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Abstract

Development of Chemical Probes for Studying K* in Biology

By Zeming Wang
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Christopher J. Chang, Chair

Potassium (K*) occupies 4% of human body mass and is the most abundant intracellular
cation. Potassium plays a vital role in regulating intracellular fluid volume, fluid transportation,
and neuron signaling. Abnormal K fluctuations may lead to diseases such as anorexia, bulimia,
heart disease, diabetes, and epilepsy. Recent study also has shown elevated level of K* channel
mutation in cancer cells. However, the physiology of K™ is insufficiently understood, due to the
absence of ways to measure the change of K* in cellular fluids with high spatial and temporal
fidelity. This dissertation chronicles the design and applications of novel imaging probes and
strategies for probing K* both intracellularly and extracellularly. This work describes the first
ratiometric probe and a new fluorescent turn-on probe for imaging intracellular K*; both probes
utilize novel lariat-ether modified crown ether structure as K* binding ionophore. Additionally,
this work describes development of a new imaging tool for detecting H,O, utilizing
bioluminescence resonance energy transfer.
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Chapter 1

Design, synthesis, and application of a fluorescent turn-on K* probe for
measuring intracellular K* level in living cells

Portions of this work were performed in collaboration with the following persons:

Dr. Vanessa Checchetto and Luigi Leanza from Professor Ildiko Szabo group helped perform in
cellulo characterization of KGreen including HEK 293T cells imaging data and flow cytometry
data (Figure 1.4-1.8)
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1.1 Introduction

Potassium ion (K*) is the most abundant metal ion in human body, and K* homeostasis
plays an essential role in many physiological events. Intracellular K* levels are around 150 mM
while extracellular K* levels are around 5 mM.*® The large K* level difference is maintained by
K" pump which delivers K" against its gradient and K* channel which delivers K* along its
gradient.” Cellular osmolality created by K* gradient helps regulating intracellular pH, cell
volume, enzyme function, and growth.®° On the other hand, transcellular K* flux contributes to
the regulation of processes such as neuromuscular excitability, cardiac rhythmicity, and renal
absorption. K™ misregulation, commonly caused by malfunction of K* channel or pump, could
lead to multiple diseases such as epilepsy, arrhythmia, and kidney stones.*? A better
understanding of K* homeostasis can benefit the study of these diseases and drug discovery.
Current methods for K* detection involve either bulk analysis such as atomic absorption, flame
photometry, and ion chromatography or selective microelectrode. However, bulk analysis
requires destruction of cells and cannot be used for live cell detection, while selective
microelectrode can give live cell readout but suffers from low spatial resolution and low
throughput issue.

Our lab has developed a fluorescent approach for detection of K* dynamics.
fluorescent small molecule sensor for K* could provide non-invasive, fast, and sensitive read out
while maintaining high temporal and spatial resolution. Despite the importance of K*, only a
limited number of fluorescent K* sensors have been reported due to the difficulty in selectivity of
K" over Na'. The majority of previously developed K* sensors mostly utilize cryptand or
pseudo-cryptand structure as ionophore for specific K* binding.**™*® However, they suffer from
having a low dissociation constant (K) less than 10 mM and are only suitable for sensing K*
fluxes extracellularly.’® Also, synthetic challenges make the modification of the fluorophore
structure difficult. Other crown-ether-based K* sensors such as PBFI have desirable K4 range but
show poor selectivity for K* over Na*.?> We envisioned an improved fluorescent sensor that
could provide accurate information on intracellular K* level and a sensitive response to cellular
K" fluxes.

In this chapter, we report the design, synthesis, and biological evaluation of a fluorescent
probe for K" by modulating photo-induced energy transfer (PET) between a K* binding
ionophore and chromophore.?* More specifically, this new probe (KGreen) utilizes a lariat-ether
modified crown-ether as selective K™ binding ionophore and control PET between aza-crown and
chromophore.??® This strategy can be further extended to different chromophore and thus allow
multiple color turn-on probes for potassium, one of which, K rhodol, will be shown in the later
chapter. KGreen showed good selectivity and sensitivity to K* over other biologically relevant
metals especially Na™ and is capable of a dynamic read-out of intracellular K level. This result
proves KGreen to be a good candidate probe for studying cellular K* flux in biology.
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1.1. Methods

1.1.1. General synthetic methods

Reactions using moisture- or air-sensitive reagents were carried out in flame-dried
glassware under an inert atmosphere of N,. Solvent was passed over activated alumina and
stored over activated 3A molecular sieves before use when dry solvent was required. All other
commercially purchased chemicals were used as received (without further purification). Lariet
ether-modified crown-ether was prepared according to published procedures.?* 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 CDCI3 or CD3CN (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on
Bruker AVQ-400, AVB-400, AV-500, or AV-600 at the College of Chemistry NMR Facility at
the University of California, Berkeley. All chemical shifts are reported in the standard notation
of & parts per mil-lion relative to residual solvent peak at 7.26 (CDCls) or 1.93 (CDsCN) for *H
and 77.16 (CDCIs) or 177.7 (CDsCN) for 3C 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 electrospray mass spectral analyses were carried out using a 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.

1.1.2. Probe synthesis and new compound characterization

4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)benzaldehyde, 2.
POCI3 (3.72 ml, 40 mmol) was added dropwise to a vigorously stirring anhydrous DMF which
was kept in ice bath under N,. Resulting pale yellow solution was stirred at room temperature for
additional 15 min. To this, DMF (2 ml) solution of 16-(2-(2-methoxyethoxy)phenyl)-aza-18-
crown-6 1 (1.65 g, 4 mmol) was then slowly introduced and the resulting dark red solution was
heated at 70 °C for 3 h. Reaction was cooled to room temperature, and poured into ice-cold sat’d
NaHCOg; solution. The mixture was extracted 3 x 100 ml DCM/Toluene (2:1) and dried over
anhydrous MgSQ,. Solvent was evaporated in vacuo and compound was purified by silica gel
FCC using DCM:MeOH (19:1) as the eluent. Product 2 was obtained as dark red oil (820 mg,
44% vyield) *H NMR (400 MHz, CDCl3) & (ppm): 3.48 (s, 3 H), 2.38 (s, 2 H), 2.00 - 1.77 (m, 11
H). **C NMR (101 MHz, CDCls) & (ppm): 215.88, 175.71, 51.63, 45.47, 39.82, 37.98, 37.51,
26.98. LCMS calcd. for C1oH1603 [M + H]" 414.19, found 414.2.

9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)phenyl)-6-

hydroxy-3H-xanthen-3-one, 3. Aldehyde 2 (150 mg, 0.34 mmol, 1 equiv) and resorcinol (82

mg, 0.74 mmol, 2.2 equiv) were dissolved in 4.25 ml TFA in 35 ml pressure flask. The solution

was then stirred at 115 °C for 13 h and rotovaped own to yield crude red oil. The red oil was

taken up in silica column for purification by flash column chromatography (50%
3



MeCN/Toluene) to yield 3 (35 mg, 18% yield) as a bright yellow solid. *H NMR (400 MHz,
CDCls) & (ppm): 3.48 (s, 3 H), 2.38 (s, 2 H), 2.00 - 1.77 (m, 11 H). **C NMR (101 MHz, CDCl5)
d (ppm): 215.88, 175.71, 51.63, 45.47, 39.82, 37.98, 37.51, 26.98. LRMS calcd. for C1,H1603[M
+ H]" 209.11, found 209.2.

1.1.3. Spectroscopic materials and methods

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 on 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
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 response to 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,0
(Sigma), ZnCl, (Sigma), CuCl, «2H,0 (Baker & Adamson), CoCl, «6H,0 (Sigma), MgCl, «6H,0
(Sigma), NaCl (Sigma), FeCl, (Sigma), and FeCl; (Sigma) were used. Moreover, the identity of
the potassium complex formed was assessed by the method of continuous variations (Job’s plot)
to identify a 1:1 K":KGreen binding stoichiometry. (Figure xxx) This information allowed for
the characterization of the binding affinity for K* via Benesi-Hildebrand plot. (Figure)

1.1.4. Fluorescence Turn-on Responses to Potassium

2 different 50 mM HEPES (pH 7.4) was made. Solution A contains 200 mM Na™ while
solution B contains 200 mM K*. Solution A and B was mixed in different ratio to yield 1 ml final
buffer solution with 0, 1, 5, 10, 20, 50, 80, 100, 120, 150, 180, 200 mM respectively. A 2 uM
solution of KGreen prepared by dilutingl mM DMSO stock solution of KGreen with each buffer
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 (Aex = 488 nm, Aem = 500-700 nm) were then collected.

1.1.5. Metal Selectivity Experiments.

A 2 pM solution of Kgreen was prepared by diluting a 1 mM DMSO stock solution of
probe into 1 mL HEPES. 500 pL 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 150 mM. The
emission spectrum was then recorded for each metal of interest solution.



1.1.6. Cell culture

Human embryonic kidney (HEK-293) cells were maintained in culture in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin G, 0.1
mg/mL streptomycin and 1% non-essential amino acids (100X solution; Thermo Fisher
Scientific). T lymphocytes (Jurkat cells) were grown in RPMI-1640 (Thermo Fisher Scientific),
supplemented as DMEM.
1.1.7. Metal Selectivity Experiments.

HEK-293 cells (150,000 cells/well) were seeded on coverslips in a 6-well plate in 2 mL
of their culture medium. After 24 h, cells were washed with 1 mL Hank’s Balanced Salt Solution
(HBSS) (Thermo Fisher Scientific). Then, cells were incubated in the dark at room temperature
(RT) with 400 nM freshly diluted KGreen (from 400 uM stock solution in 100% DMSO) for
different time points as indicated. Valinomycin (10 uM) was finally added to induce potassium
release. KGreen fluorescence was followed by fluorescence microscopy using a Leica DMI 6000
fluorescence microscope equipped with confocal setup (Leica Microsystem, Wetzlar, Germany)
and a GFP filter set.

Jurkat cells (1x106 cells) were washed and re-suspended in 1 mL HBSS. Cells were
incubated with 1:1000 diluted KGreen for 15 minutes, followed by valinomycin (10 uM)
addition. KGreen fluorescence was followed by FACS analysis using a FACSanto Il (Beckton
Dickinson) and data were processed by quadrant statistics using BD VISTA software.

1.1.8. Mitochondrial potential and nuclear staining

HEK-293 cells (150,000 cells/well) were seeded on coverslips in a 6-well plate in 2 mL
of their culture medium. After 24 h, cells were washed with 1 mL HBSS (Thermo Fisher
Scientific) and incubated 20 min at 37°C with 20 nM of the potentiometric dye
Tetramethylrhodamine methyl ester (TMRM) + 300 uG/ml Hoechst 33342 (2'-[4-ethoxyphenyl]-
5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole trihydrochloride trihydrate), suitable for
fixed- and live-cell fluorescent staining of DNA and nuclei. Then, in the dark at RT, 1:1000
diluted KGreen was either added or not to the cells and the three fluorescence signals
(TMRM=Red; KGreen=green; Hoechst=blue) were monitored for different time points as
indicated, by fluorescence microscopy using a Leica DMI 6000 fluorescence microscope
equipped with confocal setup (Leica Microsystem, Wetzlar, Germany).

1.1.9. KGreen release and potassium channel inhibition

HEK-293 cells (150,000 cells/well) were seeded on coverslips in a 6-well plate in 2 mL
of their culture medium. After 24 h, cells were washed with 1 mL HBSS. Then, cells were
incubated in the dark at RT with 1:1000 diluted KGreen for 5 minutes. Following, cells were
either pre-treated with general potassium channel inhibitors (1 mM GdCI** 5 mM BaCI**5 mM
Tetraethylammonium (TEA) Chloride) for further 5 minutes or left untreated. Afterwards, the
medium was replaced with a solution containing 30 mM Tris-HCI pH 7.4 either containing or not
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the three channel inhibitors and KGreen fluorescence was monitored for the next 10 minutes by
fluorescence microscopy using a Leica DMI 4000 fluorescence microscope (Leica Microsystem,
Wetzlar, Germany).

1.3. Results
1.3.1. Design and synthesis of KGreen

Our design of KGreen utilizing a lariat-ether modified crown-ether as a K™ selective
ionophore. We chose the lariat-ether modified crown-ether as K* binding moiety since it has
been shown to have a moderate binding affinity towards K* but still maintain high selectivity
over sodium. We then chose di-hydroxy xanthone as our fluorophore inspired by fluorescein and
many of our lab’s previous work to ensure a bright and stable signal. We envision that before
binding K" nitrogen lone pair will quench fluorescence of the fluorophore. After binding K,
PET quenching effect from nitrogen lone pair on KGreen to the chromophore is inhibited and the
probe thus gives out a turn-on response at 521 nm emission. Information of K* can be provided
using emission profiles for green fluorescein channel.

The synthesis of KGreen is briefly described below. The lariat-ether modified phenyl aza-crown
was synthesized according to literature procedure. It was then converted to aldehyde through
vilsmeier haack reaction and then into KGreen by further condensation with resorcinol.

