UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Development and Characterization of Novel Rhodol Calcium Sensors for Investigating
Neuronal Activity

Permalink
https://escholarship.org/uc/item/5375h7xQ
Author

Contractor, Alisha Anwer

Publication Date
2018

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5375h7xp
https://escholarship.org
http://www.cdlib.org/

Development and Characterization of Novel Rhodol
Calcium Sensors for Investigating Neuronal Activity

By

Alisha Contractor

A dissertation submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
Chemical Biology

in the

College of Chemistry
of the

University of California, Berkeley

Dissertation Committee:
Professor Evan W. Miller (Chair)

Professor Ke Xu
Professor Marla Feller

Summer 2018



Development and Characterization of Novel Rhodol
Calcium Sensors for Investigating Neuronal Activity

© 2018 Alisha Anwer Contractor



Abstract

Development and Characterization of Novel Rhodol Calcium Sensors for Investigating
Neuronal Activity

by
Alisha Anwer Contractor
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Evan W. Miller, Chair

Calcium ions mediate a multitude of biochemical and biophysical signaling processes in
cells. Calcium imaging is the use of fluorescent probes and microscopy to monitor
changes in intracellular calcium concentration, [Ca?*], to track calcium associated cellular
processes. The development of fluorescent reporters of [Ca?*], genetically-encoded
calcium indicators and chemical calcium indicators, has been paramount in increasing
our understanding of the temporal and spatial dynamics of Ca?* signaling. Coupling Ca?*-
selective ligands to fluorescent reporters has provided a wealth of excellent indicators
that span the visible excitation and emission spectrum and possess Ca?* affinities suited
to a variety of cellular contexts. One underdeveloped area is the use of
rhodamine/fluorescein fluorophores, or rhodols, in the context of Ca®* sensing. Rhodols
are bright and photostable and have good two-photon absorption cross sections (otpra),
making them excellent candidates for incorporation into Ca?*-sensing scaffolds.

In Chapter 1 of this dissertation, | provide an overview of calcium imaging including the
commonly used calcium indicators and imaging techniques. In Chapter 2, | describe the
design, synthesis, and application of a previously-published rhodol-based Ca?* sensor
RCS-1, a chlorinated pyrrolidinyl-rhodol calcium sensor. RCS-1 possesses a Ca?* binding
constant of 240 nM and a 10-fold turn-on response to Ca?* ion binding. RCS-1 effectively
absorbs infrared light and has a otpa of 76 GM at 840 nm, 3-fold greater than that of its
fluorescein-based counterpart. The acetoxy-methyl ester of RCS-1 stains the cytosol of
live cells, enabling observation of Ca?* fluctuations and cultured neurons using both one-
and two-photon illumination. In Chapter 3, | present the design, synthesis, and application
of four rhodol-based Ca?* sensors: 5’- and 6’-isomers of a chlorinated pyrrolidine-based
rhodol (RCS 1a and 1b, respectively) and a chlorinated azetidine-based rhodol (RCS 2a
and 2b, respectively). The RCSs possess Ca?* binding constants of 215 — 240 nM and
10-fold turn-on responses to Ca?* ion binding. The pyrrolidinyl-rhodol Ca?* sensors
effectively absorb infrared light and have otpas of ~76 GM at 840 nm, 3-fold greater than
that of its fluorescein-based counterpart. The azetidinyl-rhodol Ca?* sensors also absorb
infrared light and have otpas of ~44 GM at 840 nm, 2-fold greater than that of its
fluorescein-based counterpart. The tetra-acetoxymethyl esters of RCS 1a, 1b, 2a, and 2b
label the cytosol of live cells, enabling observation of histamine-induced Ca?* fluctuations
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in HeLa cells, spontaneous activity in cultured hippocampal neurons, and retinal waves
in developing retinal ganglion cells using both one- and two-photon illumination. Together,
these results demonstrate the utility of rhodol-based scaffolds for Ca?* sensing using two-
photon illumination in neurons. In Chapter 4, | describe our attempt to utilize amino acid
acyl ester salts to deliver negatively charged fluorescent probes to cells using
carboxyfluorescein as a test probe. Using carboxyfluorescein as a test fluorophore, we
were able to show that amino acyl esters of proline and beta-alanine increase cell
permeability of negatively charged carboxyfluorescein, while the salts of the amino acyl
esters retain solubility of the capped dye in aqueous solutions.
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Chapter One: Calcium Imaging Probes and Techniques

1. Calcium and neuronal function

Calcium ions (Ca?*) are involved in various regulatory processes of all mammalian
cells, and are especially important in neurons. Extracellular calcium affects neuronal
excitability, and is needed for neurotransmitter release. Calcium ions also function as
secondary messengers regulating various cellular processes like plasticity, cell growth
and death, neurogenesis, enzymatic activity, etc. Therefore, intracellular calcium
concentration is tightly regulated (Figure 1A); typical resting intracellular concentration
Ca?* is 100s of nanomolar (nM), while, extracellularly, calcium is present in millimolar
(mM) quantities. Changes in cytosolic calcium concentration are caused by cellular
activity — like action potentials — and are intimately involved in generation of various
cellular responses. Therefore, calcium concentrations are monitored to study various
cellular processes."?

In neurons, specifically, changes in calcium concentrations can be used to track
neuronal activity. Immediately following an action potential, there is an influx of calcium
ions into the cytoplasm by traveling down the calcium concentration gradient through the
opening of voltage-gated Ca?* channels. This influx of calcium ions lasts on the order of
100s of milliseconds (Figure 1B). Calcium imaging is utilized to track neuronal activity and
record changes in neuronal activity. Calcium imaging reports the current calcium status
of cells or tissues. Techniques take advantage of calcium indicators: fluorescent
molecules that respond to the binding of Ca?* ions by changing their fluorescence
properties. This method is used to probe intracellular calcium in living animals.?
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Figure 1. A) Regulation of cytoplasmic Ca?*: influx of ions through the plasma membrane (Ca?*channels), efflux
across the membrane, and intracellular buffering systems (release and reuptake by internal stores). B) Neurons are
loaded with dye prior to stimulation. Immediately following action potential, Ca?* flood the cytoplasm and saturate
indicator’s binding sites causes a fluorescent response



2. Calcium Imaging

There are two types of fluorescent calcium indicators: genetically-encoded calcium
indicators (GEClIs) and small-molecule chemical calcium indicators. Genetically-encoded
calcium indicators are fluorescent-protein based calcium indicators, while chemical
calcium indicators are small-molecule fluorescent dye-based calcium indicators."

2.1 Genetically-Encoded Calcium Indicators (GECIs)

Protein-based calcium indicators are comprised of three parts: fluorescent
proteins, calmodulin, and the M13 peptide. Calmodulin (CaM) is a calcium binding protein,
and M13 is a calmodulin-binding peptide. Upon the binding of four Ca?" ions to
calmodulin, the M13 peptide binds to calmodulin and causes a conformational change in
the protein. GECIs take advantage of this binding by using calmodulin and the M13
peptide to cause changes to a fluorescent protein structure and induce fluorescence
changes that relies on the binding of Ca?* ions. There are two types of GECls: FRET-
based GECls and single-fluorophore GECls.38

430 480 FRET
" 4X C 2+ 430 r\ 530
"' ECFP JJJV Oa nm nm
O
- ECFP VENUS

e >{ M13
CaM 2 @)

L M13
VEN. CaM
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Figure 2. YC 3.60 Structure and mechanism of action of FRET-based genetically-encoded calcium Indicator
(GECI): Yellow Chameleon. Calmodulin (CaM) binds four Ca?* ions, and the M13 peptide binds to calmodulin.

FRET-based genetically encoded calcium indicators

Forster resonance energy transfer (FRET) refers to a form of nonradiative energy
transfer between two fluorophores where one acts as a donor fluorophore and the other
as an acceptor fluorophore. In order for FRET to occur, the distance between the two
fluorophores must be less than 10 nm. FRET based GECIs are, therefore, comprised of
two spatially and spectrally separated fluorescent proteins: blue ECFP and yellow
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VENUS. The linker connecting the two fluorophores is contains calmodulin and the M13
peptide. In the absence of calcium ions, the fluorophores are not within FRET-distance,
and the emission is dominated by the blue ECFP fluorescence (480 nm) (Figure 2). Upon
Ca?" ions binding to calmodulin, intramolecular conformational changes bring the
fluorophores closer together. When calcium is bound to calmodulin, blue ECFP acts as
the donor fluorophore and excites the VENUS protein (acceptor fluorophore) via FRET
which then emits photons of approximately 530 nm. The fluorescence from the blue ECFP
decreases, and the yellow fluorescence from VENUS increases. Ultimately, the resulting
change in calcium signal is expressed as a ratio between the VENUS and the ECFP
fluorescence.®"2

Single fluorophore genetically encoded calcium indicators

The most prevalent and popular single-fluorophore GECls are the GCaMP family
of GECls. These proteins are increasingly being used for calcium imaging in in vivo
conditions. GCaMPs consist of a circularly permuted enhanced green fluorescent protein

(EGFP). On one side of the fluorescent protein is the calmodulin protein sequence, and
on the other is the calmodulin-binding M13 peptide sequence (Figure 3).

M13
485 515
. nm

RN AVAVE L
" < cam o

cpEGFP o . (@

A

Figure 3. GCaMP Structure and mechanism of action of single-fluorophore genetically-encoded calcium Indicator
(GECI): GCaMP. Calmodulin (CaM) binds four Ca?* ions, and the M13 peptide binds to calmodulin.

