). Cells were sup-
plemented with 10% fetal bovine serum (FBS, Hyclone) and
incubated at 37 °C in 5% CO,. Cells were plated in phenol red-
free medium on borosilicate chamber slides (Nunc) and allowed
to grow to 60% confluence 1 day prior to imaging. Cells were
stained by incubating a 10 uM solution of RPS-1 in DMEM for
2 h. For the valinomycin-induced K" efflux experiments, the
DMEM media was exchanged out for phosphate buffered metal
solution (PBS, pH 7.4, M = Na or K such that [Na + K]; = 160
mM) containing 10 pM valinomycin (Invitrogen). The cells were
allowed to equilibrate in the new media for 1 min prior to
imaging.

ICP-MS. Cells were then rinsed twice with ice-cold potassium
free buffer (150 mM Na' in 50 mM HEPES buffer, pH = 7.4),
followed by the addition of 215 pL of concentrated nitric acid
(BDH Aristar Ultra). The plates were sealed with Parafilm and
incubated on a shaker overnight. Samples (150 pL) were further
diluted in 2 mL of 2% nitric acid (made freshly from concen-
trated nitric acid and Milli-Q water) in 15 mL tubes (Sarstedt)
and analyzed on a Thermo Fisher iCAP Qc ICP mass spec-
trometer in kinetic energy discrimination (KED) mode against
a standard curve of known potassium and phosphorus
concentrations (CMS-5, Inorganic Ventures), with Ga (20 pg L™,
Inorganic Ventures) as an internal standard. Each experiment
was carried out twice, and each condition was repeated in at
least triplicate.

Confocal microscopy imaging. Microscopy experiments were
performed using a Zeiss laser scanning microscope (model 710)
equipped with a 40x water objective lens and 2010 Zeiss soft-
ware (Carl Zeiss). Cells were imaged in a 37 °C stage incubator
connected to 5% CO, gas inlet to buffer the media. The focal
plane with the highest fluorescence was selected for each field
of cells. Fields of cells were sampled from the bright field
images only. Replicating experiments were conducted with
different plates of cells.
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