1.3.2. Reactivity and K+ Selectivity of KGreen in Aqueous Buffer.

After synthesizing KGreen, we evaluate its fluorescence response to K* in aqueous buffer
(50 mM HEPES, pH 7.4). KGreen showed absorption maxima at 488 nm with molar attenuation
coefficient of €488 = 17600 M-1 cm-1 (Figure) and emission maxima at 521 nm (Figure)

We next evaluate turn-on response of KGreen with K™ titration. With the increase of K™/
Na* concentration in the buffer, we observe a significant increase in emission intensity of the
probe. At the range of 0 mM to 150 mM K increase with Na* as the counter ion, the probe
showed 10 fold turn-on. To further calculate the dissociation constant (Kg), binding analysis of
the formed K* complex was conducted using the method of continuous variations (Job’s plot) to
make sure a 1:1 K" : probe complex is formed for the fluorescence turn-on response. After
confirmation of 1:1 binding Benesi-Hildebrand plot was obtained from the titration experiment,
and was calculated to be 37 mM, which is much higher than cryptand based probe as expected.
(Figure)

1.3.3. Application of KGreen to Imaging K" in Living Cells

In the next series of experiments, human embryonic kidney (HEK 293T) cells were
loaded using the membrane permeant KGreen at 400 nM concentration. Quantification of the dye
uptake was achieved by using confocal microscopy and exciting the cells at 488 nm, while
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detecting emission in the 505-525 nm range. Uptake of the dye was efficient and reached a
plateau within 10 minutes (Figure 1A). This property of KGreen contrasts with the poor loading
efficiency usually reported for the other K* -sensitive dye PBFI AM. Uptake was homogenous
and occurred in all cells (Figure 1B and Figure 2). Within the cells, KGreen exhibited a
distribution that is typical of that of cytosolic dyes and was largely excluded from the nucleus
(Figure 1B). The probe exhibited a remarkable intracellular stability, with negligible
photobleaching or cell leakage (see e.g. Figure 1 B, 2, 3). KGreen did not cause either loss of
mitochondrial membrane potential or nuclear fragmentation, as assessed using TMRM and
Hoechst 33342 dyes, respectively (Figure 2). Cell viability was not altered upon incubation of
the cells with up to 4 pM KGreen for 24 hours as assessed by MTT assay % (not shown, n=12).

Next, we applied the potassium-specific ionophore, valinomycin in order to demonstrate
that the dye responds to variations in the intracellular potassium concentration. Valinomycin is a
cell-permeant compound that can bind to K+ ions with relatively high selectivity over other
cations, replacing the hydration shell of K*. Consequently, K* ions shielded by valinomycin
molecules can pass across the plasma membrane without a requirement for opening a K'-
permeable channel. VValinomycin was used at 10 uM concentration which is sufficient to allow
K" ions to freely cross the plasma membrane and therefore to promote potassium efflux and to
cause plasma membrane hyperpolarization.? Valinomycin indeed brings the membrane potential
of the plasmamembrane closer to the K* diffusion potential, while it collapses the membrane
potential of the mitochondria in the high [K*] cytoplasm.?” The resting membrane potential in
HEK?293 cells was measured to range between -35 and -50 mV in a typical intracellular (130 mM
K*) and extracellular (6 mM K*) recording solution.?® Following application of valinomycin, the
resulting fluorescence signal was recorded (Fig. 3). In contrast to untreated HEK-293 cells, in
those treated with valinomycin, a sustained decrease of the fluorescent signal was observable, in
accordance with the expected decrease of intracellular [K+]. Similar results were obtained using
Jurkat T lymphocytes, where uptake of the dye and valinomycin-induced KGreen fluorescent
decrease were evaluated by FACS analysis (Figure S1). In addition to valinomycin, we also used
a more physiological stimulus to induce potassium efflux from HEK-293 cells. Under hypo-
osmotic conditions, acute volume regulation occurs in order to prevent cell bursting.?® Osmotic
swelling is followed by cell-intrinsic regulatory processes that are called regulatory volume
decrease (RVD) which tend to restore the initial cell volume. RVD usually involves the net
export of K, CI” and organic osmolytes like taurine. Loss of K* may occur through K™ channels.
HEK-293 cells harbours different K* channels, including voltage-gated potassium channels (K.)
which can be partially inhibited using Tetraethylammonium chloride (TEACI), a classical
general blocker of K* channels.*® In addition, Barium and Gadolinium are also able to block
potassium currents.®* Therefore, we investigated whether KGreen fluorescence can reflect an
osmotic-stress induced channel-mediated exit of potassium and whether this process was
sensitive to general potassium channel blockers. Figure S2 exemplifies that indeed cell volume
was increased while KGreen fluorescence was decreased upon osmotic shock and both processes
were at least partially responding to the mixture of potassium channel inhibitors comprising TEA,
Ba?* and Gd**.



1.4. Conclusion

To conclude, we have shown the design, synthesis, in vivo an in vitro characterization of KGreen,
a unique K* fluorescent probe with turn-on response through PET mechanism. KGreen utilize a
new lariat-ether modified crown-ether structure to ensure moderate binding affinity towards K*
KGreen demonstrated selective response to K* and is able to report on changes in levels of
intracellular K* flux induced by K" artificial pore valinomycin or K* channel blocker. KGreen
has shown its potential to help study intracellular K* dynamics in biological system.
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Scheme 1.1. Synthesis of K" fluorescent probe KGreen
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Figure 1.2. (a) Fluorescence intensity of 2 uM KGreen with response of buffer with various K*
level from 0 mM to 200 mM in 50 mM HEPES (pH 7.4) (b) Benesi-Hildebrand plot was made
using the fluorescence intensity information with reference to K* concentration. Ky was
calculated to be 37 mM.
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Figure 1.4. KGreen is efficiently taken up into HEK-293 cells. A) HEK-293 cells were
incubated with 400 nM KGreen for the indicated time. KGreen fluorescence was detected by a
Leica DMI6000 confocal microscopy and the intensity was determined analyzing the obtained
images by Fiji software (n=13 +/- S.D.). B) Representative images obtained as described in A.
Bright field and KGreen fluorescence are shown. Bars: 25 pm.
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Figure 1.5. Mitochondrial membrane potential and nuclear morphology are not affected by
incubation with KGreen. HEK-293 cells were incubated with 400 nM KGreen for 30 minutes.
Mitochondrial membrane potential and nuclear morphology were evaluated by using 20 nM
TMRM staining and 300 pg/ml Hoechst33342 staining, respectively. KGreen, TMRM, and
Hoechst fluorescence were detected by confocal microscope (n=3). From the top of the figure:
Bright field, TMRM, Hoechst, KGreen fluorescence and merged images are shown. Bars: 50 um.
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Figure 1.6. The potassium-selective ionophore valinomycin induces a decrease of the
KGreen fluorescence signal. Cells were incubated with 400 nM KGreen for 10 minutes at 37°C
and then were either left untreated or incubated with Valinomycin (10 uM, as indicated by the
arrow) for further 30 minutes. KGreen fluorescence was detected as in figure 1. (n=13 +/- S.D.).
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Figure 1.7. The potassium-selective ionophore valinomycin induces a decrease of the
KGreen fluorescence signal. A) Representative images obtained of HEK-293 cells (untreated
and incubated with 400 nM KGreen as in A, for 40 minutes). Bright field and KGreen
fluorescence images are shown. Bars: 25 um. B) Representative images obtained of HEK-293
cells incubated with 400 nM KGreen for 20 minutes and then treated with VValinomycin as in A.
Bright field and KGreen fluorescence images are shown. Bars: 50 pm.
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Figure 1.8. KGreen uptake study in Jurkat cells. Jurkat T lymphocytes were incubated with
400 nM KGreen for 15 min and then cells were incubated with Valinomycin (10 puM, as
indicated by the arrow) for further 35 minutes. KGreen fluorescence was detected by FACS
analysis and the median intensity of the fluorescence was determined (n=3 +/- S.D.).
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Figure 1.9. Flow cytometry study of KGreen cell uptake into Jurkat cells. Representative
graphs obtained by FACS with Jurkat cells treated as described in A. Data were acquired at 0, 5,
15 minutes after addition of KGreen and after 35 minutes following application of 10 uM
valinomycin (50 minutes total incubation time).
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Figure 1.10. Decrease of KGreen fluorescence upon hypo-osmotic shock is prevented by
pre-treatment with K* channel inhibitors. A) HEK-293 cells were incubated with 400 nM
KGreen for 10 min and then were incubated with 30 mM Tris-HCI pH 7.4 for further 10 minutes.
Bright field and KGreen fluorescence are shown. Bars: 25 um. (n=3). Lower panels: bars 50 um.
B) HEK-293 cells were incubated with 400 nM KGreen for 5 min and then cells were pretreated
for 5 more minutes with potassium channel inhibitors TEACI 5 mM + GdCIl; 1 mM + BaCl; 5
mM. After pre-treatment, cells were incubated in 30 mM Tris-HCI pH 7.4 supplemented with the
previously indicated potassium blockers for further 10 minutes. Bright field and KGreen
fluorescence images are shown. Bars: 25 pm. (n=3). Lower panels: bars 50 um.
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Chapter 2

Design, synthesis, and application of a ratiometric K probe for measuring
intracellular K* level in living cells

Portions of this work were performed in collaboration with the following persons:

Dr. Cheri Ackerman and Tyler Detomasi helped generate ICP-MS data for measuring resting K*
level in various cell lines (Figure 2.6,2.7)
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2.1 Introduction

Potassium ions (K*) are among the most abundant metal ions in the human body."?
Potassium ion regulation of cellular osmolality and potential contributes to many
physiological processes, including neuron firing®>, muscle contraction®’, and hormone
regulation®*°. Cellular potassium homeostasis is maintained by membrane K* channels
and pumps, giving physiological K* concentrations ranging from 5 mM (extracellular) to
150 mM (intracellular). Elevation or depletion of intracellular K* caused by the
malfunction of K* channels or pumps can lead to various diseases including diabetes,
arrhythmia, heart disorders, and epilepsy.’*?> K* channels have been intensively studied
for the past few years and the overexpression of K* channels is implicated in various
cancer models.*>” However, these studies are hindered by the limitations of existing
tools for studying K* dynamics in live cells.

Fluorescent sensors are non-invasive, high signal-to-noise tools that can accurately
map a variety of biological analytes. While small-molecule fluorescent sensors for
potassium have been developed, these sensors suffer various shortcomings which hamper
their utilization for the visualization of intracellular potassium in biological samples. %’
The first potassium probe, termed PBFI (potassium benzofuran isophthalic acid), was
developed by Salim and co-workers. PBFI suffers from slow cellular uptake kinetics due
to its high molecular weight.?® Verkman and other research groups have successfully
developed several extracellular potassium sensors based on a triaza-cryptand potassium
ionophore.?*#*3? These potassium sensors have extremely high binding affinities and
selectivity of potassium over sodium. However, they are not suitable for intracellular
potassium studies due to the high binding affinity value. (Scheme 2.1) Also, the poor-
yielding, multistep synthesis of triaza-cryptand makes further modification and
functionalization of these sensors difficult.

Our potassium ion sensor design described in chapter one features lariat-ether modified
crown ethers?>3*34 as potassium ionophores with decreased binding affinity compared to
Verkman’s cryptand ionophores. The binding affinity of our sensor (KGreen) is
calculated to be around 37 mM which roughly matches intracellular potassium level.
Although KGreen shows desired photo-properties and has been utilized in live cell K*
imaging as a fluorescent sensor with turn-on response, KGreen suffers two key
disadvantages. Since the observed fluorescence intensity of KGreen is based on the
quantity of K*-bound fluorophore, it is not only influenced by intracellular K*
concentration but also by intracellular KGreen concentration, making our readout based
on relative rather than absolute K* concentration changes. Moreover, KGreen can detect
dynamic K* flux within the same cells, but may not be useful in detecting or comparing
K™ levels in different cell lines since intracellular delivery of KGreen may vary among
cell types. Inspired by previous work on ratiometric zinc sensors®, we have sought to
address these flaws by introducing a ratiometric readout which enables internal self-
calibration through a conjugated standard fluorophore. Ratiometric calibration minimizes
interference arising from analyte-independent phenomena such as sample thickness,
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heterogeneity, and variations in light intensity, and also enables quantitative readout of K
levels among cell lines.*

In this chapter, we report the design, synthesis, and biological evaluation of a first-
generation ratiometric fluorescent probe for K* composed of a dual fluorophore system.
Specifically, potassium ratiometric probe 1 (KR-1) utilizes an ester linker that can be
cleaved by cellular esterase to detach the standard fluorophore Coumarin 343.% 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 analytes as long as the
emission spectrum of the turn-on probe does not overlap with that of the standard
fluorophore. KR-1 demonstrates high selectivity and sensitivity to K over competing
biologically relevant metals and is able to monitor intracellular K* fluxes. Moreover, the
ratiometric readout of this probe also facilitates comparative screening of K* levels across
a variety of cell types, in particular identifying cancer cell types that possess higher

resting concentrations of K*. 131

2.2 Methods

2.2.1. General synthetic and spectroscopic methods

Reactions using moisture- or air-sensitive reagents were carried out in flame-dried
glassware under an inert atmosphere of N,. Solvent was passed over activated alumina and
stored over activated 3A 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 CDCI3 or CD30D (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on
Bruker AVQ-400, AVB-400, AV-500, or AV-600 at the College of Chemistry NMR Facility at
the University of California, Berkeley or on 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 residual solvent peak at 7.26 (CDClIs) or 3.31 (CD3OD) for *H and 77.16 (CDCls) or
49.00 (CD50D) for **C as an internal reference. Splitting patterns are indicated as fol-lows: br,
broad; s, singlet; d, doublet; t, triplet; m, multiplet; dd, doublet of doublets. Low-resolution
electrospray mass spectral analyses were carried out using a 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.