In the absence of calcium, the EGFP displays decreased fluorescence due to the
circular permutation that causes the fluorescent protein structure to have different
connectivity than its correct fluorescing counterpart. However, upon the binding of calcium
ions to calmodulin, the creation of the calmodulin and M13 complex elicits conformational
changes in the fluorophore environment that lead to increased fluorescence. This
increase in fluorescence is used to track calcium signaling.313-22

The primary advantage of using genetically-encoded calcium indicators can be
genetically targeted to specific cell-types. The GECls are assembled by the target cell’s
own genetic machinery and expressed within the cells. Thus, there is little to no
membrane perturbation from delivering GECIls to cells of interest. However, the
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expression of GECIs has to be empirically optimized in each target system. The proteins
have to be translated by the cell’'s machinery, therefore expression levels, modes of
expression, and regulation vary by cell type. These levels have to be optimized such that
enough of the GECI is expressed to facilitate cellular activity experiments.

The efficacy of a calcium indicator is determined by the dynamic range, calcium
binding affinity (Kq), selectivity, and response kinetics of the indicator. An efficient
indicator displays large dynamic ranges and high affinity for calcium binding (low Kg), is
selective for Ca?* over other ions, has fast fluorescence response kinetics, and the
change in fluorescence response is linear with changes in calcium concentration.® The
most efficient GECIs have dynamic ranges that show greater than a 10-fold response
upon the binding of Ca?* ions. The binding affinities of GECls vary greatly; the dissociation
constants range from high (>300) nanomolar to low (<10) micromolar. Furthermore, the
emission wavelengths of most effective GECIs fall in the green region of the visible
spectrum (~514 nm).2 New developments in protein engineering are bringing new
innovations to genetically-encoded calcium indicators. However, low binding affinities,
low signal-to-noise ratios, slow response kinetics, and non-linear fluorescence of GECls
limit the use of these indicators in more complex, tissue, multi-color, or multi-photon
imaging experiment. Small-molecule or chemical calcium indicators address some of
these disadvantages.

2.2 Chemical calcium Indicators

A) 0 0 o B)

o @ 0\\~\ .o\ /0. —"‘o O
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X=CI Fluo-3
Fura-2 X=F Fluo-4

Ratiometric Calcium Indicator Early PeT based Calcium Indicator

Figure 4. Chemical Calcium Indicators. Chemical calcium indicators are comprised of two parts: calcium chelating
molecule (BAPTA) and a fluorophore. A) Structure of Fura-2, which is a ratio-metric calcium indicator. One of the first
dyes of its kind to be introduced. B) Structure of Fluo family of calcium indicators. These are early versions of
photoinduced electron transfer-based calcium indicators.



Chemical calcium indicators are comprised of two parts: a synthetic calcium
chelator which is covalently linked to a fluorescent dye. The calcium chelator is BAPTA
(1,2-bis(o-aminophenoxy)ethane-N,N,N’,N-tetraacetic acid). The four acetic acid arms of
the chelator bind calcium ions by donating electron density from the carboxylates and the
lone pairs of nitrogen and oxygen atoms (Figure 4). The binding of Ca?* ions is reversible
and dependent on the amount of Ca?* present in the cells at any given time. When Ca?*
ions flood the cell’s cytoplasm immediately following an action potential, the excess Ca?*
binds to BAPTA, eliciting a response from the attached fluorophore. Once the [Ca?*] of
the cells returns to baseline amounts, the fluorescence change elicited from the Ca?*
binding decrease as fewer Ca?* are bound to the chemical calcium indicator. Therefore,
a Ca?* transients can be tracked by calcium indicators. The dye can be single-wavelength
fluorophores (ex. Fluo dyes, Figure 4B), or dual-wavelength — ratiometric — fluorophores
(ex. Fura-2, Figure 4A).2

Ratiometric chemical calcium indicators

Ratiometric indicators are particularly useful for measurements of absolute
concentrations. These indicators undergo a shift in their optimum absorption or emission
wavelength intensities when binding to free Ca®* ions. Fura-2 (Figure 4A) undergoes a
shift in its absorption spectrum, therefore, it is a dual-excitation Ca?* indicator. It exhibits
two peak excitation wavelengths: when free of Ca?* ions and when bound to Ca®* ions.
An increase in [Ca?*] (Ca?* concentration) initiates an increase in fluorescence emission
intensity (Em. Amax: 510 nm) when excited at the Ca?*-bound excitation wavelength (335
nm), and a decrease in fluorescence emission intensity when excited at the Ca?*-free
wavelength (363 nm).?* The ratios derived from the photometric data gathered elucidates
the intracellular [Ca?*]. These ratiometric indicators are advantageous as the effects of
uneven dye loading, poor dye retention, and photobleaching are greatly reduced.
However, these dual excitation dyes are not suitable for confocal microscopy to image
tissues and more complex systems.2>-27

Single-wavelength chemical calcium indicators

Single-wavelength calcium indicators, like the Fluo family of dyes, display a
change in their fluorescence emission when Ca?* signals occur (Figure 4B). There is not
a shift in either the excitation and/or the emission wavelengths upon Ca?* binding to allow
ratiometric measurements. Variations in fluorescence intensity of single-wavelength
calcium indicators may not reflect differences in [Ca?*] between cells or between cellular
locations. Uneven dye loading, poor dye retention, and photobleaching effect the
fluorescence measurements of single-wavelength indicators.?® For this reason, single-
wavelength indicators are most useful for measuring relative changes in Ca?*
concentration. The fluorescence signal is usually reported relative to its starting signal to
correct for uneven indicator concentration, and expressed as F/Fo (or AF/Fo if the change
in fluorescence is used) where F is the intensity of fluorescence emission recorded during
the experiment and Fo is the fluorescence intensity at the start of the experiment. This
method of analysis normalizes differences of indicator concentration between cells, and
provides a plausible method for comparing data between experiments. However, it does
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not counteract changes in indicator concentration caused by bleaching, or
compartmentalization that may occur during the experiment.?3.25.28.29

The change in fluorescence of single-wavelength indicators occurs via
photoinduced electron transfer (PeT). For single-wavelength indicators, calcium-free
BAPTA acts as an electron donor to the excited state of the fluorophore (Figure 5A),
thereby quenching its fluorescence.?® Upon binding of Ca?* to BAPTA, the HOMO
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Figure 5. (Image from Tsien 1999). Energy level diagrams to explain why nonratiometric visible Ca?
indicators increase their fluorescence upon Ca?* binding. A) In the absence of Ca?*, the BAPTA unit quenches
the attached fluorophore by photoinduced electron transfer. B) When Ca?* is bound, photoinduced electron transfer
becomes energetically unfavorable.
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Figure 6. Structural visualization to explain why nonratiometric visible Ca?* indicators increase their
fluorescence upon Ca?* binding. In the absence of calcium, the highly electro-negative Ca?* chelator, BAPTA,
donates electrons to the excited state of the fluorophore, thereby, quenching its fluorescence. This process of
electron transfer is referred to as photoinduced electron transfer (PeT). Upon the binding of calcium, the BAPTA
electrons are involved in chelating Ca®* and can no longer quench fluorescence, thus, a fluorescence increase is
recorded.
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(Highest Occupied Molecular Orbital) of BAPTA drops in energy, and photoinduced
electron transfer becomes energetically unfavorable (Figure 5B).2° This unfavorable drop
in energy disallows the BAPTA from acting as a donor for the excited state of the
fluorophore, no longer quenching its fluorescence. Therefore, upon the binding of calcium
to single-wavelength chemical calcium indicators, there is an increase in fluorescence.
Figure 6 illustrates this mechanism.

Modular single-wavelength calcium indicators

Molecular Probes (Michael Kuhn) developed a modular form of PeT based calcium
indicator via a general approach to synthesizing fluorophore-conjugated BAPTAS,
whereby the fluorophore used could be changed with relative ease.?® The fluorophores
are separated from the BAPTA unit by an extra benzene ring and a variable linkage
(amide, thiourea, sulfonamide, etc.). This approach has been exploited to produce a
range of short to very long wavelength indicators for various biological applications. Using
these conditions, Calcium Green-1, Calcium Orange, and Calcium Crimson were
developed. These indicators calcium indicators are very similar in structure, as pictured
in Figure 7, but their photophysical properties vary greatly.

The photophysical properties of the calcium indicator derive from the attached
organic fluorophore. In the case of the calcium indicators depicted in Figure 7, the
fluorophores attached to BAPTAs are fluorescein (Calcium Green-1),
tetramethylrhodamine (Calcium Orange), and Texas red (Calcium Crimson). All of these
fluorophores contain a xanthene core; xanthene dyes are widely-used, efficient
fluorescent dyes for the development of a multitude of biological probes, sensors, or
indicators. Xanthene dyes are mainly classified as cationic or anionic dyes. Fluoresceins
are generally anionic and greener dyes (~500-530nm emission). Rhodamines are
generally cationic and redder dyes (~560-620nm emission). Functional groups on the
xanthene moiety control the dye’s maximal emission wavelength — hydroxides give green
dyes, while amines produce red dyes. Xanthene dyes have similar characteristics
including large absorption and luminescence, excellent light resistance, low toxicity in-
vivo, and relatively high solubility in aqueous solutions.

The modularity of single-wavelength calcium indicators has enabled the
development of indicators with long wavelength emission (red-shifted emission) which
allows imaging calcium signals in tissues and more complex systems, such as in vivo
imaging in animals, as red-light penetrates deeper than green-light. As previously
mentioned, in order to utilize calcium indicators for monitoring neuronal activity, the
indicators must be cytosolically distributed. Red-shifted calcium indicators, such as Ca?*-
orange and Ca?*-crimson (Figure 7), contain amine-functionalized xanthene-based
fluorophores conjugated to BAPTA. The positive-charge on the amine nitrogen is
delocalized over the xanthene. These dyes are often compartmentalized in membrane-
bound internal organelles, ex. mitochondria and endoplasmic reticulum.
Compartmentalization occurs due to the organelles’ large negative membrane potential,
which  strongly accumulates delocalized cations. However, due to this
compartmentalization, these red-shifted calcium indicators are unable to report
cytoplasmic changes in Ca?* concentration.?®
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Figure 7. Structural changes of three variants of modular single-wavelength calcium indicators. The
generalized approach developed by Molecular Probes facilitates the modularity of single-wavelength calcium
indicators. The emission wavelength can be altered to suit the biological application. Changing the linkage of BAPTA
to the fluorophore (shown here: amide, thiourea, and sulfonamide, respectively), affects the indicator's Ca?*-binding
capability. Modular single-wavelength calcium indicators enable the tuneability of both the emission wavelength and
the Ca?* affinity — with relative ease — as needed for biological applications.

Chemical calcium indicators are advantageous because these indicators display
linear fluorescence response to increasing calcium concentration, and large dynamic
range between the Ca?*-free and the Ca?*-bound state; they have high affinities for Ca?*
(~100s of nM);?3 they are synthetically tunable for emission wavelength and Ca?* affinity;
these indicators can be delivered to the cells at the start of the imaging experiment as
they do not require the cell’s machinery to assemble these dyes. Furthermore, the
fluorescence response of small molecule chemical calcium indicators is not dependent
on Ca?*-dependent conformational changes. Thus, the response kinetics of chemical
indicators is essentially instantaneous and dependent on the efficiency of PeT rather than
conformational changes.

By themselves, chemical calcium indicators are cell-impermeant due to the
negatively charged acetic acid arms that chelate Ca?* ions, hence these charges are often
capped with acetoxy methyl esters (AM esters) in order to increase permeability. These
esters allow the indicator to pass through the cell membrane into the cytoplasm where
intracellular esterase cleave the AM esters, freeing functional indicator which is now
confined inside the cell (Figure 8). While the addition of AM esters enables the calcium
indicators to passively diffuse through the hydrophobic core of cell membranes, they
increase the hydrophobicity of the overall molecule, thereby decreasing their solubility in
aqueous solutions. If the indicators are not soluble in aqueous extracellular medium, the
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Figure 8. AM esters allow the indicators to be cell permeable. Once inside the cell, intracellular esterases work
to cleave off the AM esters and release the fully functional calcium indicator. The structure of the AM ester is shown
in red. These esters cap the negatively charged acetic acid arms on BAPTA that render the indicator cell-
impermeant. The addition of AM esters effectively masks the hydrophilic indicator, and the indicators passively
diffuse across the hydrophobic core of the cell membrane.

dye precipitates out of the imaging medium rather than loading into cells of interest.
Therefore, additives such as DMSO and Pluronic-F127 are used to help disperse the AM-
linked indicator dyes into the aqueous imaging media. These additives cause membrane
perturbations because they act as detergents in order to deliver these dyes to the cells.
However, as imaging apparatuses, and dye’s photophysical properties have improved
over time, a lower concentration of these additives is required to deliver chemical calcium
indicators — low enough that the effects on the membranes is negligible.

3. Calcium Imaging Techniques

The instrumentation used to perform fluorescence imaging involves a microscope
to which is attached a light-sensing device and a light source for the excitation of the
calcium indicators. There are several forms of microscopy, but for calcium signaling the
following are the most widely used and will be explored in this work: widefield microscopy,
laser-scanning microscopy: confocal microscopy, and two-photon microscopy (Figure 9)."

3.1 Wide-field (WF) fluorescence microscopy

A fluorescence microscope irradiates a sample with a prescribed band of
wavelengths, and specialized excitation, emission and dichromatic (dichroic) filters are
used to separate the much weaker much weaker emitted fluorescence from the excitation
light. Only the emission light should reach the eye or detector so that resulting fluorescent
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Figure 9. (Image from Grienberger 2012) Common Imaging Devices. (A and B) Wide-field microcopy using
a photodiode array (A) or a charged coupled device (CCD)-based (B) detection unit. In both cases the light source
can be a mercury or xenon lamp. Excitation and emission light are separated by a dichroic mirror. (C and D) Laser
scanning microscopy. (C) Confocal microscopy using a continuous wave (CW) laser as light source. The
excitation spot is steered across the specimen by a scanner. The emission light is descanned and reaches the
photomultiplier tube (PMT) after passing a pinhole which is blocking out-of-focus fluorescence. Excitation and
emission light are separated by a dichroic mirror. (D) Two-photon microscopy using a pulsed near-IR laser suitable
for two-photon absorption. The excitation spot is steered across the specimen by a scanner. The emitted
fluorescence is detected by a photo- multiplier tube (PMT).

structures are bright against a dark background. The signal-to-noise ratios are usually
governed by the darkness of the background, and the excitation light is several hundred
thousand to a million times brighter than the emitted fluorescence. However, many
biological specimens exhibit autofluorescence (without the application of fluorophores)
when they are irradiated. Therefore, the study of animal tissues is often complicated with
either extremely faint or bright, nonspecific autofluorescence. This autofluorescence
affects the darkness of the background and is reflected in the calcium indicators’ signal-
to-noise ratio.
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The widefield epi-fluorescence microscope consists of a basic reflected light
microscope — the wavelength of fluorescence is longer than that of the excitation. A
vertical illuminator is attached to the setup with a light source position at one end and a
filter cube turret at the other. Light of a specific wavelength (or defined band of
wavelengths) — often in the UV, blue or green regions of the visible spectrum — is
produced by passing multispectral light from an arc-discharge lamp or other source
through a wavelength selective excitation filter. Wavelengths passed by the excitation filer
reflect from the surface of a dichroic beamsplitter, through the microscope objective to
bathe the specimen with intense light (Figure 9A and B)." If the sample fluoresces, the
emitted light gathered by the objective passes back through the dichroic mirror and is,
subsequently, filtered by a barrier (or emission) filter, which blocks the unwanted
excitation wavelengths. The emitted light radiates spherically, regardless of the direction
of the excitation light source. 303

In widefield microscopy, the entire specimen is illuminated by light. Thus, regions
above and below the focal plane will also fluoresce and be captured by a camera.
Background fluorescence increases due to this out-of-focus fluorescence leading to an
overall decrease in signal-to-noise ratio, and, therefore, a decrease in achievable
resolution and contrast. The resolution of a microscope is the ability to distinguish detail
in a specimen It is the minimum distance which two distinct points of a specimen can still
be viewed as separate entities, and determined by the numerical aperture of objective
and wavelength of light. The limit of resolution in light microscopy is around 200 nm.
However, the resolution in the z-direction achieved by a WF microscope is exacerbated
by the background fluorescence due to out-of-focus light. 3031

3.2 Laser-scanning microscopy (LSM)

Laser scanning microscopy is a form of optical microscopy in which a focused laser
beam is scanned over the sample and the fluorescence generated from a local piece of
tissue is displayed as a function of position to create a digital image of the sample. This
method of scanning a focused laser beam allows the acquisition of digital images with
very high resolution since the resolution is determined by the position and size of the laser
beam. Laser scanning microscopy permits a wide range of qualitative and quantitative
measurements that include topography mapping of a specimen and 3D visualization.

Confocal laser scanning microscopy

The key to confocal laser scanning microscopy is the use of spatial filtering to
eliminate out-of-focus light in specimens that are thicker than the plane of focus. Using
confocal microscopy offers advantages like controllable depth of field, the elimination of
image degrading out-of-focus information, and the ability to collect serial optical sections
from thick specimens. Therefore, this technique has gained popularity for those studying
specimens that are thicker than 2 micrometers.

In a conventional widefield microscope, the entire specimen is bathed in light from
a mercury or xenon source, and the image can be viewed directly by eye or projected
directly on to a camera. In contrast, the method of image formation in confocal microscope
is fundamentally different. One or more focused laser beams are scanned across the
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specimen; these scans produce images referred to as optical sections. Confocal
microscopy has facilitated the collection of three-dimensional data (z-series), and
improved the images obtained of specimens using multiple labeling.

The configuration of modern confocal microscopes involves a laser which serves
as the point source of excitation light. The point of light is focused by a dichroic mirror and
a scanning unit the desired focal plane in the specimen, and the light that passes through
it is focused by a second objective lens at a second pinhole which is in conjugate planes
with the image plane. Any light that passes through the second pinhole strikes a
photomultiplier, which generates a signal that is related to the brightness of the light from
the specimen. The pinhole prevents light originating from above or below the plane of
focus in the specimen from reaching the photomultiplier (Figure 9C)." This is spatial
filtering and is key to the confocal approach. In order to build an image, the focused spot
of light must be scanned across the specimen in some way. The image is then serially
built up from the output of a photomultiplier tube or point detectors, directly processed in
a computer imaging system, displayed on a high-resolution video monitor.

While the use of a pinhole excludes out-of-focus background fluorescence from
detection, the excitation light generates fluorescence throughout the specimen, thereby
producing photobleaching and phototoxicity throughout the specimen. Only signal
generated within the plane of focus is collected, but the large excitation volume can cause
significant photobleaching and phototoxicity problems, especially in live specimens.
Furthermore, the penetration depth in confocal microscopy is limited by absorption of
excitation energy throughout the beam path, and by specimen scattering of both the
excitation and emission photons.

As the dyes used to add contrast to specimens have improved over time,
advancements in modern technology has led to the growth and refinement of the confocal
approach; this time of advancement is being dubbed a “Renaissance in Optical
Microscopy.”®? Among these are stable multiwavelength lasers for improved point light
sources, improved dichromatic mirrors, sensitive low-noise photodetectors, fast
microcomputers with image processing capabilities enhanced by availability of affordable
large-capacity memory chips, sophisticated image analysis software packages, and high-
resolution video displays and digital image printers.