9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)phenyl)-3-oxo-

3H-xanthen-6-yl trifluoromethanesulfonate (1). Compound 1 (20.0 g, 51.7 mmol), 2-(2-(2-

chloroethoxy)ethoxy)ethan-1-ol (12.0 mL, 77.5 mmol), potassium carbonate (35.8 g, 250 mmol),

and potassium iodide (17.1 g, 103 mmol) were suspended in dry DMF (80 mL) and heated to

70 °C while stirring under nitrogen. After 24 h, the reaction was poured into brine (700 mL), and

the mixture was extracted with ethyl acetate (3 x 200 mL). The combined organic layers were
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dried over sodium sulfate, filtered, and concentrated via rotary evaporation. The crude residue
was purified by column chromatography (silica gel, 30-100% EtOAc in hexanes) to afford 3 as a
transparent, yellow oil (26.0 g, 50.0 mmol, 97%). *H NMR (400 MHz, CDCls): & 8.28 (d, 2H, J
=8.8Hz),7.84 (d, 2H, J =9.2 Hz), 7.21 (d, 1H, J = 8.4 Hz), 7.09 (dd, 1H, J = 8.4, 2.0 Hz), 6.91
(d, 1H, J = 2.0 Hz), 3.71-3.66 (m, 3H), 3.56-3.51 (m, 8H), 3.35 (s, 3H). *C NMR (101 MHz,
CDCl3): 6 156.46, 149.93, 145.99, 134.71, 128.82, 125.07, 124.30, 123.97, 123.76, 115.57,
72.54, 70.42, 69.08, 61.84, 55.35, 49.43. LRMS calcd. for CssHaoFsNO3:S [M + H]* 755.76;
found: 755.70.

tert-butyl 4-(9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)phenyl)-3-oxo-3H-xanthen-6-yl)piperazine-1-carboxylate (2). Compound 2
(26.0 g, 50 mmol) and triethylamine (41 mL, 300 mmol) were dissolved in methylene chloride
(200 mL) and cooled to 0 °C while stirring. Tosyl chloride (19.0 g, 100 mmol) was added, and
the reaction was allowed to warm to ambient temperature while stirring. After 24 h, the reaction
was concentrated via rotary evaporation, and the resulting residue was purified by column
chromatography (silica gel, 25% EtOAc in hexanes to 10% MeOH in EtOAc) to afford 4 as a tan
solid (28.0 g, 42 mmol, 84%). *H NMR (400 MHz, CDCls): & 8.35 (d, 2H, J = 8.2 Hz), 7.91 (d,
2H, J = 6.8 Hz), 7.83 (d, 2H, J = 8.4 Hz), 7.46 (d, 2H, J = 8.0 Hz), 7.24 (d, 1H, J = 8.0 Hz), 7.17-
7.13 (m, 2H), 4.15 4.17-4.14 (m, 2H), 3.62 (t, 2H, J = 4.4 Hz), 3.43-3.40 (m, 8H), 3.41 (s, 3H),
2.47 (s, 3H). *C NMR (101 MHz, CDCls): & 164.25, 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.
9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)phenyl)-6-
(piperazin-1-yl)-3H-xanthen-3-one (3). Tert-butyl 4-amino-3-methoxybenzoate (2.2 g, 9.9
mmol) was dissolved in a 2:1 mixture of methylene chloride/pyridine (75 mL) and cooled to
0 °C. Nosyl chloride (4.0 g, 18.0 mmol) was dissolved in a 2:1 mixture of methylene
chloride/pyridine (75 mL) was added dropwise over 30 min while stirring. The reaction was
allowed to warm to ambient temperature for 1 h and then poured into dilute sulfuric acid (1 N,
700 mL, 0 °C) in a separatory funnel. The mixture was extracted with methylene chloride (3 x
200 mL), and the combined organic layers were washed with water (100 mL) and brine (200
mL). The washed organic phase was dried over sodium sulfate, filtered, and then concentrated
via rotary evaporation. The crude residue was purified by column chromatography (silica gel, 20%
EtOAC in hexanes) to afford 1 as a pale yellow powder (3.0 g, 7.4 mmol, 74%). *H NMR (600
MHz, CDCls): & 8.18 (d, 2H, J = 8.4 Hz), 7.95 (d, 2H, J = 9.0 Hz), 7.70 (s, 1H), 7.49 (s, 2H),
7.34 (s, 1H), 3.67 (s, 3H), 1.48 (s, 9H). **C NMR (101 MHz, CDCl3): & 164.75, 150.09, 148.86,
144,58, 128.76, 128.42, 124.06, 122.62, 119.56, 81.22, 55.78, 27.92.

methyl 2-(4-(9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-
methoxyethoxy)phenyl)-3-oxo-3H-xanthen-6-yl)piperazin-1-yl)acetate (4). Compound 3 (6.8
g, 10.1 mmol), Compound 4 (4.1 g, 10.1 mmol), potassium carbonate (5.6 g, 41 mmol), and
potassium iodide (3.4 g, 20 mmol) were suspended in dry DMF (40 mL) and heated to 70 °C
while stirring under nitrogen. After 24 h, the reaction was poured into brine (600 mL), and the
mixture was extracted with ethyl acetate (3 x 100 mL). The combined organic layers were dried
over sodium sulfate, filtered, and concentrated via rotary evaporation. The crude residue was
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passed through a silica plug (100 g, 10% MeOH in EtOACc), filtered, and concentrated to afford 5
as a foamy yellow solid (9.0 g, 98%). *H NMR (400 MHz, CDCls): & 8.29-8.26 (m, 4H), 7.87-
7.82 (m, 4H), 7.59 (dd, 1H, J = 8.0, 1.6 Hz), 7.41 (d, 1H, J = 1.6 Hz), 7.37 (d, 1H, J = 8.0 Hz),
7.171 (d, 1H, J = 8.0 Hz), 7.08 (dd, 1H, J = 8.4, 2.0 Hz), 6.92 (d, 1H, J = 2.0 Hz), 3.54-3.43 (m,
12H), 3.40 (s, 3H), 3.36 (s, 3H), 1.59 (s, 9H). *C NMR (101 MHz, CDCls): & 166.42, 147.65,
145.88, 141.95, 137.27, 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. HRMS-ESI calculated for
C37H41BrN4O14 SoNa [M + Na']: 931.1142; found: 931.1183.

Krhodol (5). Compound 5 (4.5 g, 5.0 mmol), thiophenol (3.5 mL, 35 mmol), and potassium
carbonate (7.0 g, 50 mmol) were suspended in DMF (70 mL) and stirred at ambient temperature.
After 2 h, the reaction was poured into brine (700 mL), and the mixture was extracted with ethyl
acetate (3 x 100 mL). The combined organic layers were dried over sodium sulfate, filtered, and
concentrated via rotary evaporation. The crude residue was purified by column chromatography
(silica gel, 20-40% EtOAc in hexanes) to afford 6 as a light yellow powder (23 mg, 0.24 mmol,
78%). 'H NMR (400 MHz, CDCl3): & 7.56 (dd, 1H, J = 8.3, 2.0 Hz), 7.36 (s, 1H), 6.95 (dd, 1H, J
=8.5,2.0 Hz), 6.83 (d, 1H, J = 2.0 Hz), 6.53-6.47 (m, 2H), 3.84 (s, 3H), 3.79 (s, 3H), 3.74 (t, 4H,
J = 5.0 Hz), 3.67 (s, 4H), 3.37 (t, 2H, J = 5.5 Hz), 3.29 (t, 2H, J = 5.5 Hz), 1.57 (s, 9H). *°C
NMR (101 MHz, CDClg): 6 166.01, 147.32, 145.55, 141.72, 137.07, 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, 55.12, 42.83, 42.40,
28.07. HRMS-ESI calculated for CysH3sBrN,Og [M + H']: 739.1757; found: 739.1764.

KR-1 (6). Compound 6 (23 mg, 0.24 mmol) and glycoyl chloride (0.23 mL, 1.90 mmol) were
separately dissolved in anhydrous benzene (50 mL) under nitrogen. Using two syringe pumps
(KDS-100, KD Scientific), the two solutions were added dropwise over 24 h to a stirring solution
of anhydrous pyridine (1.5 mL, 19 mmol) and anhydrous benzene (1.0 L) in a flame-dried, three-
neck round bottom flask under nitrogen. After completion of addition, the reaction was heated to
reflux while stirring under nitrogen. After 16 h, the solvent was removed via rotary evaporation,
and the crude residue was purified by column chromatography (basic alumina, 0-5% MeOH in
CH.CI,) to afford 7 as a foamy orange oil (13 mg, 0.16 mmol, 36%). 'H NMR (400 MHz,
CDCls): & 8.29-8.26 (m, 4H), 7.87-7.82 (m, 4H), 7.59 (dd, 1H, J = 8.0, 1.6 Hz), 7.41 (d, 1H, J =
1.6 Hz), 7.37 (d, 1H, J = 8.0 Hz), 7.171 (d, 1H, J = 8.0 Hz), 7.08 (dd, 1H, J = 8.4, 2.0 Hz), 6.92
(d, 1H, J = 2.0 Hz), 3.54-3.43 (m, 12H), 3.40 (s, 3H), 3.36 (s, 3H), 1.59 (s, 9H). **C NMR (101
MHz, CDCls): & 166.42, 147.65, 145.88, 141.95, 137.27, 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.
HRMS-ESI calculated for Cs;H41BrN4O14 S;Na [M + Na']: 931.1142; found: 931.1183

2.2.2. Spectroscopic Materials and Methods

All aqueous buffers were prepared using Millipore water. Krhodol were aliquoted into
polypropylene PCR tubes (50 nmol per tube), vacuum-dried in a dessicator, and stored in a —
20 °C freezer for preservation. Aliquots were reconstituted in DMSO (20 uL for a stock
concentration of 1 mM) prior to diluting into aqueous buffer to a final concentration of 2 4M).
Molar extinction coefficients (&) were calculated from the slope of the best-fit line correlating
absorbance (at Amax) With sensor concentration. For the fluorescence profiles and binding curves,
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sodium sensor was diluted into aqueous HEPES (50 mM, pH 7.4) with metal (M = Na* or K*
such that [Na + K]t = 200 mM). Fluorescence spectra were recorded at varying K/Na ratios. The
fold turn-on was calculated as the response to 200 mM KCI versus 200 mM NaCl, and the
apparent dissociation constant (Kq) was calculated according to Equation 1, where F is the
observed fluorescence, Fmax is the fluorescence response to 200 mM potassium, and Fp, is the
fluorescence response to 200 mM potassium:

(F=Fp) _ K]
(Fmax - I:min) [K+]+ Kd

1)

The sodium concentration corresponding to half the fold turn-on from the fit at [Na'] = 135 mM
was taken as the Kg.

For metal selectivity, HEPES buffer (50 mM, pH 7.4) was charged with Krhodol (2 #M), then
competing metal, and then potassium. The fluorescence response was recorded after each
addition and normalized to the response to dye only. The following concentrations of competing
metals were used: 150 mM (Na*), 1-5 mM (Li*, Ca®*, Mg®*), 50-100 xM (transition metals).

2.2.3. 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 supplemented 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 d prior to
imaging. Cells were stained by incubating a 10 x#M solution of KR-1 in DMEM for 20 min. For
the gramicidin sodium calibration, the DMEM media was exchanged out for phosphate buffered
metal solution (PBM, pH 7.4, M = Na or K such that [Na + K]« = 160 mM) containing 2-10 xM
gramicidin (Invitrogen). The cells were allowed to equilibrate in the new media for 15 min prior
to imaging.

2.2.4. Confocal image method

Microscopy experiments were performed on a Zeiss laser scanning microscope (model
710) equipped with a 40x water objective lens and 2010 Zeiss software (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.

2.3. Results and discussion

2.3.1. Design and synthesis of K responsive
Our design of KR-1 is composed of a K' responsive moiety linked to a standard
fluorophore for ratiometric calibration. The K" responsive moiety was designed to be a turn-on
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fluorescent sensor that responds sensitively to intracellular K. To achieve this, it is necessary
that the equilibrium dissociation constant (K4) of the sensor be roughly equivalent to the
intracellular K™ concentration (150 mM). We thus chose a lariat ether modified aza-crown ether
to be the ionophore of the K" responsive moiety. This structure is shown to have a weaker
binding affinity for K* compared to cryptand and G-quadruplex ionophores (Figure), which
match intracellular K concentration. As for the fluorophore, we chose a rhodol-based structure
since it has been used in multiple probe designs and has shown advantageous properties such as
high brightness and photostability.

The synthesis of this K responsive moiety (K rhodol) is briefly described as follows: K rhodol
was synthesized in 7 steps from crown ether derivative 1 (scheme). Lariat ether modified aza-
crown ether 1 was synthesized using published procedures and then converted to xanthene 2
through a Vilsmeier-Haack reaction and resorcinol condensation. The hydroxyl on xanthene 2
was then converted to a triflate followed by Hartwig-Buchwald amination and deprotection to
attach a piperazinyl group to yield 3. Finally, a carboxylate group was attached to give K rhodol.
2.3.2. In vitro characterization of K rhodol.