Multiphoton Microscopy (Two-photon)

Multiphoton imaging is an alternative to confocal microscopy and also produces
optical sections. This technique uses the same scanning system as the confocal
microscope, but does not require the pinhole aperture at the detector. The pinhole is un-
necessary because the laser excites the fluorophores in the specimen only at the point of
focus, eliminating out-of-focus emission. Optical sectioning in multiphoton microscopy
relies on the simultaneous absorption of two photons in a single quantized event. As the
probability of absorption is greatest at the focal place where photon density is highest, the
technique provides optical sectioning without excitation above and below the plane of
focus. Multiphoton excitation is dependent on infrared which enables deeper specimen
penetration than single photon excitation that is usually based on visible light.
Consequently, this technique is often used for experiments that require deep penetration
into living tissue or intact animal specimens. Multiphoton imaging excites the fluorophore
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at longer wavelengths than widefield or confocal, and less light is absorbed since two
photons have to excite the sample simultaneously, thereby, reducing photobleaching.33
The photophysics governing two-photon excitation vary greatly from that of
conventional fluorescence excitation (Figure 10).3 Two-photon excitation arises from the
simultaneous absorption of two photons. Since the energy of a photon is inversely
proportional to its wavelength, the two absorbed photons must have wavelength about
twice that is required for one-photon excitation. Because two-photon excitation depends
on simultaneous absorption, the resulting fluorescence emission varies with the square
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Figure 10. (Image from Webb Lab, Cornell University, Adapted by J. van Howe) Photophysics of one-
photon fluorescence vs. two-photon fluorescence. The goal of MPM is to eliminate the scattering from
background fluorescence outside of the focal plane (left). These photons are noise and do not contribute to
meaningful information about the sample. Using two-photon fluorescence, however, one gets photons mainly near
the focal plane and nowhere else, thereby significantly reducing the background fluorescence. This focused
illumination allows scanning deep (~1 mm) through tissue. Reduction in scattering occurs because, in the two-
photon configuration, the probability of a fluorescence event is much greater at the focus of the objective than
anywhere else.

of the excitation intensity. In order to produce a significant number of two-photon
absorption events, the photon density must be approximately one million times that
required to generate the same number of one-photon absorption events. Consequently,
extremely high laser power is required to generate significant two-photon-excited
fluorescence. Mode-locked pulsed lasers, in which the power during the peak of the pulse
is high enough to generate significant two-photon excitation, are focused on the sample,
while the average laser power remains fairly low. The two-photon excited state from which
emission occurs is the same singlet state that is populated when conventional
fluorescence occurs. Thus, the fluorescent emission following two-photon excitation is
exactly the same as emission generated in one-photon excitation (Figure 10).3334
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Two-photon excitation is generated by focusing a single pulsed laser through the
microscope optics. As the laser beam is focused, the photons become more crowded
(their spatial density increases), and the probability of two photons interacting
simultaneously with a single fluorophore also increases. The laser focal point is the only
location along the optical path where the photons are crowded enough to generate
significant two-photon excitation. Above the focal point, the photon density is not sufficient
for two photons to pass within the absorption cross-section of a single fluorophore at the
same instant. At the focal point, however, the photons are so crowded that is possible for
two to pass through within the absorption cross-section of a fluorophore
simultaneously.3536

4. Design of a new Rhodol-based Chemical Calcium Indicator

Thus far, the current advancement in calcium imaging probes and techniques have
been discussed. As understanding the biological process governed by changes in Ca?*
concentration is the primary goal of calcium imaging, it is important that the calcium
indicators used show fast, robust, and linear responses to calcium signaling without
excessive photobleaching or photodamage. Furthermore, live cell imaging in tissues and
complex systems requires that the calcium indicator be compatible with imaging
techniques such as confocal and multiphoton microscopy.

Genetically-encoded calcium indicators require empirically optimized expression
in cells and systems of interest. Furthermore, often these indicators display non-linear
fluorescence response, slow response kinetics, and high signal-to-noise ratios due to lack
of sensitive calcium binding. Red-shifted genetically-encoded calcium indicators that
allow deep tissue calcium imaging have low affinities, and slow response kinetics.
Determining the two-photon cross-section of fluorescent proteins is complicated by the
cellular environment that these proteins are in situ. Furthermore, measuring the cross-
section of the chromophore in solution provides unreliable results, as the chromophore
of a fluorescent protein is buried in a complex, spatially organized protein environment
that influences the optical properties of chromophore through electrostatic interactions.
The two-photon cross-section is also sensitive to the electric field present in the protein
beta-barrel. Thus, the two-photon absorption can be manipulated by changing the
electrostatic environment of the chromophore.?”

Chemical calcium indicators, on the other hand, have many versatile uses. These
indicators display a large, robust linear response to calcium signaling. They are modular
such that the emission wavelength and calcium binding capability is synthetically tunable.
However, the most used chemical calcium indicators have green emission, and do not
display a strong two-photon absorption cross-section. Two-photon absorption occurs
when two photons simultaneously interact with the fluorophore, exciting it. The photons
have the same energy, and arise from the same excitation beam of a laser. Determining
the absorption cross-section allows the use of an appropriate wavelength that increases
the probability of a two-photon excitation event occurring. Unlike fluorescent proteins, the
two-photon absorption of a chemical calcium indicator is intrinsic to the fluorophore used.
The larger the two-photon absorption, the greater the probability that a two-photon
excitation event will occur at that excitation wavelength. Red-shifted fluorophores (ex.
rhodamines) display larger two-photon cross-sections than their blue/green
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counterparts.®®“3 However, the compartmentalization of rhodamine-based calcium
indicators, like Calcium Orange and Calcium Crimson, limit the use of these indicators to
track neuronal activity.

There is, therefore, a need for chemical calcium indicators with large and robust,
linear calcium responses that have increased two-photon absorption — ones that are
redder than OGB and CG-1, but do not localize to membrane-bound organelles.

We propose the use development of a novel rhodol-based calcium sensor.
Rhodols are hybrid rhodamine/fluorescein fluorophores that are bright, photostable and
have good two-photon absorption cross-sections (Figure 11).44#7 The design, synthesis,
and application of rhodol-based calcium sensors is presented in this work.
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Figure 11. Rhodol fluorophore structure. Shown in the center panel is the basic structure of the fluorophore
family dubbed Rhodols. These fluorophores are a hybrid of rhodamine and fluorescein fluorophores in that the
xanthene moiety is functionalized with one hydroxide and one amine on each end rather than two hydroxides
(fluorescein, left), or two amines (rhodamines, right). The amine functional moiety used is modular and controls the
emission wavelength of the fluorophore.

As described previously, the emission wavelength of xanthene dyes is altered by
changing the functional groups attached to the xanthene core. The replacement of one of
the hydroxides with an amine shifts the excitation and emission profile of the fluorophore
bathochromically. Rhodols have the same intrinsic characteristics of xanthene dyes: high
extinction coefficients, high quantum yields, good photostability, and good water solubility.
In other biological probes, rhodol-based sensors have shown increased two-photon
absorption cross-sections.*”-5! Using these principles, we set out to design a family of
rhodol calcium indicators we call Rhodol Calcium Sensors (RCSs). In chemical indicators,
the calcium chelating group BAPTA is covalently attached to a fluorophore, thus, rhodol-
based calcium sensor is comprised of a rhodol fluorophore covalently linked to BAPTA.
Figure 12 shows a schematic representation of the design of RCSs. The fluorophore is
covalently linked to the BAPTA calcium chelating domain by an amide linkage.
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Figure 12. Schematic for the design of Rhodol Calcium Sensor. A) Shows that the rhodol fluorophore must be
covalently attached to the calcium chelating BAPTA moiety. B) Shows that the covalent linkage chosen was an
amide bond. C) Shows that synthesis needs to be broken down into two parts: the fluorophore and the calcium
chelating group BAPTA.

Rhodol Calcium Sensor-1 (RCS-1) was synthesized using the synthetic scheme
described above and reported in ACS Biochemistry.5? RCS-1 is a chlorinated pyrrolidine-
based rhodol calcium sensor. RCS-1 possesses a Ca?* binding constant of 240 nM and
a 10-fold turn on response to Ca?* ion binding. RCS-1 effectively absorbs infrared light
and has a otpa Of 76 GM at 840 nm, 3-fold greater than that of its fluorescein-based
counterpart. The acetoxy-methyl ester of RCS-1 stains the cytosol of live cells, enabling
observation of Ca?* fluctuations and cultured neurons using both one- and two-photon
illumination. Together, these results demonstrate the utility of rhodol-based scaffolds for
Ca2+ sensing using two-photon illumination in neurons. Chapter 2 discusses RCS-1

Three other rhodol calcium sensors were designed; their syntheses and
characterization are described in Chapter 3.
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Chapter Two: Imaging Ca?* with a Fluorescent Rhodol

This work has been previously published in:
Contractor, A. A.; Miller, E. W. Imaging Ca 2* with a Fluorescent Rhodol. Biochemistry
2017, acs.biochem.7b01050.

1. Abstract

Ca?* ions mediate a host of biochemical and biophysical signaling processes in
cells. The development of synthetic, Ca?*-sensitive fluorophores has played an
instrumental role in our understanding of the temporal and spatial dynamics of Ca?*
signaling. Coupling Ca?*-selective ligands to fluorescent reporters has provided a wealth
of excellent indicators that span the visible excitation and emission spectrum and possess
Ca?* affinities suited to a variety of cellular contexts. One underdeveloped area is the use
of hybrid rhodamine/fluorescein fluorophores, or rhodols, in the context of Ca?* sensing.
Rhodols are bright and photostable and have good two-photon absorption cross sections
(otera), making them excellent candidates for incorporation into Ca?*-sensing scaffolds.
Here, we present the design, synthesis, and application of rhodol Ca?* sensor 1 (RCS-1),
a chlorinated pyrrolidine-based rhodol. RCS-1 possesses a Ca?* binding constant of 240
nM and a 10-fold turn-on response to Ca?* ion binding. RCS-1 effectively absorbs infrared
light and has a otpa of 76 GM at 840 nm, 3-fold greater than that of its fluorescein-based
counterpart. The acetoxy-methyl ester of RCS-1 stains the cytosol of live cells, enabling
observation of Ca?* fluctuations and cultured neurons using both one- and two-photon
illumination. Together, these results demonstrate the utility of rhodol-based scaffolds for
Ca?* sensing using two-photon illumination in neurons.

2. Introduction

The development of synthetic fluorescent indicators for Ca?* ions is one of the
success stories of organic chemistry and molecular recognition. The majority of
fluorescent Ca?* indicators utilize BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N"-
tetraacetic acid) as the key Ca?*-recognizing domain and couple Ca?* binding to changes
in fluorescence intensity or wavelength.! First reported in 1980 by Roger Tsien,? BAPTA
solved dual problems of slow Ca?*-binding kinetics and pH dependence associated with
the state of the art Ca?*-selective chelator of the day, EGTA (ethyleneglycol-N,N,N',N"-
tetraacetic acid). Importantly BAPTA maintains selectivity for Ca?* over Mg?*, which is
present in concentrations exceeding cytosolic Ca?* by 4 to 5 orders of magnitude. Widely
used Ca?" indicators include fura-2,®> which provides a ratiometric read-out of Ca?*
concentration using UV excitation; the fluo- and rhod-family of indicators that report on
fluctuations in Ca?* concentration via changes in fluorescence intensity at around 520 and
580 nm, respectively;* and Oregon Green-BAPTA (OGB)® and Calcium Green-BAPTA
(CGB)® derivatives that employ fluorinated and chlorinated fluorescein as an optical
reporter. More recently, the use of modern xanthene scaffolds has enabled access to Ca?*
sensing in the orange (Cal-590,” CaRuby-Nano?®) to far-red (CaTM2° or Cal-630) region
of the electromagnetic spectrum by employing halogenated carbofluorescein® or silicon-
fluorescein, respectively.
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Ca?" indicators are widely used in neurobiology, where fluorescent indicators
provide a convenient method to measure the relative activity of neurons. OGB, in
particular, continues to be used for in vivo applications,! despite the recent emergence
of excellent genetically-encoded Ca?*-sensitive fluorescent proteins,’? on account of its
well-tuned Kq (170 nM) and fast Ca?*-binding kinetics.'® The use of fluorescent Ca?*
indicators, whether synthetically-derived or genetically-encoded, is frequently paired with
two-photon microscopy, which allows greater tissue penetration on account of the use of
high energy, pulsed lasers in the infrared regime. Despite the critical dependence on the
use of two-photon illumination to image in thick tissues, most widely-used Ca?* indicators
show only modest ability to effectively absorb two-photon (2P) illumination.’* CGB has a
two photon excitation cross section of approximately 30 GM (when saturated with Ca?*).”®
Alternatively, indicators based on rhodamines, with larger 2P cross sections in the 50 to
100 GM range (for example, Calcium Orange or Calcium Crimson),'® often localize to
cellular compartments rather than cytosol.'® To surmount the problems of low 2P cross
section while maintaining good Ca?* affinity, sensitivity, and cellular localization, we
hypothesized that rhodol-based fluorophores'” would enable Ca?* sensing under 2P
illumination in live cells. Rhodols have intermediate to strong 2P cross sections, at around
120 GM,'®19 and show good cellular localization.?%?" Despite these promising
characteristics, rhodols have never been combined with BAPTA to create a Ca?* sensor.
We here report the design, synthesis, characterization and application of rhodol Ca?*-
sensor 1, a fluorescent Ca?* indicator with good 2P excitation cross section, sub-
micromolar dissociation constants for Ca?*, and the ability to report on [Ca?*] fluxes in live
cells and neurons under 2P illumination.

OR RO

2,R= oo
COMU
DIPEA, DMF /\
- (0] (o]
15% N OR RO 1 M KOH

MeOH/dioxane j’\
RSC1AM,R=%"0

|—_>RSC1K,R=K+

Scheme 1. Synthesis of rhodol Ca?* sensor 1

Rhodol Ca?* sensor 1 is synthesized in a single step from the corresponding 6'-
carboxy-dichloropyrrolidylrhodol (1) and the AM-ester of 5-aminoBAPTA (2) (Scheme 1).
Synthesis of 1 proceeds in 4 steps from carboxy-dichlorofluorescein. Construction of
isomerically pure 6'-carboxy-dichlorofluorescein is achieved via recrystallization from
acetic anhydride/pyridine to give the 6' isomer in gram quantities.?? Protection of the
pendant carboxylate as the t-butyl ester?® enables selective protection of a single phenolic
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oxygen as the methyoxymethyl (MOM) ether?* and subsequent conversion of the
remaining oxygen to the triflate. Conversion of the fluorescein to rhodol proceeds via Pd-
catalyzed C-N bond formation with pyrrolidine followed by removal of the t-butyl ester to
give compound 1 in 30% yield over two steps.?® Formation of amide bond between rhodol
1 and the tetra-acetoxymethyl ester of 5'-amino-BAPTA 2° provided the acetoxy methyl
ester?® of rhodol Ca?* sensor 1 (RCS-1 AM) in 15% overall yield following purification.
Saponification of this material provided the hexapotassium salt of RCS (RCS-1 K) for in
vitro spectroscopic characterization.

3. Synthesis

The synthesis of rhodol Ca?* sensor 1 was carried out in two parallel streams: the
synthesis of the rhodol fluorophore, and the synthesis of amino-BAPTA AM.

3.1BAPTA-AM synthesis

The calcium chelating moiety, BAPTA, was synthesized as described from 2-nitrophenol.
5’-amino-BAPTA ethyl ester was synthesized over five steps.® The pendant amine was
protected as a t-butyl carbamate, and the ethyl esters were hydrolyzed using low molarity
potassium hydroxide to create the tetrapotassium salt. The acetate arms on the BAPTA
group were alkylated with acetoxy methyl esters, the t-butyl carbamate was subsequently
deprotected to give final 5-amino-BAPTA tetra-acetoxymethyl ester (Scheme 2).28
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Scheme 2. Synthesis of tetra-acetoxymethyl ester of 5’-amino BAPTA (2).

Synthesis of 1,2-bis(2-nitrophenoxy)ethane:
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To a 250-mL round-bottom flask, 24.0g (0.173 mol, 2 equiv.) of 2-nitrophenol was added
in 70 mL dimethylformamide. Once the 2-nitrophenol was dissolved, 7.46 mL (0.086 mol,
1 equiv.) of dibromoethane and 23.8g (0.173 mol, 2 equiv.) of potassium carbonate was
added. The reaction mixture was then heated to 140 °C for 30 min, cooled slightly, then
poured into 150 mL water. The precipitate was collected by vacuum filtration and then
recrystallized from 350 mL boiling acetone, with the resulting suspension cooled to -20
°C in a freezer prior to collection by vacuum filtration, affording 22.09 g (86%) of 1,2-bis(2-
nitrophenoxy)ethane as an off-white solid. "H NMR (400 MHz, CDCI3) & 7.83 (d, 2H), 7.65
—7.35(m, 2H), 7.29 - 7.21 (m, 2H), 7.07 — 7.02 (m, 2H), 4.52 (s, 4H). ESI-MS calculated
for C14H12N206 [M+H]+ 305.28, found 305.0342. The 'H NMR and ESI-MS agreed with
reported literature values.?

Synthesis of 2,2-(ethane-1,2-diylbis(oxy))dianiline:

NO2 NO2  H,, Pdrc,
o 0 __EOH,
To0%

A solution of 5.00 g (16.4 mmol) of 1,2-bis(nitrophenoxy)ethane and 500 mg (0.1 equiv.
by wt.) of 5% platinum on carbon in 100 mL of ethanol was evacuated and backfilled with
nitrogen three times, then evacuated and backfilled with hydrogen three times. The
reaction was left under 1 atm. of hydrogen (4 L) at room temperature for 24 h, at which
point the reaction was judged to be complete by TLC. The reaction was charged with a
further 5.00 g (16.4 mmol, 1.00 equiv.) of 1,2-bis(nitrophenoxy)ethane and four more liters
of hydrogen and was stirred for a further 24 h. After completion of the reaction, 300 mL
of dicholoromethane was added to the reaction mixture which was then filtered through a
plug of diatomaceous earth. The combined organics were concentrated under reduced
pressure and the resulting solid was triturated with 50% acetone in hexanes (20 mL),
collecting the resulting solid by vacuum filtration. This process afforded 7.32 g (85%) of
2,2'-(ethane-1,2-diylbis(oxy))dianiline as a white solid. '"H NMR (400 MHz, CDCI3) & 7.83
(d, 2H), 7.65 — 7.35 (m, 2H), 7.29 — 7.21 (m, 2H), 7.07 — 7.02 (m, 2H), 5.00 (br s, 4H),
4.32 (s, 4H). LCMS calculated for C14H1sN202 [M+H]+ 245.128, found 245.234. The 'H
NMR and ESI-MS agreed with reported literature values.?

Synthesis of tetraethyl 2,2',2",2"-(((ethane-1,2-diylbis(oxy))bis(2,1-
phenylene))bis(azanetriyl))tetraacetate:

EtO__O EtO
T f

NaI o (o)
Proton Sponge
ACN

92%

A solution of 2.25 g (9.3 mmol, 1.0 equiv.) of 7, 9.87 g (46.1 mmol, 5.0 equiv.) of proton
sponge® and 1.80 g (12.0 mmol, 1.3 equiv.) sodium iodide was sparged with N> for 30
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min, then 5.10 mL (46.1 mmol, 5.0 equiv.) of bromoethylacetate was added via syringe
and the reaction mixture heated to reflux overnight. The reaction mixture was then cooled
to room temperature and the organics concentrated under reduced pressure. To the
remaining residue, 50 mL of toluene was added and the insoluble NaBr was removed by
filtering through a thin pad of diatomaceous earth, rinsing with 50 mL more toluene. The
combined organics were washed with pH 2 phosphate buffer until the aqueous fractions
were colorless (3x 100 mL). The organic layer was dried with sodium sulfate and
concentrated under reduced pressure. The remaining yellow oil was then triturated with
10% ethyl acetate in hexanes, with the precipitate collected by vacuum filtration. Washing
with a further 50 mL of 10% ethyl acetate in hexanes afforded 5.02 g (92%) of tetraethyl
2,2",2",2"-(((ethane-1,2-diylbis(oxy))bis(2,1-phenylene))bis(azanetriyl))tetraacetate as a
white solid. "H NMR (400 MHz, CDCI3) & 7.83 (d, 2H), 7.65 — 7.35 (m, 2H), 7.29 — 7.21
(m, 2H), 7.07 - 7.02 (m, 2H), 4.54 (s, 4H), 4.24 (q, J=7.2, 8H), 3.83 (s, 8H), 1.30 (t, J =
7.1, 12H). ESI-MS calculated for CzoH4oN2010 [M+H]+ 589.276 found 589.13. The H
NMR and LCMS agreed with reported literature values.?