With K rhodol in hand, its fluorescence response to K was tested in aqueous buffer (50
mM HEPES, pH 7.4). K rhodol shows maximum absorption at 514 nm (Figure) with calculated
absorption coefficients 8([K+]:0): 13800 M 'cm™ and 8([1{]:200 mm) = 14980 M em™! and maximum
emission at 552 nm (Figure). When exposed to K, K rhodol shows an increase in fluorescence
emission. The Ky value of the probe was calculated to be 137 mM based on the K" titration
response using a Benesi-Hildebrand plot (Figure S) which matches intracellular K levels as
expected.

We next evaluated the selectivity of K rhodol for K compared to a panel of biologically
relevant alkali, alkaline earth, and transition metals (Figure), confirming that K rhodol responds
selectively to K* Notably, we were pleased to see that K rhodol showed greater than fivefold
selectivity for K* over Na', a major competing monovalent cation present in cells, thus
indicating the probe’s adequate sensitivity for intracellular usage.

2.3.3. Design and synthesis of KR-1.

To achieve the function of a ratiometric probe, we envisioned attaching a second fluorophore to
our K rhodol K" sensor. Based on the design of the zinc probe (name reference), we chose
coumarin 343 as the standard fluorophore since coumarins are nonresponsive toward K.
Coumarin 343 is linked to K rhodol via an ester bond and PEG linker to make KR-1. After KR-1
is delivered into the cells, cellular esterase will cleave the ester bond to give two separate
fluorophores, K rhodol as the K" responsive fluorophore and coumarin 343 as a K’ non-
responsive fluorophore, in a 1:1 ratio. And both of the fluorophores are cell-trappable. By
assessing the ratio of emission profiles for K rhodol and coumarin 343 we can obtain a
quantitative readout of intracellular K' concentration.

Synthesis of KR-1 requires 2 additional synthetic steps after the synthesis of K rhodol. Coumarin
linker 6 is first synthesized based on literature procedures (reference). Esterification of 6 and K
rhodol yielded KR-1 (scheme).
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2.3.4. Application of KR-1 to imaging K" dynamics in live cells.

Given the ability of K rhodol to respond selectively to intracellular K levels in aqueous
buffer, we next examined its ability to read out changes of K" in living cells through ratiometric
fluorescence imaging. The data establish that KR-1 is indeed able to visualize both increases and
decreases in intracellular K" levels. HeLa cells were treated with 10 uM KR-1 for 3 h and then
imaged. Both K rhodol fluorescence (Green channel) and coumarin fluorescence (Blue channel)
were obtained and combined to give ratio images (Green/Blue ratio). HeLa cells were then
treated with 5 uM valinomycin—a potassium-specific transporter—for 1 h or left in the same
conditions as the control group. Valinomycin created artificial holes in cell membranes that led to
decreases in intracellular K levels. In particular, we observed a clear decrease in Green/Blue
ratio intensity in the HeLa cells that were treated with valinomycin compared to the cells in the
control group (Figure). Cells treated with valinomycin were shown to have decreased levels of
intracellular K by inductively coupled plasma mass spectrometry (ICP-MS; Figure SI),
consistent with the interpretation that KR-1 is responding to decreased K’ concentrations.
Additionally, cell viability in both the absence and the presence of KR-1 was verified by
propidium iodide staining, which confirmed that cell viability was not affected under these
conditions (SI).

After verifying that KR-1 was able to detect decreases in K levels, we examined the
ability of KR-1 to detect increases in K" levels. HT29 cells are known to express significantly
higher numbers of HERG potassium channels compared to other cancer cell lines such as HeLa
and A549. So we envisioned that by incubating HT29 cells with astemizole—a HERG potassium
channel blocker—and artificially elevated extracellular K*, we could increase intracellular K
concentrations. We first incubated all three cell types (using HeLa and A549 as comparison cells)
in 10 pM KR-1 for 3 hours. We then replaced this media with 5 uM astemizole and 30 mM K" in
HEPES buffer and imaged cells after incubating for 1 hour. We observed an increase in
Green/Blue ratio fluorescence in the HT29 cells compared to the control cell lines. The
difference in K" concentration alterations in HT29, HeLa, and A549 cells after astemizole
treatment was additionally confirmed by ICP-MS (Figure S), consistent with our imaging results.
2.3.5. KR-1 enables mapping of K levels in different live cancer cells.

After establishing that KR-1 is capable of reading out variable concentrations of
intracellular K*, we sought to expand the application of KR-1 to map intracellular K" levels in
different cancer cell types. Cancer cell lines are known to exhibit elevated K" channel expression
and some studies have shown elevated intracellular K" levels in these cell lines. This might be
caused by the increased proliferation rate of cancer cells and thus the need for higher levels of
intracellular K'. Despite the growing recognition of the importance of K" channels in cancer cell
lines, the dynamics of K" flux remain insufficiently understood, in part due to a relative lack of
tools for directly assaying intracellular K" levels in living specimens.

Given the ability of KR-1 to measure relative intracellular K" level in cells such as HeLa, A549,
and HT29, we turned our attention to acquiring relative basal K" levels for a series of other cells.
We incubated all the cells with KR-1 and imaged them to obtain ratio information. We observed
that most cancer cell lines (with the exception of RKO) have increased intracellular K level
compared to noncancer cell lines (MCF-10A) which is consistent with our hypotheses. To
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validate the readout of KR-1 we also conducted ICP-MS measurements of intracellular K level
for these cell lines (Figure S). The results showed similar patterns, confirming that cancer cells
show elevated intracellular K level.

2.4. Conclusion

To summarize, we have presented the design, synthesis, characterization, and biological
application of KR-1, a novel first-generation chemical probe for ratiometric quantitation of
intracellular K™ concentration. KR-1 is composed of K rhodol as a turn-on K’ responsive
fluorophore and coumarin 343 as a K nonresponsive fluorophore, both of which are released
after cleavage of an intramolecular ester bond in KR-1 by cellular esterase. KR-1 can sensitively
and specifically respond to K" at intracellular levels as well as report changes in intracellular K
levels. Moreover, due to its ratiometric response KR-1 can be used to assay basal K" levels in
different cell lines. Excitingly, KR-1 has enabled access to previously inaccessible data
concerning intracellular K™ concentrations in live specimens.
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Figure 2.1. UV-Visible spectra of Krhodol. Spectra were obtained in 50 mM HEPES (pH 7.4)
with 2 uM Krhodol (solid) and after treatment with 200 mM K*
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Figure 2.2. (a) Fluorescence intensity of 2 uM Krhodol with titration of K" (0, 15, 30, 45, 60, 75,
90, 105, 120, 135, 150, 175, 200 mM K" balanced by Na*) Spectra were acquired in 50 mM

HEPES (pH 7.4) when monitoring intensity at Aex = 525 nm, collecting emission between 545 —
700 nm.
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Figure 2.3. Fluorescence response of 2 uM Krhodol to biologically relevant d-block (10 uM)
and s-block (1 mM) metals except for Na* (150 mM). Spectra were acquired in 50 mM HEPES
(pH 7.4) when monitoring intensity at Aex = 525 nm, collecting emission between 545 — 700 nm.
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Figure 2.4. Representative ratiometric confocal microscopy images of live HEK 293T cells
loaded with KR-1. Cells were treated with 10 uM KR-1 in DMEM for 90 minutes then washed
2x with DMEM before acquiring images. Cells were then treated with 10 uM valinomycin for 60
min, or not treated as control group for 60 min. Images were taken every 10 min and mean
Krhodol/Coumarin ratios of HEK 293T were calculated. Scale bar = 25 pum.
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Figure 2.5. Imaging effect of K* channel blocker astermizole on various cell lines. HT29,
HELA, A549 cells were treated with 10 uM KR-1 in DMEM for 90 minutes then washed 2x
with DMEM before acquiring images. Then cells were either treated with 5 uM astermizole or
astermizole exclusive high K buffer for 30 min. Relative ratio intensity was calculated by
dividing final mean ratio value by initial mean ratio value. Error bars denote SEM, n=3.
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A549 cells were treated with 10 uM KR-1 in DMEM for 90 minutes then washed 2x with
DMEM. Then cells were either treated with 5 pM astermizole or astermizole exclusive high K
buffer for 30 min. Cellular *K and phosphorous content was measured by ICP-MS. Error bars
denote SEM, n=3.Error bars denote SEM, n=3.
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Figure 2.7. Resting potassium levels of various cancer cell lines. MCF-10A, MDAMB468,
MDAMB231, U20S, HELA, RKO, PC-3 were incubated with 10 uM KR-1 in DMEM for 90
minutes then washed 2x with DMEM before acquiring the image. Cellular **K and phosphorous
content was measured by ICP-MS. Error bars denote SEM, n=3.Error bars denote SEM, n=3.
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Figure 2.8. Resting potassium levels of various cancer cell lines. MCF-10A, MDAMB468,
MDAMB231, U20S, HELA, RKO, PC-3 were incubated with 10 uM KR-1 in DMEM for 90
minutes then washed 2x with DMEM before acquiring the image. Ratio images were generated
with imagel.

44



Chapter 3

Development of a bioluminescence resonance energy transfer (BRET) based
platform for detecting H,O, in living cells
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3.1 Introduction

Bioluminescence resonance energy transfer (BRET), first observed in marine organisms
such as Renilla reniformis™® depicts a nonradiative energy transfer between two optical
components, BRET donor and acceptor. The donor is usually an enzyme such as luciferase and
its derivatives which can that can catalyze light-producing chemical reactions in living
organisms.>® The acceptor can be either fluorescent proteins or fluorophores that can be excited
with the donor energy and emit at a longer wavelength. BRET shares similar features with
fluorescence resonance energy transfer (FRET) as both require some degree of spectral overlap
between the emission spectrum of the donor and the excitation wavelength of the acceptor. In
addition, both FRET and BRET efficiency are inversely proportional to the sixth power of the
donor-acceptor distance.”® But compared to FRET, BRET does not require an external light
source, therefore, BRET does not suffer from auto-fluorescence and does not cause photo-
damage in biological systems. Due to this special characteristic, BRET provides high signal-to-
noise ratio, is non-destructive, and can be used in living cells. Thus, BRET has been utilized in
the fields of protein-protein interaction studies as well as protein signaling and trafficking studies.
Several examples mainly take advantage of the influence of donor-acceptor distance on BRET
efficiency and in most cases BRET acceptors are fluorescent proteins.>***? (Scheme 3.1)

As described in previous chapters, fluorescent sensors can provide selective and sensitive
read-out with good temporal and spatial resolution, Due to these advantages, our lab has
developed several novel fluorescent probes and utilized them to study the signaling and
trafficking of cellular analytes including ROS and transition metals.***> However, recognition-
based fluorescent probe which is one of two general strategies of fluorescent turn-on*® have a
caveat, false signal of signal-to-noise in the cell application. Even with the development of
targetable organelles labeling tools such as SNAP-tag or HALO-tag, labeling of fluorescent
sensors still suffered from the issues of non-specific labelling or the necessity of extra
washing. It is worth noting that most of these problems come from the external light input.

In this chapter, we report the design and characterization of the novel H,O, probe using
BRET strategy modified from our fluorescent H,O, sensors.’”® We envision utilizing the
engineered luciferase, Nanoluciferase (NLuc)*®? as the BRET donor in conjunction with the
small molecule fluorescent H,O, sensor as the acceptor.?® In order to bring the donor and the
acceptor in close proximity, we turned to the HaloTag labeling technology?'~*° which is based on
an engineered haloalkane dehalogenase enzyme which can covalently interact with a
choloroalkane conjugated H,O, probe. We generated a fusion protein of NLuc and the HaloTag
protein, which can be expressed in living cells. Upon reacting with the halo protein, the modified
H,0, probe can specifically label the Nanoluc halo proteins. In the presence of H,0O,, the
fluorophore is unmasked and can serve as a BRET acceptor to produce a H,O, responsive BRET
signal. This BRET pair will give us high signal-to-noise for detection of cellular H,O; levels
without the use of excitation light source. This modular BRET design strategy can be employed
to detect other biologically important analytes by coupling the donor to a wide range of
fluorescent sensors which have good overlap between excitation spectrum of fluorophore and the
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emission spectrum of BRET donor. This BRET method for H,O, detection can provide a
valuable starting point for the further development of BRET sensors for bio-analyte studies.
3.2. Methods
3.2.1. General Synthetic Methods

Reactions using moisture- or air-sensitive reagents were carried out in flame-dried
glassware under an inert atmosphere of N,. Solvent was passed over activated alumina and
stored over activated 3A molecular sieves before use when dry solvent was required. All other
commercially purchased chemicals were used as received (without further purification). Fmoc-
piperazine rhodol boronate was prepared according to published procedures.™ 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 CDCI3
or CD3CN (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on Bruker AVQ-400,
AVB-400, AV-500, or AV-600 at the College of Chemistry NMR Facility at the University of
California, Berkeley. All chemical shifts are reported in the standard notation of & parts per mil-
lion relative to residual solvent peak at 7.26 (CDCl3) or 1.93 (CDsCN) for *H and 77.16 (CDCl5)
or 177.7 (CDsCN) for 3C 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
electrospray mass spectral analyses were carried out using a 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.