Synthesis of 3:
EtO__O EtO__O \o:ro
EtO\n/\NT TN ~°F O

TN oL
1. HNO3, H,SO,, fo) O O fo)
o] O O O glacial acetic acid /
—>
J 2. Hy, PAIC,

: 3
EtOH:EtOAc NH,

p

(0)

A 50-ml round-bottom flask was charged with 1.92 g (3.26 mmol, 1.0 equiv.) of tetraethyl
2,2",2",2"-(((ethane-1,2-diylbis(oxy))bis(2,1-phenylene))bis(azanetriyl))tetraacetate and
10 ml of glacial acetic acid. To the stirring mixture, 136 pL (3.26 mmol, 1.0 equiv.) of
concentrated HNO3 was added in 25 uL increments. The solution was allowed to stir for
10 minutes, after which time an additional 136 uL of HNO3; was added. After the solution
was stirred for an hour, it was poured slowly into sodium bicarbonate solution at 0 °C.
The organics were extracted into ethyl acetate (3x 100 mL). The organic layer was dried
with sodium sulfate and concentrated under reduced pressure. The brown oil was purified
through a silica gel plug (20% EtOAc:Hexanes). The purified material was dissolved into
3:1 EtOH:EtOAc (50mL), and 192 mg of (0.1 equiv. by wt.) of 5% platinum on carbon was
added. The solution was evacuated and backfilled with nitrogen three times, then
evacuated and backfilled with hydrogen three times. The reaction was left under 1 atm.
of hydrogen (4 L) at room temperature for 24 h, at which point the reaction was judged to
be complete by TLC. After completion of the reaction, 300 mL of dicholoromethane was
added to the reaction mixture which was then filtered through a thin pad of diatomaceous
earth. The combined organics were concentrated under reduced pressure and the
resulting solid was purified via silica gel chromatography (50-80% EtOAc/hexanes, linear
gradient), yielding 953 mg (48%) of 3 as a brown oil. 'H NMR (400 MHz, Chloroform-d) &
7.83(d, J=8.1Hz, 2H),7.57 (t, J=7.8,Hz, 2H), 7.23 (d, J=1.6 Hz, 1H), 7.08 (t, /= 7.8
Hz, 2H), 4.54 (s, 4H), 4.24 (q, J = 7.2, 8H), 3.83 (s, 8H), 1.30 (t, J = 7.1, 12H). ESI-MS
calculated for C3oH40N3010 [M+H]+ 604.28, found 604.1.
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Synthesis of 4:

O
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A solution of 3 (420 mg, 0.7 mmol, 1 equiv.) and NaHCO3 (175 mg, 2.1 mmol, 3 equiv.)
in 8 mL of 1:1 H2O:THF was cooled to 0 °C, and 168 pL (0.73 mmol, 1.05 equiv.) boc-
anhydride was added. After 30 min, the solution was stirred overnight at room
temperature. The solution was extracted with EtOAc (2x200 mL). The aqueous layer was
acidified to pH = 4-5 by careful addition of citric acid at 0 °C and then extracted with
CH2Cl2 (3x200 mL). The combined organic phase was dried (Na>SQOs), concentrated
under reduced pressure, and the resulting solid was purified via silica gel chromatography
(20-50% EtOAc/hexanes, linear gradient), yielding 390 mg (80%) of 4 as a brown oil. For
long-term (>1 month) storage, the amino-BAPTA, 3, was frozen as the boc-protected
ester 4. For short-term storage (1-4 weeks), the amino-BAPTA (3) was stored in the
freezer as is. "H NMR (400 MHz, Chloroform-d) & 7.83 (d, J = 8.1 Hz, 2H), 7.57 (t, J= 7.8
Hz, 2H), 7.23 (d, J = 1.2 Hz, 1H), 7.08 (t, J = 7.8 Hz, 2H), 4.54 (s, 4H), 4.24 (q, J = 7.2
Hz, 8H), 3.83 (s, 8H), 1.52 (s, 9H), 1.30 (t, J = 7.2 Hz, 12H).

Synthesis of 5:

OTO 0 (o) OY

o_oO o_~0
5 N o o 1KOHMeOHTHFV\g/\N o o N/\g/v
J \© 2. BMA, NaHCOy, TBAHSO,,_ _J
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» T

To a solution of 4 (390 mg, 0.55 mmol) in 1:1 THF/MeOH (20 mL) was added 1 M KOH
(7.54 mL, 7.54 mmol, 16 equiv.). The solution was allowed to stir overnight. The solution
was concentrated under reduced pressure, and re-dissolved in 10 mL of 1:1 DCM:H20.

To this solution, bromomethyl acetate (BMA, 739 uL, 7.54 mmol, 16 equiv.), TBAHSO4
(640 mg, 1.89 mmol, 4 equiv.), and NaHCOs3 (781 mg, 5.65 mmol, 12 equiv.) were added.
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The reaction was stirred vigorously overnight. The organics were extracted into CH2Cl2
(3x 100 mL), dried over NaSQOs, and concentrated under reduced pressure. Silica gel
column chromatography (0-30% EtOAc:Hexanes, linear gradient) yielded 146 mg (30%)
of 5. '"H NMR (400 MHz, Chloroform-d) 8 7.83 (d, J = 8.1 Hz, 2H), 7.57 (t, J= 7.8 Hz, 2H),
7.23 (d, J=1.2Hz, 1H), 7.08 (t, J= 7.8 Hz, 2H), 5.79 (s, 8H), 4.54 (s, 4H), 3.83 (s, , 8H),
2.14 (s, 12H), 1.52 (s, 9H). ESI-MS calculated for CagHagN3020 [M+H]+ 880.29, found
880.1

Synthesis of 2:
o o
YO YO Y Y
o o o 0
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To a solution of 5§ (146 mg, 0.166 mmol) in anhydrous dioxane, 4N HCI-dioxane
(anhydrous, Sigma-Aldrich 345547) (200 uL) was added and stirred for 1 h at rt. Then
excess reagent and solvent were removed under vacuum. The resulting white solid was
stirred in anhydrous Et2O (5 mL) for 2 h and the solid was collected by filtration. The
reaction provides 2 in quantitative yield. '"H NMR (400 MHz, Chloroform-d) 5 7.83 (d, J =
8.1 Hz, 2H), 7.57 (t, J = 7.8 Hz, 2H), 7.23 (d, J = 1.2 Hz, 1H), 7.08 (t, J = 7.8 Hz, 2H),
5.79 (s, 8H), 4.54 (s, 4H), 3.83 (s, 8H), 2.14 (s, 12H).

3.2Rhodol fluorophore synthesis

The rhodol fluorophore was synthesized from isomerically pure acetylated 6'-
carboxy-fluorescein. The pendant carboxylate is protected as an t-butyl ester to facilitate
the selective protection of one phenolic oxygen on the xanthene core as the
methoxymethyl (MOM) ether.232* The remaining phenolic oxygen is converted to a
trifluoromethanesulfonate (triflate). The triflated fluorescein is then converted to a rhodol
via palladium-catalyzed carbon-nitrogen bond formation with a pyrrolidine.?®> The
pyrrolidine was selected as previous syntheses of pyrrolidine-rhodol proceeded with high
yields (>80%), and resulted large extinction coefficients, and good quantum yields.?*
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Scheme 3. Synthesis of 6’-carboxy-pyrrolidine rhodol (1).

Synthesis of 7:

Toluene

80 De

10 min
70%

A suspension of 6 (synthesized according to the procedure reported here??; 1.73 g, 3.26
mmol) in toluene (6.5 mL) was heated to 80 °C, and N,N-dimethylformamide di-tert-butyl
acetal (4.69 mL, 19.6 mmol, 6.0 equiv.) was added dropwise. The reaction was stirred at
80 °C for 10 min, during which time the colorless suspension became a red solution. After
cooling the reaction to room temperature, it was diluted with saturated NaHCO3 and
extracted with CH2Cl> (2x 100 mL). The combined organic extracts were dried (MgSO4),
filtered, and evaporated. Flash chromatography (dry load with silica gel, 0-20%
EtOAc/hexanes) provided 7 as a white solid (1.25 g, 66%). '"H NMR (400 MHz, Methanol-
ds) 6 8.33 (d, J=8.1 Hz, 1H), 8.18 = 8.01 (m, 1H), 7.79 (s, 1H), 6.85 (s, 2H), 6.67 (s, 2H),
2.18 (s, 6H), 1.49 (s, 9H). ESI-MS calculated for C29H22Cl209 [M+H]+ 585.071, found
585.1

Synthesis of 9:

O j.imkoH O
MeOH:THF
2. MOMCI (1.05eq)