3.2.2. Probe Synthesis and New Compound Characterization

4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)benzaldehyde, 2.
POCI3 (3.72 ml, 40 mmol) was added dropwise to a vigorously stirring anhydrous DMF which
was kept in ice bath under N,. Resulting pale yellow solution was stirred at room temperature for
additional 15 min. To this, DMF (2 ml) solution of 16-(2-(2-methoxyethoxy)phenyl)-aza-18-
crown-6 1 (1.65 g, 4 mmol) was then slowly introduced and the resulting dark red solution was
heated at 70 °C for 3 h. Reaction was cooled to room temperature, and poured into ice-cold sat.
NaHCO3; solution. The mixture was extracted 3 x 100 ml DCM/Toluene (2:1) and dried over
anhydrous MgSQ,. Solvent was evaporated in vacuo and compound was purified by silica gel
FCC using DCM:MeOH (19:1) as the eluent. Product 2 was obtained as dark red oil (820 mg,
44% yield) *H NMR (400 MHz, CDCls) & (ppm): 3.48 (s, 3 H), 2.38 (s, 2 H), 2.00 - 1.77 (m, 11
H). *C NMR (101 MHz, CDCls) & (ppm): 215.88, 175.71, 51.63, 45.47, 39.82, 37.98, 37.51,
26.98. LCMS calcd. for C1oH1603[M + H]" 414.19, found 414.2.

9-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxyethoxy)phenyl)-6-

hydroxy-3H-xanthen-3-one, 3. Aldehyde 2 (150 mg, 0.34 mmol, 1 equiv) and resorcinol (82
mg, 0.74 mmol, 2.2 equiv) were dissolved in 4.25 ml TFA in 35 ml pressure flask. The solution
was then stirred at 115 °C for 13 h and rotovaped own to yield crude red oil. The red oil was
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taken up in silica column for purification by flash column chromatography (50%
MeCN/Toluene) to yield 3 (35 mg, 18% yield) as a bright yellow solid. *"H NMR (400 MHz,
CDCls) & (ppm): 3.48 (s, 3 H), 2.38 (s, 2 H), 2.00 - 1.77 (m, 11 H). **C NMR (101 MHz, CDCls)
d (ppm): 215.88, 175.71, 51.63, 45.47, 39.82, 37.98, 37.51, 26.98. LRMS calcd. for C1,H1603 [M
+ H]" 209.11, found 209.2.

PY1l-Halo 2-(2-((6-chlorohexyl)oxy)ethoxy)ethan-1-amine B was synthesized following
literature procedures.10 Compound (14) (0.0159 g, 0.01968 mmol, 1 eq), B (0.0132 g, 0.059
mmol, 3 eq), and HATU (0.0262 g, 0.0689 mmol, 3.5 eq) were added to an oven-dried round-
bottom flask with 1 mL DMF. Then DIPEA (0.02057 mL, 0.11808 mmol, 6 eq) was added, and
the reaction was stirred at room temperature overnight. The reaction was concentrated in vacuo,
then was loaded on silica gel for purification by flash chromatography (10% MeOH in DCM) to
yield P Y1-HALO (0.0068 g, 34%). |H NMR (400 MHz, CDCI3) & (ppm): 7.94 (s, 1 H), 7.79 —
7.78 (d, 1 H), 6.85 -6.82 (m, 4 H), 6.63 — 6.59 (d, 1 H), 6.55 (s, 1 H), 3.84 (s, 2 H), 3.59 — 3.45
(m, 12 H), 3.11 (s, 2 H), 2.84 — 2.56 (s, 24 H), 1.28 (m, 6 H).

3.2.3. Spectroscopic Materials and Methods.

Millipore water was used to prepare all aqueous solutions. All spectroscopic measurements were
performed in 20 mM HEPES buffer, pH 7. Absorption spectra were recorded on a Varian Cary
50 spectrophotometer (Walnut Creek, CA) and fluorescence spectra were recorded on a Photon
Technology International Quanta Master 4 L-format scanning spectrofluorometer
(Lawrenceville, NJ) equipped with an LPS-220B 75-W xenon lamp and power supply, A-1010B
lamp housing with integrated igniter, switchable 814 photon-counting/analog photomultiplier
detection unit, and MD5020 motor driver. Samples for absorption and emission measurements
were contained in 1-cm x 1-cm quartz cuvettes (1.5-mL volume, Starna, Atascadero, CA).
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3.2.4. Preparation and Staining of Cell Cultures.

HEK293T cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Hyclone) and glutamine (2 mM). Two days before imaging, cells were
passaged and plated on 18-mm glass coverslips. For all experiments, solutions of dyes (from 5
mM stocks in DMSO) were made in DBPS with calcium chloride and magnesium chloride
(Sigma). H,0, was added by bath application to the medium from a 100 mM aqueous stock. For
paraquat treatment, HelLa cells were cultured as described above. One day prior to imaging, 1
mM paraquat was added to cells from a 0.5 M stock solution in water. An equal amount of water
was added to control cells at the same time. Cells were then incubated at 37 °C, 5% CO2. After
24 hours, the media was exchanged for DPBS with 5 uM dye and incubated for 1 hour.

3.2.5. Fluorescence Imaging Experiments.

Confocal fluorescence imaging studies were performed with a Zeiss LSM510 NLO
Axiovert 200 laser scanning microscope and a 63x Achroplan IR water-immersion objective lens.
Excitation of PY1-loaded cells at 510 nm was carried out with an Ar laser and emission was
collected using a META detector between 527-580 nm. MitoTracker Deep Red was excited with
a 633-nm line and emission was collected between 666-698 nm. LysoTracker Red was excited
with a 543-nm line and emission was collected between 580-644 nnm. Excitation of Hoechst
33342 was carried out using a MaiTai two-photon laser at 780-nm pulses (mode-locked
Ti:sapphire laser, Tsunami Spectra Physics) and emission was collected between 452-537 nm.
Image analysis was performed in Adobe Photoshop.

3.2.6. Cell plating and transfection

Plate 9 mL of HEK293T cells in a 10 cm dish at a cell density of 1.1 x10° /mL and
incubated at 37°C, 5% CO, for 24 h. Cells were then transfected with NLuc-HaloTag Vector
(Promega) using lipofectamine 3000 and incubated at 37°C, 5% CO2 for 24 h. The cells were
harvested by trypsinization followed by centrifugation for 5 minutes at 200 x g. The cell pellet
was then resuspended in 2 mL PBS, divided into two tubes and centrifuged for 5 minutes at 200
X g to obtain cell pellet. The cell pellets were stored in -80°C until further use.

3.2.7. Binding analysis
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The cell pellet was resuspended in 400 pL lysis buffer (Promega) and incubated for 15
minutes at room temperature with constant mixing. The solution was then diluted 1:2 with PBS
for a final volume of 1.2 mL diluted cell lysate. At this point, 60 pL of the lysate was removed
and labeled as Time 0. A 4 uM HaloTag TMR ligand solution in PBS was prepared and 20 pL of
4 uM HaloTag TMR solution was added to the Time 0 aliquot for a final concentration of 1 uM
and incubated for 15 minutes at room temperature. This represents 100% available HaloTag not
treated with the chloroalkane derivatized compound and will be used as reference in the
calculations. To the remainder of the lysate, the chloroalkane derivatized compound was added
at a final concentration of 1 pM and incubated at room temperature with constant mixing.
Sequentially after 5, 10, 15, 30, 45, and 60 minutes incubation time, 60 pL lysate was removed
and 20 pL of 4uM HaloTag TMR ligand was added immediately and incubated at room
temperature for 15 minutes. The TMR-HaloTag ligand will bind to HaloTag which was not
already bound to the chloroalkane derivatized compound. After labeling, 26ul of 4 X SDS
Loading buffer was added to all the samples and 10-15 pL of each sample was loaded in an
SDS-PAGE. The fluorescent gel was imaged with the Chemi Doc imager and the band
intensities were used to calculate the percentage of labeled protein at the various time points.

3.3. Results
3.3.1. Design, Synthesis, and Characterization of BRET-based H,0, sensor

Our design of this BRET-based H,O; probe includes three components, the BRET donor,
the BRET acceptor, and the linker. We chose Nanoluc luciferase (Nluc), a new bioluminescent
enzyme as our BRET donor. NLuc is a 19.1 kDa luciferase enzyme that relies on the substrate
furimazine to produce high intensity, glow-type luminescence. NLuc was shown to exhibit
multiple photo-properties superior to traditional luciferases. Also, the H,O, sensor (PY1) which
revealed the high selectivity toward H,O, and high quantum yield was chosen as the BRET
acceptor and modified it with halo-tag reactive handle for labeling Nluc (Halo-PY1). We
envisioned in cellulo labeling of modified PY1 probe on co-expressed Nluc-Halotag fusion
protein. Before reacting with peroxide, PY1 is not activated and only bioluminescence at Nluc
emission wavelength will be observed (around 460 nm). However, after the reaction of PY1
probe with cellular hydrogen peroxide, boronic ester on PY1 will be hydrolyzed and unmasked
to yield an excitable fluorescein species. Then upon stimulation of bioluminescence with
furimazine, BRET process will occur between Nluc and activated PY1, resulting in an increase
in activated PY1 emission at 545 nm. Information of cellular H,O, level can thus be monitored
using the ratio of emission profiles for PY1 channel and Nluc channel (BRET ratio).

The synthesis of Halo-PY1 is described briefly as follows. Fmoc-PY1 was synthesized in
four steps from commercially available starting material according to literature procedure
(Scheme 3.2). Deprotection of Fmoc group gives yield to piperazine modified rhodol 2. The free
secondary amine on molecule 2 further reacted with succinic anhydride to afford rhodol 3 with
carboxylate acid functional group. Halo-tag reactive handle was then attached to rhodol 3 using
HATU facilitated amination reaction to yield Halo-PY1.
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3.3.2. Reactivity and binding affinity of the probe

We next examined the response of Halo-PY1 for H,O, in aqueous buffer (50 mM HEPES,
pH 7.4). The oxidized probe showed absorption maxima at 515 nm and emission maxima at 545
nm and upon the addition of 100 uM H,O5, the probe showed over 25 fluorescent turn-on, which
matches the features of previous PY1 probe. (Figure 3.1) The data also showed that Halo-PY'1
retained the sensitive response to H,O, around physiological level (< 200 uM). Also, reaction of
the probe in buffer with various H,O; level showed the rate of reaction increases with increasing
concentrations of H,O, (1 uM to 1 mM). (Figure 3.2)

After confirming reactivity of Halo-PY1 towards peroxide, we tested out reactivity of the
Halo-PY1 towards Nluc-Halotag protein. The experiment was conducted with cell lysate of
Nluc-Halotag transfected in HEK293T cells. The result showed a fast and efficient labeling
between Halo-PY1 and Nluc-Halotag proteins. The rate of labeling was comparable to that of
TMR-halo as a standard labeling reagent. Labeling reaction was determined to be completed
within 15 min by imaging the fluorescent gel. (Figure 3.3)

3.3.3. Cellular staining and response of the labeled probe to H,O,

Halo-PY1 was then tested for its ability to both specifically label Nluc-HaloTag protein
and respond to H,O; in living biological systems. HEK293T was transfected with Nluc-Halotag
protein vector. The transfected cells were then incubated with 5 uM Halo-PY1 for 1h at 37 °C
and washed 3 times before imaging. No signal was observed before peroxide addition by
confocal microscopy. However after the addition of 100 uM H,0, to transfected cells loaded
with Halo-PY1, we observed strong fluorescent signal from the transfected cells after 30 min
incubation and it even showed staining pattern. This suggests that the probe can sensitively read
out the increases of cellular H,O,. Moreover, the staining pattern demonstrated that not all the
cells in the imaging field had fluorescent signal, indicating that only cells that were successfully
transfected with Nluc-Halotag construct can be labeled by Nluc-PY1. In addition, control
experiments were conducted with non-transfected HEK293T under same condition. No signal
was observed both before and after the addition of 100 uM H,0,. The result suggested that the
unlabeled probe was not retained in the untransfected cells during the washing process and this
further confirmed specific labeling of Halo-PY1 to Nluc-Halotag protein. (Figure 3.4)
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Figure 3.1. Fluorescence turn-on response of 5 uM PY 1-Halo to H,0,. Data were acquired at 37
°C in 20 mM HEPES, pH 7.4 with excitation at A = 503 nm Emission were collected between
520 and 700 nm. Time points represent 0, 5, 15, 30, 45, and 60 min after addition of 100 uM
H,0, Reactions are not complete at these times.
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Figure 3.2. Kinetic study of fluorescence turn-on response of PY1-Halo to H,O,. Data were
acquired at 37 °C in 20 mM HEPES, pH 7.4 with excitation at A = 503 nm Emission were
collected between 520 and 700 nm. Time points represent 0, 5, 15, 30, 45, and 60 min after
addition of 1, 10, 100, and 1000 uM H,O,. Reactions are not complete at these times.
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Figure 3.3. Fig 1: Binding kinetics of PY1-Halo to HaloTag in cell lysate. a. SDS-PAGE
analysis of binding to HaloTag. b. % binding with time. Results indicates sufficient binding to
HaloTag within the 15 minutes capture time frame. TMR-Halo was used as comparison group
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Figure 3.4: Both HelLa cells (on two coverslips each in separate petri dishes) transfected
with Nanoluc-Halo construct and non-transfected were incubated with 5 uM PY 1-Halo in
DPBS for 30 minutes. 100 uM H202 was then added to one of the petri dishes. (3.2 psec
pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant

receiver gain). Shown above are signals from PY1-Halo 20 um scale bar shown for all
images.
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Appendix 1

Design, synthesis of a fluorescent turn-on K* probe for measuring
extracellular K* level in living cells
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A.1.1. Introduction

As the most abundant intracellular cation, potassium (K*) occupies 4% of human body mass and
plays a vital role in regulating intracellular fluid volume, fluid transportation, and neuron
signaling. In general, physiological extracellular K* concentrations are around 5 mM, while the
concentration of intracellular K* is typically around 150 mM. During normal K* fluctuations in
activities such as such as neurotransmission, muscle contraction, and heart function, extracellular
K" can rise up to 10 mM, while intracellular K* levels remain relatively on a constant higher
concentration. Abnormal K* fluctuations may lead to diseases such as anorexia, bulimia, heart
disease, diabetes, and cancer. % * % However, the current knowledge of physiology of K* is
very limited, due to the absence of efficient ways to measure the change of K™ in both cellular
and extracellular fluids with high spatial and temporal fidelity. ! A fluorescent approach might
be a promising candidate for studying the dynamics of K™ levels as it is non-invasive to biology
system and sensitive for target molecules.