K,CO,, DMF, 0 deg -> rt. C| Triflic Anhydride,

Pyridine, 0 deg -> rt

70% 70%

To a solution of 7 (2.10 g, 3.60 mmol) in 1:1 THF/MeOH (10 mL) was added 1 M KOH
(8.64 mL, 8.64 mmol, 2.4 equiv.). The reaction was stirred at room temperature overnight.
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The resulting orange suspension was concentrated in vacuo to provide a red solid. The
solid was suspended in dimethylformamide (25 mL) and cooled to O °C. DIPEA (4.01 mL,
23 mmol, 6.5 equiv.) and chloromethyl methyl ether (1.89 mL, 3.96 mmol, 1.10 equiv.,
2.1M std. solution in toluene, generated in situ, were added, and the ice bath was
removed.?” The reaction was stirred at room temperature for 5 h. It was subsequently
diluted with saturated ammonium chloride solution and extracted with dichloromethane
(2x 100 mL). The combined organic extracts were washed with brine, dried (MgSOa),
filtered, and evaporated. Silica gel chromatography (0-25% EtOAc/hexanes, linear
gradient) yielded 1.48 g (70%) of 8 as a yellow solid. The compound was discovered to
not be stable for more than 30 min. There was a distinct color change from yellow solid
to red solid. Therefore, the product was carried directly on to the next step without
characterization. A solution of 8 (1.48 g, 2.72 mmol) in dichloromethane (25 mL) was
cooled to 0 °C. Pyridine (1.67 mL, 20.4 mmol, 7.5 equiv.) and trifluoromethanesulfonic
anhydride (1.71 mL, 10.2 mmol, 3.75 equiv.) were added, and the ice bath was removed.
The reaction was stirred at room temperature for 5 h. It was subsequently diluted with
water and extracted with dichloromethane (2x 100 mL). The combined organic extracts
were washed with brine, dried (MgSOs), filtered, and evaporated. Silica gel
chromatography (0-25% EtOAc/hexanes, linear gradient) yielded 1.29 g (70%) of 8 as a
white solid. '"H NMR (400 MHz, Methanol-ds) & 8.33 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.1
Hz, 1H), 7.78 (s, 1H), 6.85 (s, 2H), 6.67 (s, 2H), 4.52 (s, 2H), 3.31 (s, 3H), 1.49 (s, 9H).
ESI-MS calculated for C2sH21Cl2F3010S [M+H]+ 677.02, found 677.0.

Synthesis of 10:

HN

(o) (o) (o) OTf
N O O 1. (excess)
Pd,dba,;, XPhos, Cs,CO.
cl cl odbag, 2L U3
le) (o)

Dioxane, 30%

— >
Q 2. 4N HCI
%‘O o DCM: Dioxane

9 Quant.

A vial was charged with 9 (189 mg, 0.278 mmol), Pd>(dba)s (12.8 mg, 0.014 mmol, 0.05
equiv.), XPhos (20mg, 0.042 mmol, 0.15 equiv.), and Cs2CO3 (127 mg, 0.39 mmol, 1.4
equiv.). The vial was sealed and evacuated/backfilled with nitrogen (3%). Dioxane (0.435
mL) was added, and the reaction was flushed again with nitrogen (3x). Following the
addition of pyrollidine (0.6M in dioxane) (2.322 mL, 1.39 mmol, 5 equiv.), the reaction was
stirred at 80 °C for 4 h. It was then cooled to room temperature, deposited onto Celite,
and concentrated to dryness. Purification by silica gel chromatography (0-35%
EtOAc/hexanes, linear gradient; dry load with Celite) afforded the pyrrolidinyl rhodol with
the MOM-ether and t-butyl-ester as an intermediate (64 mg, 45%) as an off-white solid.
The intermediate (64 mg, 0.125 mmol) was taken up in DCM (1 mL), and 4N HCI in
dioxane (50 pL, 2 mmol, 15 equiv.) was added. After stirring the reaction at room
temperature for 6 h, the organics were washed with 9:1 DCM:Isopropanol (10 ml x 2),
dried over Mg2S0Oa4, and concentrated to dryness. The filmy solid was triturated in Et20 to
yield 42 mg (45%) of 20 as a bright orange solid. "H NMR (400 MHz, Methanol-ds) & 8.26
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(d, J = 8.0 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.73 (s, 1H), 6.80 (s, 2H), 6.73 (s, 2H), 3.19
(s, 4H), 2.00 — 1.87 (m, 4H).

Synthesis of RSC-AM:

o] o)
D NH, o]
2,R=Y\OJ\
Cl comMu
H DIPEA, DMF /—\
. 0O O
15% N ORRO N RCS 1 AM
;o o)
3\OR RO

(o)

A 4-mL vial was charged with 1 (20 mg, 0.041 mmol, 1 equiv.), DIPEA (37 uL, 0.213
mmol, 5 equiv.), and 23 mg of 2 (0.038 mmol, 0.9 equiv.) in 1 mL DMF and cooled to 0°C.
COMU (0.45M in DMF, 473 uL, 0.213 mmol, 5 equiv.) was added at 0°C, and the reaction
was allowed to warm to room temperature overnight. The organics were concentrated
under reduced pressure, dissolved in 1 mL MeOH, and deposited on a 1000 pm
preparatory TLC plate (15% MeOH:DCM). After concentrating under reduced pressure,
RCS-1 AM (7 mg, 15%) was isolated as a reddish powder. "H NMR (400 MHz, DMSO-
ds) 0 8.64 (s, 1H), 8.37 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.57 — 7.49 (m, 3H),
7.34 (d, J=9.3 Hz, 1H), 7.03 (dd, J = 14.4, 9.0 Hz, 3H), 6.94 — 6.70 (m, 4H), 5.59 (d, J =
2.0 Hz, 8H), 4.18 (s, 8H), 2.36 (s, 6H), 2.03 (d, J = 5.9 Hz, 12H). ESI-MS calculated for
CsoHs56CI2N4O23 [M*] 1258.3, found 1258.2. High resolution ESI-MS calculated for
1258.2712, found: 1258.2977.

Intensity ~ DAD: Signal B, 254 nrmiBw:4 nm Ref 700 nrm/Bw:50 nm
6PRB.datc 2017.09.3017:28:01 ;

200
1500

10007

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0.00 083 167 250 33 417 500 583 667 750 8.33 917

HPLC trace of RCS-1 AM.
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4 Characterization

4.1 In-vitro characterization
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Figure 1. Spectroscopy characterization of rhodol Ca?* sensor 1. a) Absorbance spectrum of rhodol Ca?*
sensor 1 (10 uM) in the absence (black dotted line) and presence (black solid line) of 39 uM Ca?*. Fluorescence
emission spectra of rhodol Ca?* sensor 1 (10 uM) in the absence (green dotted line) and presence (green solid
line) of 39 uM Ca?*. b) Ca?* titration of rhodol Ca?* sensor 1. The fluorescence emission spectra of rhodol Ca?*
sensor 1 was recorded at increasing concentrations of Ca?* from 0 uM to 39 uM, with intermediate concentrations
of 17 nM, 38 nM, 65 nM, 100 nM, 150 nM, 225 nM, 351 nM, 602 nM, and 1.35 uM. c) Two-photon absorption
spectra of rhodol Ca? sensor 1 with Ca?* (39 uM). Error bars are + standard deviation for n = 3 separate
determinations.
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RCS-1 shows excitation and emission profiles characteristic of substituted rhodols,
with a Amax absorption at 520 nm and emission maximum centered at 551 nm (Figure 1a).
Addition of Ca?* results in an increase in fluorescence intensity (Figure 1a). The quantum
yield for RCS-1 is Ca?*-dependent. In the absence of Ca?*, ®ss1 is 0.073; in the presence
of saturating levels of Ca?* (39 uM), ®ss1 is 0.73. There is no Ca?*-dependent change in
absorption (Figure 1a). Titration with Ca®* reveals a dissociation constant of 240 nM (+6
nM, S.E.M., n = 3 separate determinations), which is well-matched to the Kq reported for
CGB-1 (190 nM) (Figure 1b).8'3 In our hands, we determined a K4 of 180 nM for CGB-1
(x5 nM, S.E.M., n = 3 separate determinations), indicating a good match between RCS-
1 and CGB-1. RCS-1 possesses a large dynamic range in response to Ca?*, exhibiting a
10-fold increase (1, S.E.M., n = 3) in fluorescence intensity upon Ca?* binding (Figure
1b), again, well-matched to the dynamic range for CGB-1 (which we measured as a 13-
fold increase).® We measured the two-photon excitation spectrum of RCS-1. Using
rhodamine B as a standard, we determined the two-photon absorption cross-section
(o7pa) of RCS-1.1519 RCS-1 displays a a7pa maximum at 840 nm, with a valu e of 72 GM.
This is 3-fold larger than the 24 GM o7pa value we determined for CGB-1 (approximately
24 GM at 840 nm)."®

4.2 Characterization in HelLa cells

The combination of large turn-on response to Ca?* binding, nanomolar dissociation
constant, and strong two-photon absorption cross-section suggests RCS-1 will be useful
for monitoring Ca?* transients in living cells. To investigate the ability of RCS-1 to report
on Ca?* fluxes in live cells, we utilized the tetra-AM ester version of RCS-1. Masking polar
carboxylates with AM esters enable uptake anionic BAPTA-containing indicators into
cells.?> Cellular esterases remove the AM esters, liberating the Ca?'-responsive
fluorophore. Bath application of RCS-1 to HelLa cells (1.7 uM, with Pluronic F-127, 0.01%)
resulted in bright intracellular fluorescence, as determined by laser scanning confocal
microscopy (Figure 2a). Stimulation of RCS-1-loaded cells with histamine (5 uM) resulted
in the induction of periodic Ca®* oscillations that were readily observable with RCS-1
fluorescence (Figure 2b). Gratifyingly, Ca?* transients could be monitored using infrared,
two-photon microscopy, with excitation provided at 840 nm (Figure 2c and d).
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Figure 2. Live-cell imaging of histamine-evoked Ca?* fluctuations with rhodol Ca?* sensor 1. a) Confocal
fluorescence microscopy images (one-photon) of HelLa cells incubated with rhodol Ca?* sensor tetra-AM (1.7 uM).
Scale bar is 20 ym. b) Quantification of intracellular [Ca?*] fluctuations measured in response to stimulation with
histamine (5 uM). c) Two photon laser scanning fluorescence microscopy images of HelLa cells incubated with
rhodol Ca?* sensor tetra-AM (1.7 uM). Scale bar is 20 ym. d) Quantification of intracellular [Ca?*] fluctuations
measured in response to stimulation with histamine (5 uM).