Potassium-binding benzofuran isophthalate (PBFI), one of the earliest fluorescent potassium ion
probes, uses diaza-18-crown-6 as the ion receptor and a benzofuran derivative as the fluorophore.
However, PBFI suffers from poor selectivity for potassium ion over sodium ion. ["! A new
triazacryptand platform was introduced as the potassium ionophore by He et al. to improve
selectivity over sodium (Na*). [ Later, Verkman’s group developed related probes for
extracellular sensing by applying the same triazacryptand platform but altering the dissociation
constant (Kd). "** However, previous probes suffered from issues like low turn-on ratio and
poor solubility, and hence the likelihood of applications of the probes to study extracellular
potassium of live cells has been significantly excluded.

Since extracellular potassium concentration is much lower than intracellular potassium
concentration, a more drastic change of potassium concentration will happen in extracellular
fluids during the fluctuation of potassium ion which could result in a better sensitivity for
fluorescent detection. For instance, extracellular potassium concentration can increase up to 2-
fold during neuronal activity, while intracellular potassium stays stable. Physiological evidence
indicate that the small amount of liberated K™ does not immediately diffuse away from the
neuron; instead, it appears to accumulate in a restricted space just outside the membrane, where
it gives rise to a temporary increase in K* concentration in that area. **! Thus we aim at
developing an extracellular potassium ion probe. It is worthy to note that there are several
principles we must consider in designing improved fluorescent potassium sensors. First of all,
fluorophores with excitation in the visible range are preferred in biological systems, preferably at
excitation (> 400 nm) and emission (> 500 nm) wavelengths that minimize the effects of the
background fluorescence of biological systems. Second, sensors with reasonable dissociation
constant (K ) values around 5 mM to detect potassium efflux outside the cell are desired.
Moreover, due to the much higher level of the extracellular sodium ion (~ 140 mM) with respect
to potassium ion level, the sensor with high selectivity over Na* ion, as well as good water
solubility, and high turn-on ratio is expected.
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A.1.3. Methods

A.1.3.1. General synthetic methods

Reactions using moisture- or air-sensitive reagents were carried out in flame-dried
glassware under an inert atmosphere of N,. Solvent was passed over activated alumina and
stored over activated 3A 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 CDCI3 or CD3CN (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on
Bruker AVQ-400, AVB-400, AV-500, or AV-600 at the College of Chemistry NMR Facility at
the University of California, Berkeley. All chemical shifts are reported in the standard notation
of & parts per mil-lion relative to residual solvent peak at 7.26 (CDCls) or 1.93 (CDsCN) for *H
and 77.16 (CDCls) or 177.7 (CDsCN) for *3C 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 electrospray mass spectral analyses were carried out using a 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.

A.1.3.2. Probe synthesis and new compound characterization

Synthesis of 1-(2-bromoethoxy)-2-nitrobenzene, 1.

Compound 1 (27.8 g, 200 mmol), 1,2-dibromoethane (86 ml, 1 mol), potassium carbonate (27.6
g, 200 mmol) were suspended in dry DMF (100 mL) and heated to 110 °C while stirring under
nitrogen. After 1 h, the reaction was mixed with 250 ml of water and extracted with chloroform
(250 ml). The organic layer was then washed by NaOH solution (1 N) until the water layer was
pale yellow. Then the organic layer was dried over sodium sulfate, filtered and concentrated via
rotary evaporation. The resulting oil (30 ml) was triturated with methanol and stored at -20 °C
overnight. The solution was filtered and dried in air for 3 h to obtain a light yellow powder. The
powder was then purified by column chromatography (silica gel, 30% ethyl acetate in hexanes)
to afford the product as pale yellow crystal (13.0 g, 62.0 mmol 31%). 1H NMR (400 MHz,
CDCI3): 6 7.85 (dd, 1H), 7.57 (td, 1H), 7.21 (d, 1H), 7.09-7.13 (m, 2H), 4.50 (t, 2H), 3.70 t, 2H)
13C NMR (101 MHz, CDCI3): 6 150.91, 140.31, 131.55, 127.52, 121.19, 115.29, 67.28, 29.21.
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Synthesis of 5-(5,5-dimethyl-1,3-dioxan-2-yl)-2-nitrophenol, 2

3-hydroxy-4-benzaldehyde (10.0 g, 60 mmol), 2,2-dimethylpropane-1,3-diol (25.6 g, 300 mmol)
were dissolved in benzene (300 ml) and H2SO4 (3 ml) was then added. The solution was heated
at 120 °C for overnight. After cooling down, the solution was treated with potassium carbonate
(10 g) and washed with sodium bicarbonate. The organic layer was then dried over sodium
sulfate, filtered and concentrated via rotary evaporation to afford bright yellow powder (13.4 g,
58 mmol, 97%). 1H NMR (400 MHz, CDCI3): & 8.13 (d, 1H), 7.30 (d, 1H), 7.16 (dd, 1H), 5,41
(s, 1H), 3.82 (d, 2H), 3.69 (d, 2H), 1.30 (s, 3H), 0.85 (s, 3H) 13C NMR (101 MHz, CDCI3):
153.03, 144.88. 132.92, 125.17, 119.54, 114.02, 109.59, 78.31, 76.22, 30.09, 24.11, 20.08
Synthesis of 2-(3-(2-methoxyethoxy)-4-nitrophenyl)-5, 5-dimethyl-1, 3-dioxane. (3)
5-(5,5-dimethyl-1,3-dioxan-2-yl)-2-nitrophenol (2 g, 8 mmol), 1-chloro-2-methoxyeth- ane (2.4
ml, 24 mmol), potassium carbonate (2.1 g, 16 mmol), and potassium iodide (2.5g, 16mmaol) were
suspended in DMF (80 ml) and heated to 80 °C under nitrogen. After 12 h, the reaction was
poured into water (200 ml) and extracted with chloroform (200 ml). Then the organic layer was
evaporated down to afford a yellow oil (2.3 g). The product was further purified by
chromatography (silica gel, 20-50% ethyl acetate in hexanes) to afford the final product (2.2 g, 7
mmol, 83.2%) 1H NMR (400 MHz, CDCI3): 5 8.05 (d, 1H), 7.27 (s, 1H), 7.08 (dd, 1H), 5,39 (s,
1H), 4.29 (t, 2H), 3.75-3.82 (m, 4H), 3.66 (d, 2H), 3.46 (s, 3H) , 1.26 (s, 3H) ), 0.82 (s, 3H). 13C
NMR (101 MHz, CDCI3): 6 150.31, 143.98. 139.92, 124.36, 118.66, 112.31, 109.59, 78.31,
76.27,72.11, 69.99, 59.34, 30.11, 24.11, 20.08

4-(5, 5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)aniline. (4)
2-(3-(2-methoxyethoxy)-4-nitrophenyl)-5,5-dimethyl-1,3-dioxane (1.8 g, 5.8 mmol), sodium
borohydride (660 mg, 18 mmol), Raney nickel (2 ml in a slurry) was suspended in 300 ml of
methanol. It was stirred at room temperature for 45 min. The product was filtered over Celite and
rotary evaporated all the solvent. Then the slurry was treated with 100 ml of water and 100 ml of
ethyl acetate. The organic layer was dried and evaporated down to afford light orange oil (1.64 g,
4 mmol, 87%) 1H NMR (400 MHz, CDCI3): & 6.99 (s, 1H), 6.90 (d, 1H), 6.70 (dd, 1H), 4.12 (t,
2H), 4.64-4.74 (m, 6H), 3.75-3.82 (m, 4H), 3.42 (s, 3H), 1.26 (s, 3H) ), 0.77 (s, 3H). 13C NMR
(101 MHz, CDCI3): 6 144.08, 136.52. 127.88, 119.77, 116.82, 112.41, 109.52, 78.31, 76.27,
72.07, 69.05, 59.32, 30.11, 24.11, 20.08
4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)-N,N-bis(2-(2 nitrophenoxy)ethyl)anil
-ine. (5)

4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)aniline (2 g,7 mmol), 1-(2-bromoethoxy)-
2-nitrobenzene (5 g, 21 mmol), potassium carbonate (2.9 g, 21 mmol), potassium iodide (2.1 g,
14 mmol) was suspended in 30 ml of acetonitrile and heated to 80 °C under nitrogen. After 20 h,
1-(2-bromoethoxy)-2-nitrobenzene (1.7 g, 7 mmol) was added and after another 20 h 1-(2-
bromoethoxy)-2-nitrobenzene (1.7 g, 7 mmol) was added. After 20 h, the solution was cooled
down and the solvent was evaporated. Then 100 ml of water and 100 ml of chloroform were
poured into the product. The organic layer was extracted, dried and evaporated down to afford a
light brown oil (2.1 g). The crude residue was purified by two sequential columns (1: 20-70%
ethyl acetate in hexanes; 2: 0-3% methanol in DCM (containing 1% triethylamine)) to afford (1.3
g, 2.12 mmol, 33%). 1H NMR (400 MHz, CDCI3): & 7.74 (d, 2H), 7.43 (t, 2H), 6.99-7.05 (m,
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5H), 6.93 (t, 2H), 5.31 (s, 1H), 4.10-4.18 (m, 6H), 3.68-3.74 (m, 8H), 3.59-3.63 (m 2H), 3,32 (s,
3H), 1.26 (s, 3H) ), 0.77 (s, 3H). 13C NMR (101 MHz, CDCI3): 6 161.41, 150.95, 142.11,
140.32, 131.58, 127.57, 127.43, 121.32, 119.96, 114.88, 114.32, 113.54, 78.31, 76.27, 72.07,
69.05, 65.39, 59.43, 59.32, 30.11, 24.11, 20.08. HRMS-ESI calculated for C31H38010N3
612.2552; found 612.2550
N,N-bis(2-(2-aminophenoxy)ethyl)-4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-
methoxyethoxy)aniline. (6)
4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)-N,N-bis(2-(2-nitrophenoxy)ethyl) aniline
(780 mg, 1.1 mmol), sodium borohydride (210 mg, 7 mmol), and Raney nickel (2 ml in a water
slurry) were suspended in 200 ml of methanol and stirred for 40 min. The reaction was filtered
over Celite and dried by sodium sulfate and then evaporate. Then water (100 ml) and ethyl
acetate (100 ml) were added to extract the product. The organic layer was collected, dried and
evaporated down to afford red oil. The oil was further purified by column chromatography (0-
5% methanol in DCM (containing 1% TEA)) to afford light brown oil (520 mg, 0.9 mmol, 81%).
1H NMR (400 MHz, MeOD): § 7.06-7.08 (m, 4H), 6.69-6.81 (m, 7H), 5.33 (s, 1H), 3.67-4.20
(m, 16H), 3,43 (s, 3H), 1.35 (s, 3H) ), 0.84 (s, 3H). 13C NMR (101 MHz, CDCI3): 6 161.42,
147.23, 142.18, 137.41, 127.41, 122.29, 121.11, 119.88, 115.06, 114.84, 113.50, 112.55, 109.74,
79.99, 76.02, 72.22, 69.00, 66.43, 59.48, 59.32, 30.10, 24.46, 20.13.
22-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)phenyl)-9,10,21,22,23,24-
hexahydro-5H,12H,20H-dibenzo[h,q][1,4,10,16]tetraoxa[7,13,19]triazacyclohenicosine-
6,13(7H,14H)-dione. (7)
N,N-bis(2-(2-aminophenoxy)ethyl)-4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)ani -
line (1.00 g, 1.8 mmol) and 2,2'-(ethane-1,2-diylbis(oxy))diacetyl chloride (408 mg, 1.90 mmol)
were separately dissolved in anhydrous benzene (50 mL) under nitrogen. Using two syringe
pumps (KDS-100, KD Scientific), the two solutions were added dropwise over 24 h to a stirring
solution of anhydrous pyridine (1.5 mL, 19 mmol) and anhydrous benzene (1.0 L) in a flame-
dried, three-neck round bottom flask under nitrogen. After completion of addition, the reaction
was heated to reflux while stirring under nitrogen. After 16 h, the solvent was removed via rotary
evaporation, and the crude residue was purified by column chromatography (basic alumina, 0-
80% ethyl acetate in hexanes) to afford the product as a sticky light orange oil ( 791 mg, 1.18
mmol, 72%). 1H NMR (400 MHz, MeOD): & 8.16 (dd, 2H), 6.74-7.05 (m, 9H), 5.32 (s, 1H),
3.59-4.15 (m, 24H), 3,36 (s, 3H), 1.23 (s, 3H) ), 0.76 (s, 3H). 13C NMR (101 MHz, CDCI3): &
168.24, 161.46, 155.64, 142.18, 127.89, 127.45, 126.93, 120.58, 119.92, 119.92, 114.83, 112.96,
11255, 111.67, 78.24, 76.55, 73.84, 72.22, 69.04, 68.00, 67.92, 59.42, 59.32, 30.18, 24.67,
20.63.

22-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-(2-methoxyethoxy)phenyl)-
6,7,9,10,13,14,21,22,23,24-decahydro-5H,12H,20H-
dibenzo[h,q][1,4,10,16]tetraoxa[7,13,19]triazacyclohenicosine. (8)

Compound 7 (700 mg, 0.10 mmol) was dissolved in anhydrous tetrahydrofuran (21 mL) in a
flamed-dried, round bottom flask equipped with a reflux condenser. The resulting solution was
cooled to 0 °C, and diborane (4.9 mL, 1.0 M in anhydrous tetrahydrofuran, 1.0 mmol) was added
dropwise. The reaction was heated to reflux under nitrogen for 1 h, and the solvent was removed
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via rotary evaporation. The crude residue was purified by column chromatography (silica, 50-
100% EtOAc in hexanes) to afford 8 as a transparent, pale yellow oil (412 mg, 0.06 mmol, 58%).
1H NMR (400 MHz, CDCI3): 6 7.14-7.08 (m, 3H), 6.90 (t, 2H), 6.50-6.71 (m, 6H), 5.38 (s, 1H),
4.24 (t, 2H), 4.09 (t, 2H), 3.91 (t, 2H), 3.86-3.79 (m, 8H), 3.75 (s, 2H), 3.72-3.65 (d, 2H), 3.48 (s,
3H), 3.38 (t, 4H), 1.35 (s, 3H), 0.85 (s, 3H). 13C NMR (101 MHz, CDCI3): 6 165.40, 149.28,
142.18, 137.43, 124.46, 121.24, 120.60, 117.79, 114.82, 112.52, 110.41, 110.27, 108.65, 79.28,
75.82, 72.21, 71.76, 70.34, 69.08, 67.93, 59.44, 59.30, 52.67, 30.11, 24.84, 20.97. HRMS-ESI:
calculated for C37H5108N3 665.8161; found 665.8169.

TAC-actal. (9)

Compound 8 (390 mg, 0.58 mmol) and 2,2'-(ethane-1,2-diylbis(oxy))diacetyl chloride (127 mg,
0.60 mmol) were separately dissolved in anhydrous benzene (50 mL) under nitrogen. Using two
syringe pumps (KDS-100, KD Scientific), the two solutions were added dropwise over 24 h to a
stirring solution of anhydrous pyridine (0.5 mL, 5.8 mmol) and anhydrous benzene (1.0 L) in a
flame-dried, three-neck round bottom flask under nitrogen. After completion of addition, the
reaction was heated to reflux while stirring under nitrogen. After 16 h, the solvent was removed
via rotary evaporation, and the crude residue was purified by column chromatography (silica, O-
15% methanol in dichloromethane) to afford the product as a light yellow oil (197 mg, 0.23
mmol, 48%). 1H NMR (400 MHz, CDCI3): 6 7.35 (dd, 2H), 7.30-7.22 (m, 2H), 6.90-7.14 (m,
7H), 4.84 (s, 1H), 3.49-4.25 (m, 36H), 3.40 (s, 3H), 1.26 (s, 3H), 0.79 (s, 3H).

A.1.3.3. Spectroscopic materials and methods

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. Absorption
spectra were acquired on 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 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 response toK™
studies, aqueous solutions of KCI (Sigma) were used. For metal selectivity studies, agqueous
metal solutions of MgCl, *4H,O (EMD Millipore), CaCl, «2H,O (EMD Millipore), NiCl; 6H,0
(Sigma), ZnCl; (Sigma), CuCl, <2H,0 (Baker & Adamson), CoCl, *6H,0 (Sigma), MgCl, «6H,0
(Sigma), NaCl (Sigma), [Cu(CH3CN)4]PFs (Sigma), and FeCls (Sigma) were used. GSH (Sigma)
was used for selectivity studies

A.1.3.4. Fluorescence Turn-on Responses to Potassium

2 different 50 mM HEPES (pH 7.4) was made. Solution A contains 200 mM Na* while
solution B contains 200 mM K. Solution A and B was mixed in different ratio to yield 1 ml final
buffer solution with 0, 1, 5, 10, 20, 50, 80, 100, 120, 150, 180, 200 mM respectively. A 2 uM
solution of TAC-green prepared by dilutingl mM DMSO stock solution of TAC-green with each
buffer 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 (Aex = 488 nm, Aem = 500-700 nm) were then collected.
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A.1.3. Result and discussion
A.1.3.3. Design strategy for a new fluorescent K*sensor

Crown ether derivatives have been known as good alkali metal binding molecules.
Previously, fluorescent K+ sensors were based on crown ether derivatives, namely PBFI
(Scheme 1, a). However, crown ether derivatives suffered from poor selectivity for K* over Na”.
New potassium sensors with good selectivity for potassium ion were derived from a potassium
selective receptor based on a triazacryptand structure, developed by He et al. ' The ring size and
the three dimensional cavity structure of this potassium receptor provided good selectivity for K*
over Na'. This potassium receptor can be covalently linked to various fluorophores to construct
molecular probes. Herein, the project focuses on synthesizing a key potassium receptor
derivative with an aldehyde group. (Scheme 1, c) The aldehyde group was added to the design of
the potassium receptor for further development of fluorophores since it is a useful handle to
condense with pyrrole and 3-aminophenol to generate boron-dipyrromethene (BODIPY) and
rhodamine cores respectively. (Scheme 1, d) BODIPY sensors have the advantage of a versatile
biological labeling and are widely used in biology since they are more resistant to
photobleaching and chemical degradation™ The basic BODIPY fluorophore, composed of 3-
ethyl-2,4-dimethyl-1H-pyrrole, were reported to have quantum yields as high as 0.70.% Recent
work reported by Courtis et al. showed changing of fluorine to methoxy or ethoxy group in
BODIPY could contribute to improved solubility and shift emission wavelengths.*¥! This
development drastically increases the solubility of the BODIPY group and renders it more
suitable for biological imaging In addition, rhodamine-based fluorescent sensors can also be
derived from the aldehyde group.

A.1.3.3. Synthesis effort towards triazacryptand based fluorescent K*sensor

Two main routes towards the synthesis of the triazacryptand derivative were developed
by Verkman’s group and He’s group. [5.8] Verkman’s route was attempted first due to its reported
higher overall yield. However, we encountered problem at the first step with the N-aryl coupling
reaction. Various conditions were attempted by altering the catalyst, the ligand, the temperature
and the reaction time. The best reaction condition was based on Zhang’s paper ™! (Scheme 3)
with a yield of 23%, which compared with the yield from Verkman’s group (76%) was still low.
We then decided to pursue a route based on He’s synthesis. (Scheme 2) However, He’s
potassium receptor lacked the key aldehyde group needed for further functionalization. The
addition of the aldehyde group required changes to the synthetic route performed by He et al. In
addition, the two essential macrocyclization reactions showed low yields (48%, 36%). Thus we
modified the synthetic route for our target molecule.

First, we used 3-hydrox-4-nitro-benzaldehyde as the precursor to introduce an aldehyde
group at para position of the aryl amine for the final product, and protected the aldehyde as an
acetal to prevent the undesired reduction. Acetal group was used as the protecting group for the
extra aldehyde group. We chose to use 2, 2-dimethyl-1, 3-propanediol to make a 6-membered
ring acetal group. Earlier attempts to use glycol to make a 5-membered ring acetal group were
less successful. Using 2, 2-dimethyl-1, 3-propanediol as the acetal percursor, we obtained a 97%
yield.
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In the original paper, the reduction of the aryl nitro group to an aniline group was
performed using zinc dust and ammonium chloride. Considering the sensitivity of acetal
protecting group toward acidic conditions, a different reduction agent was needed. First, a simple
hydrogenation reaction was attempted with palladium on carbon as the catalyst. However, the
dimethyl acetal group was unstable under the reaction conditions and various byproducts were
formed, resulting in a low yield (< 35%). Sodium borohydride and Raney nickel were used as an
alternative reducting agent. (41 (Scheme 2, d) Fortunately, a good yield (87%) was obtained by
controlling the reaction time (1 h) and equivalents of sodium borohydride (3 equivalents), thus
preventing the degeneration and reduction of the acetal group as well as achieving an improved
yield.

Two key macrocyclization steps are used in our synthetic route. The yields reported in
He’s original synthesis were relatively low (45% for the first macrocyclization and 40% for the
second macrocyclization) mainly because, in original synthesis, addition funnels were used,
lacking a good control of the addition rate. However, we used syringe pumps adding two starting
materials separately to better control the addition rate. In our method, both starting materials
were added to the reaction flask with a slow rate (< 0.1 mmol/h) and were diluted to a great
extent (< 2 mmol/L). The change was made to avoid the intermolecular reaction and favor the
intramolecular reaction. After the process change, we observed an increase in the yield of both
macrocyclization steps (72 % for the first macrocyclization and 48% for the second
macrocyclization).

Following the macrocyclization reactions, we sought to reduce the amide functionalities
to amines. We again found the need to optimize our reaction conditions to make the reducing
conditions compatible with the acetal-protected aldehyde. Early experiments showed either
partial reduction of the acetal group to hydroxyl neopentyl ether group or complete reduction of
the acetal to a methyl group using borane and tetrahydrofuran (THF) as the reduction agent. This
result was hypothesized to occur as a result of the influence of the electron rich aniline moiety
connected to the acetal group and borane acting as a Lewis acid. Additional experiments showed
that shortening the reaction time (from overnight to 1 h), increasing the temperature (from room
temperature to 80 oC) raising the equivalents of borane reagent (from 3 equivalents to 6
equivalents), and slowing down the addition of borane to ensure an even dispersion could help
increase the yield. After incorporating all these major changes, a maximum yield of 58% has
been achieved at present.

A.1.4. Conclusion
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Thus far, we have presented the synthesis of the key potassium receptor derivative,
Compound 10. Our route was based on the original route published by He et al. with changes and
optimization of some key steps in the original route, enabling an aldehyde group to be introduced
in the structure for further fluorophore attachment. Based on our understandings of previous
research efforts, a primary goal for potassium sensor development is preparation of extracellular
dyes with high fluorescence turn-on for use in mammalian cell culture models. Specifically, we
want to attach our sensor to the outside cell membrane to obtain better temporal and spatial
information regarding potassium efflux during a certain cell activities.

To accomplish this goal, first, we will finish the synthesis of the potassium receptor
Compound 11. Fluorescent sensors will be synthesized by using the aldehyde group to conjugate
BODIPY, rhodamine, and xanthene cores. (Scheme 1, d) These probes will be characterized
further to evaluate the specificity and response to potassium ions under physiological conditions.
Fluorescent probes which show good turn-on ratio, Kd around 5 mM, and good selectivity for
potassium under high sodium concentration around 140 mM will then be evaluated in cellular
model system. During potassium fluctuations, the extracellular potassium levels in the vicinity of
the cells will undergo larger changes compared with those in distant area. Thus, we would like to
attach our potassium sensor to the outside of the membrane. SNAP-tag technology is a good
method for site-specific labeling of small molecules on a protein of interest. Our group has
previously exploited the versatility of this method for the fluorescent detection of extracellular
hydrogen peroxide with a modified boronate probe. *® In the future we would like to apply the
SNAP-tag or Clip-tag technology and attach our potassium sensor to the exterior surface
membrane, thus achieving better temporal and spatial detection of the potassium efflux.
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Scheme 1. a) Crown ether based potassium ion sensor PBFI. b) Original potassium receptor
moiety synthesized by He et al. ¢) Our design of potassium ion sensor with an aldehyde group
for fluorophore attachment. d) Two kinds of fluorophores that can be developed based on the
aldehyde group.
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Scheme 4. Schematic for the utilization of SNAP-tag and CLIP-tag based potassium
Sensors.

Protein of interest is likely to be the cell surface membrane protein. Protein of interest will aid in
the targeting of the sensor to the extracellular surface of the cell membrane.

73



K* probe

-

o
Extracellular @

Membrane protein

a)

K+

Q/ K* channel

K+
K+

K+

Intracellular

b)

Extracellular

K+
srssssierssoenciibasaasns

K'I-
K+

K-I-
Intracellular

Scheme 5. Mechanism of utilization of SNAP-tag technology for detecting extracellular
potassium ions. a) In resting state, the extracellular concentration of potassium is low and the
sensor should exhibit low fluorescence. b) After the efflux of potassium ion, the extracellular
area close to the cell membrane experiences a raise in potassium level and, at sufficiently high
concentrations, potassium is bound by the sensor, thus resulting in the fluorescence.
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Figure 1.3. Fluorescence intensity of 1 uM TAC-green before (black line) and after (red line)
titration of 200 mM K. Spectrum were acquired at 37 °C in 50 mM HEPES (pH 7.4) when

monitoring intensity on fluorometer, with Aex = 488 nm, collecting emission between 510 — 680
nm.
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K+ Na+ Mg+ Ca+ Mn2+ Fe2+ Co+ Ni+ Cu2+ Zn+

Figure 1.3. Fluorescence response of 1 uM TAC-green to biologically relevant d-block (10 uM)
and s-block (1 mM) metals except for Na*™ (150 mM). Spectrum were acquired at 37 °C in 50
mM HEPES (pH 7.4) when monitoring intensity on fluorometer, with Aex = 488 nm, collecting
emission between 510 — 680 nm.
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Appendix 2

Development of a platform for imaging synaptic pH in the NIR range using an
upconverting nanoparticle conjugated system

Portions of this work were performed in collaboration with the following persons:
Dr. Cheryl Tajon helped synthesize UCNP for this experiment and conducted the conjugation

and spectrum analysis (Figure A.2.5)
Dr. Safacan Koleman helped design and synthesized pH sensor (Scheme A.2.1)
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A.2.1. Synopsis

Synaptic transmission, which is also known as neurotransmission, is an essential process
for neuronal communication in the nervous system1 and it takes place at synapses.*® In a typical
chemical synapse, neurotransmission basically involves the release of neurotransmitters from a
presynaptic neuron cell (exocytosis), which is followed by binding of these signaling molecules
to the specialized receptors on the postsynaptic cell. Synaptic vesicles are at the core of synaptic
transmission since they carry neurotransmitters and release them to the synaptic cleft (figure 1).
Neurotransmitters are loaded into the synaptic vesicles with the help of vesicular transport
proteins. One of the well-known examples is a vacuolar-type H*- ATPase (V-ATPase). V-
ATPase is a proton pump that generates the electrochemical gradient between lumen (interior
side) and outside of the vesicles that allows neurotransmitter uptake.” Thus, as a result of V-
ATPase activity synaptic vesicle’s lumen has slightly acidic environment with pH values ranging
from 4.5 to 6.0, where pH is accepted to be around 5.0 in general Monitoring synaptic
transmission and presynaptic activity are quite important processes since they allow us to
understand the signaling pathways, roles of many critical proteins and neurotransmitter
trafficking during the neuronal activity which are all directly related with neuronal
communication (excitability) and man neurodegenerative diseases. The most straightforward and
easy way to visualize neurotransmission is to track synaptic vesicles by pH-sensitive fluorescent
probes. As it is mentioned before, due to the V-ATPase activity, pH of the synaptic vesicle is
around 5.0 at relax state. Upon exocytosis, since synaptic vesicles are merging with the
extracellular medium, pH increases up to 7.4. This pH difference can be used to change the
photophysical properties of fluorescent probes (emission turn-on/off).

Initial pH-sensitive probes for neurotransmission visualization involve fluorescent protein
based probes. Recently a small pH probe was reported by Nagano group in which the probe is
highly emissive at pH 5.0 and almost non-emissive at pH 7.4, thus the emission of their probe is
turning-off after exocytosis®®. On the other hand, fluorescent protein based probes are “turn-on”
type probes and have their own advantages, however design restrictions, low turn-on ratios and
interference with biological compounds are appeared to be some drawbacks and restrict their
usage. It is clear that there is still need for neutral pH activatable (turn-on type), photostable and
red-emitting small fluorescent probes.>*! In the chapter, we described the design and thesis
towards a duo-system based sensor of characteristic neutral or slightly basic pH value of
secretory vesicles after exocytosis combining bright and red-emitting silicon-substituted
xanthone (Si-Xanthone) based small molecular with upconverting nanoparticles (UCNP)

Lanthanide-doped upconverting nanoparticles (UCNPSs) absorb multiple NIR photons and
emit at higher energies with efficiencies orders of magnitude higher than those of the best 2-
photon fluorophores.®> UCNPs can be imaged in the absence of cellular autofluorescence or
measurable photobleaching, even under prolonged single-particle excitation.™*** UCNPs make
use of energy transfer upconversion between 4"y electronic states of neighboring lanthanide
(Ln3") ions, in which sensitizer ions sequentially transfer absorbed energy to luminescent emitter
ions, both of which are doped into a low-phonon nanocrystal host matrix. While UCNPs are
inherently sensitive to temperature*>'®and mechanical force,' they have little innate chemical
sensing ability and require pairing with external probes to act as biosensors. UCNP complexes
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with organic fluorophores’®#and fluorescent proteins**? have also been reported, but

upconverted energy transfer (UET) in these systems is less utilized or optimized.

In this chapter, we report the design and efforts towards making a duo-system NIR pH sensor.
UCNP is conjugated with a small-molecule pH sensor. UCNP in the duo-system probe is first
excited with NIR laser and convert the energy to visible light emission. Then UET will occur
between UCNP and pH sensor, resulting in an emission wavelength around 620 -650 nm. We
envision achieving a high signal-to-noise ratio deep tissue NIR imaging using this construct
ultimately. It’s also worth noted that the structure can be easily modified to response to other
bio-analyte as long the excitation of the small molecule probe matches the emission range of
UCNP.

A.2.2. Method

A.2.3.1. Synthetic Details
All reactions utilizing air sensitive reagents were performed in flame-dried glasswares under N2
atmosphere. Dry solvents when needed were used after passing over activated molecular sieves.
All other reagents were used without any purification. Silica gel P60 (SiliCycle) was used for
column chromatography and SiliCycle 60 F253 silica gel plates were used for thin-layer
chromatography. 1H NMR, 13C and 31P NMR spectra were collected in CDCI3, CD30D or
(CD3)2SO (Cambrigde Isotope Laboratories, Cambrigde, MA) at 250C on Bruker AV-300,
AVB-400, AVQ- 400 or DRX-500 with operating frequencies of 101 MHz for 13C and 300, 400
or 500 MHz for 1H and 162 MHz for 31P at the College of Chemistry NMR Facility at the
University of California, Berkeley. All chemical shifts were reported in parts per million (ppm).
Splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
dd (doublet of doublets) and br (broad). LC-MS spectral analyses were carried out using a LC-
MS (Agilent Technology 6130, Quadrupole (LC/MS).
4,5-Dichloro-3,6-dihydroxy-Si-xanthone :
A solution of 100 mM NaOCI in 0.1 N NaOH ag. (7 mL) was added to a solution of (6) (100 mg,
0.37 mmol) in MeOH (6 mL). The reaction mixture was stirred for 1 h at RT, followed by
acidification with 2 N HCI aqg. to pH 2.0, and then extracted with EtOAc. Combined organic
phases were washed with water and brine, dried over Na2SO4 and solvent was evaporated.
Purification by silica gel column chromatography (1:1 / EtOAc: Hexane) gave (14) as a yellow
solid (100 mg, 80% yield). 1H NMR (400 MHz, MeOD-d4) ¢ 8.25 (d, ] = 8.8 Hz, 2H), 7.10 (d, J
= 8.7 Hz, 2H), 0.78 (s, 6H).
4,5-Dichloro-3,6-diTBDMSO-Si-xanthone:
TBDMSCI (121 mg, 0.80 mmol) was added into a solution of (14) (69 mg, 0.20 mmol) and ImH
(55 mg, 0.80 mmol) in DCM (10 mL). Colorless cloudy solution was stirred overnight at RT and
then solvent was evaporated and the residue was directly subjected to silica gel column
chromatography (1:1 / EtOAc: Hexane) to gave (15) as a white solid (100 mg, 80% vyield). 1H
NMR (400 MHz, CDCI3) & 8.36 (d, J = 8.7 Hz, 2H), 7.07 (d, ] = 8.7 Hz, 2H), 1.07 (s, 18H), 0.81
(s, 6H), 0.31 (s, 12H).
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bis((3-methyloxetan-3-yl)methyl) 4-bromoisophthalate

A mixture of Bromoisophthalic acid (3 g, 12.2 mmol), SOCI2 (3.56 mL, 49.0 mmol) and 1 drop
of DMF was stirred at reflux for 18h. After cooling to RT, solvent was removed and the residue
was azeotroped twice with toluene. The crude acid chloride was dissolved in 5 mL DCM and
added into 3-Methyl-3-oxetanemethanol (4.88 mL, 49.0 mmol) and pyridine (7.92 mL, 98.0
mmol) in 20 mL DCM at 0oC. Ice-bath was removed and reaction mixture was further stirred at
RT for 90 min. Solution was diluted with water, extracted with DCM and combined organic
phases were washed with satd. NaHCO3 ag. solution and brine. Solvent was evaporated and
purification by silica gel column chromatography (1:1 / Hexane: EtOAc) gave (22) as a white
solid (3.90 g, 77%). 1H NMR (400 MHz, CDCI3) & 8.47 (d, J = 2.2 Hz, 1H), 8.02 (dd, J = 8.3,
2.2 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 4.64 (t, J = 5.7 Hz, 4H), 4.52 — 4.40 (m, 8H), 1.46 (s, 3H),
1.44 (s, 3H).

1,1'-(4-bromo-1,3-phenylene)bis(4-methyl-2,6,7-trioxabicyclo[2.2.2]octane:

A solution of (22) (3.75 g, 9.1 mmol) in DCM (35 mL) was cooled to 0oC and BF3.0OEt2 (0.64
g, 4.53 mmol) was added to this solution under N2. The reaction was allowed to warm to RT
overnight. Et3N (2.5 mL) was added and resulting solution was stirred for 15 min at RT. Solvent
was removed and residue was directly purified by silica gel column chromatography (0 to 20%
EtOAc in Hexane with continuous addition of 40% DCM) gave (23) as a white solid (1.68 g,
45%). 1H NMR (400 MHz, DMSO-d6) 6 7.81 (d, J = 2.3 Hz, 1H), 7.60 (d, ] = 8.3 Hz, 1H), 7.35
(dd, J=8.3, 2.3 Hz, 1H), 4.01 (s, 6H), 4.00 (s, 6H), 0.84 (s, 3H), 0.83 (s, 3H).

Compound:

(170 mg, 0.39 mmol) was put into a flame-dried 2-necked round bottom flask, which is then
filled with N2. 10 mL anhydrous THF was added and the mixture was cooled to -780C. Then t-
BuLi (0.46 mL, 0.78 mmol) was slowly introduced and the solution was stirred for 20 min. (15)
(40 mg, 0.077 mmol) in 5 mL anhydrous THF was added to the reaction mixture at -780C and
upon addition reaction was warmed to RT. It was stirred for additional 1 hat RT. 10 mL of 1 M
HCI aqg. solution was added which yielded purple solution and the mixture was stirred for another
1h. The reaction mixture was poured into 50 mL satd. NaHCO3 aq. solution and extracted

with EtOAc. The organic layer was washed with brine, dried over Na2SO4 and solvent was
evaporated. Purification by silica gel column chromatography (1:10 MeOH: CH2CI2) gave (24)
as an orange film. (24) was directly dissolved in 6N HCI at stirred overnight at 800C. The
solution was extracted with EtOAc, washed with brine and dried over Na2SO4. Solvent was
evaporated and purification by silica gel column chromatography (1:5 / MeOH: DCM) gave (25)
(10 mg). 1H NMR (400 MHz, MeODd4) & 8.48 (s, 1H), 8.20 (dd, J = 8.1, 1.5 Hz, 1H), 7.04 (d, J
= 8.0 Hz, 1H), 6.94 — 6.67 (m, 4H), 0.98 (s, 3H), 0.82 (s, 3H).

A.2.3.1. Spectroscopic Materials and Methods

Absorption spectra were acquired using a Varian Cary 50 spectrophotometer and fluorescence
spectra were recorded with a Photon Technology International Quanta Master 4 L-format scan
spectrofluorometer equipped with a LPS-220B 75W xenon lamp and power supply. In sample
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preparation milli-Q water was used and sample solutions were put into 1cm x lcm quartz
cuvettes (Starna).
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Figure and scheme
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Figure A.2.1. Schematic representation of a typical chemical synapse. Two communicating
neuron cells and release of neurotransmitters (exocytosis) from synaptic vesicles and major steps

of synaptic transmission.
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Scheme A.2.2. A briefed route to the synthesis of pH sensor.
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Figure A.2.1. Electronic fluorescence spectra of pH sensor at the following pH values and
indicated buffers: 50 mM Glycine (2.0, 2.5, 3.0, 3.5), 50 mM sodium acetate (4.0, 4.5, 5.0, 5.5),
50 mM MES (6.0, 6.4, 6.8), 50 mM HEPES (7.2, 7.4, 7.8, 8.2), 50 mM Tris (8.6, 9.0) and

50 mM glycine (9.5,10.0, 10.5). Probe concentration is 2uM
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Figure A.2.2. Electronic absorption spectra of pH sensor at the following pH values and
indicated buffers: 50 mM Glycine (2.0, 2.5, 3.0, 3.5), 50 mM sodium acetate (4.0, 4.5, 5.0, 5.5),
50 mM MES (6.0, 6.4, 6.8), 50 mM HEPES (7.2, 7.4, 7.8, 8.2), 50 mM Tris (8.6, 9.0) and

50 mM glycine (9.5,10.0, 10.5). Probe concentration is 2uM
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Figure A.2.4. Electronic fluorescence spectra of pH sensor at the following pH values and
indicated buffers: 50 mM Glycine (2.0, 2.5, 3.0, 3.5), 50 mM sodium acetate (4.0, 4.5, 5.0, 5.5),
50 mM MES (6.0, 6.4, 6.8), 50 mM HEPES (7.2, 7.4, 7.8, 8.2), 50 mM Tris (8.6, 9.0) and

50 mM glycine (9.5,10.0, 10.5). Probe concentration is 2uM.
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Figure A.2.5. Upconverted emission spectra of covalent core/shell UCNP-fluorophore
conjugates bearing ca. 105 pH sensors/UCNP as a function of pH at low 980-nm excitation

power density (100 W/cmy).
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