4.3 Characterization in Cultured Neurons

Building on these observations, we next determined whether RCS-1 could report
on neuronal activity in cultured mammalian hippocampal neurons. Incubation of RCS-1
(1.7 pM, with Pluronic F-127, 0.01%) with cultured rat hippocampal neurons resulted in
bright cellular fluorescence, as determined by widefield epifluorescence microscopy
(Figure 3a). RCS-1 can report on spontaneous activity in hippocampal cultures (Figure
3b). Action potentials evoked by field stimulation give clear increases in fluorescence
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(Figure S1). Importantly, RCS-1 can also report on spontaneous activity in cultured
neurons when imaged under 2P illumination, using 840 nm excitation light (Figure 3c
and d).
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Figure 3. Visualization of Ca?* transients in rat hippocampal neurons using rhodol Ca% sensor 1. a)
Widefield fluorescence micrograph of cultured rat hippocampal neurons incubated with rhodol Ca?* sensor 1 tetra
AM ester (1.7 uM). Scale bar is 20 um. b) Relative changes rhodol Ca?* sensor 1 fluorescence vs. time for neurons
in panel a. ¢) Two-photon laser scanning microscopy image of rat hippocampal neuron stained with rhodol Ca?*
sensor 1 tetra AM ester (1.7 uM). Scale bar is 20 uM. d) Intracellular Ca?* transients recorded as relative changes
in rhodol Ca?* sensor 1 fluorescence vs. time for the neuron in panel c.
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In summary, we present the design, synthesis, and application of RCS-1, a rhodol-
based fluorescent indicator for Ca?*. The large turn-on response to Ca?*, high Ca?* affinity,
and good two-photon cross-section of RCS-1, coupled with the ability to monitor
spontaneous activity in cultured neurons, make it a promising candidate for monitoring
[Ca?*] transients in the context of neurobiology and beyond.

5 Supplemental Information
5.1 General method for chemical synthesis and characterization

Chemical reagents and solvents (dry) were purchased from commercial suppliers and
used without further purification. Thin layer chromatography (TLC) (Silicycle, F254, 250
um) and preparative thin layer chromatography (PTLC) (Silicycle, F254, 1000 um) was
performed on glass backed plates pre-coated with silica gel and were visualized by
fluorescence quenching under UV light. Flash column chromatography was performed on
Silicycle Silica Flash F60 (230—400 Mesh) using a forced flow of air at 0.5—-1.0 bar. NMR
spectra were measured on Bruker AVB-400 MHz, 100 MHz, and AVQ-400 MHz, 100
MHz. Chemical shifts are expressed in parts per million (ppm) and are referenced to
CDCI3 (7.26 ppm), MeOD (3.31 ppm), or DMSO (2.50 ppm). Coupling constants are
reported as Hertz (Hz). Splitting patterns are indicated as follows: s, singlet; d, doublet; t,
triplet; q, quartet; dd, doublet of doublet; m, multiplet. High performance liquid
chromatography (HPLC) and low resolution ESI Mass Spectrometry were performed on
an Agilent Infinity 1200 analytical instrument coupled to an Advion CMS-L ESI mass
spectrometer. The column used for the analytical HPLC was Phenomenex Luna 5 ym
C18(2) (4.6 mm I.D. x 150 mm) with a flow rate of 1.0 mL/min. The mobile phases were
MQ-H20 with 0.05% formic acid (eluent A) and HPLC grade acetonitrile with 0.05%
formic acid (eluent B). Signals were monitored at 254 nm and 490 nm over 12 min with a
gradient of 10-100% eluent B. The column used for semi-preparative HPLC was
Phenomenex Luna 5 ym C18(2) (10 mm 1.D. x 150 mm) with a flow rate of 5.0 mL/min.
The mobile phases were MQ-H20 with 0.05% formic acid (eluent A) and HPLC grade
acetonitrile with 0.05% formic acid (eluent B). Signals were monitored at 254 over 12 min
with a gradient of 10-100% eluent B.

5.2 Spectroscopic studies

Stock solutions of RSC-AM were prepared in DMSO (1-5 mM) and diluted with PBS (10
mM KH2PO4, 30 mM Na2HPO4-7H20, 1.55 M NaCl, pH 7.2). UV-Vis absorbance and
fluorescence spectra were recorded using a Shimadzu 2501 Spectrophotometer
(Shimadzu) and a Quantamaster Master 4 L-format scanning spectrofluorometer (Photon
Technologies International). The fluorometer is 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 were measured in 1-cm path length quartz cuvettes (Starna. UV-Vis absorbance
and fluorescence spectra were recorded using a Shimadzu 2501 Spectrophotometer
(Shimadzu) and a Quantamaster Master 4 L-format scanning spectrofluorometer (Photon
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Technologies International). The fluorometer is 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 were measured in 1-cm path length quartz cuvettes (Starna Cells).

Determining the dissociation constants (Kq) of RCS-1%8

Using the spectrofluorometer, the dissociation constant (K4) of RSC-1 was calculated
from a plot generated by scanning the emission of the indicator in the presence of 11
different Ca?* concentrations.

Stock solutions of 500 mL of 10 mM K2EGTA and 500 mL of 10 mM CaEGTA were made.
Both solutions contain 100 mM KCI and 30 mM MOPS, pH 7.2 and are prepared in
deionized water. These stock solutions were used to prepare buffers with free Ca?*
concentrations ranging from 0 yM to 39 pM.

A stock solution of 1 mM RSC-1 (salt form) in DMSO was prepared. A 20 uL aliquot of
stock RSC-1 solution was added to 2 mL of Zero Free Calcium Buffer (10 mM, K2EGTA)
to give a sensor concentration of 10 uM (zero Ca?* sample). High Ca?* sample was
prepared by diluting 60 yL aliquot of stock RSC-1 solution into 6 mL of 39 uM Free
Calcium buffer (10 mM CaEGTA).

Fluorescence spectrum of 2 mL of zero Ca?* sample was recorded by exciting the sample
at 515 nm and recording the emission from 520 nm to 620 nm. The next solution was
prepared by removing 0.2 mL from the sample and replacing with an equal aliquot (0.2
mL) of the high Ca?* sample. The new CaEGTA concentration was 1 mM and [Ca?*fee to
about 0.017 uM with no change in the concentration of the dye or of the total EGTA. The
equation for determining the volume to remove and replace is:

Volume to replace = (Sample Volume) Ll [Equation SI 1]
10—a

where a = current MM CaEGTA, b = desired mM CaEGTA, ¢ = mM CaEGTA in high Ca?*
sample (10 mM CaEGTA). The spectrum was scanned again, and another aliquot (this
time 0.22mL) was removed and replaced with 0.22 mL of the high Ca?* sample. The new
[Ca®*]ree Was about 0.038 uM. RSC-1 solutions containing 3, 4, 5, 6, 7, 8, and 9 mM
CaEGTA were prepared and the spectrum recorded in the same way, always starting with
the solution used for the previous spectrum (Table 1). For the 10 mM CaEGTA spectrum,
the previous measurement sample was discarded and replaced it with 2 mL from the high
Ca2+ sample.
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Table 1: Reciprocal dilutions used to arrive at the free [Ca?*]

CaEGTA [CAZ*]tree Volume to
remove/replace
(2 mL sample)

0 mM 0 uM zero Ca?* sample

1mM 0.017 uM 0.200 mL

2 mM 0.038 uM 0.222 mL

3 mM 0.065 uM 0.250 mL

4 mM 0.100 uM 0.286 mL

5mM 0.150 uM 0.333 mL

6 mM 0.225 uM 0.400 mL

7 mM 0.351 uM 0.500 mL

8 mM 0.602 uM 0.667 mL

9 mM 1.35 uM 1.000 mL

10 mM 39 uM high Ca?* sample

After the spectra were recorded, the data from emission at a single wavelength (547 nm

for RSC-1) is plotted as the log of the [Ca?*]ee (x-axis) versus the Iog% (y-axis).

This double log plot gives an x-intercept that is the log of Kq of RSC-1 expressed in
molarity. From this measurement, the Ky value for RSC-1 were determined on three
separate occasions to be 240 + 11 nM. An example plot is shown in Figure S1.

5.3 Cell culture

All animal procedures were approved by the UC Berkeley Animal Care and Use
Committees and conformed to the NIH Guide for the Care and Use and Laboratory
Animals and the Public Health Policy.

Hela cells (75% confluent) were obtained from the UC Berkeley Tissue Culture Facility.
Hippocampi were dissected from embryonic day 18 Sprague Dawley rats (Charles River
Laboratory) in cold sterile HBSS (zero Ca?*, zero Mg?*). All dissection products were
supplied by Invitrogen, unless otherwise stated. Hippocampal tissue was treated with
trypsin (2.5%) for 15 min at 37 °C. The tissue was triturated using fire polished Pasteur
pipettes, in minimum essential media (MEM) supplemented with 5% fetal bovine serum
(FBS; Thermo Scientific), 2% B-27, 2% 1M D-glucose (Fisher Scientific) and 1%
glutamax. The dissociated cells were plated onto 12 mm diameter coverslips (Fisher
Scientific) pre-treated with PDL (as above) at a density of 30-40,000 cells per coverslip in
MEM supplemented media (as above). Neurons were maintained at 37 °C in a humidified
incubator with 5 % CO2. At 1 day in vitro (DIV) half of the MEM supplemented media was
removed and replaced with Neurobasal media containing 2% B-27 supplement and 1%
glutamax. Functional imaging was performed on mature neurons 12-20 DIV, except
electrophysiological experiments which were performed on 12-18 DIV neurons.

Unless stated otherwise, for loading of hippocampal neurons, RSC-AM was diluted in
DMSO to 1 mM, and then diluted 1:400 in HBSS. All imaging experiments were performed
in HBSS.
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5.4 Imaging parameters

Epifluorescence imaging was performed on an AxioExaminer Z-1 (Zeiss) equipped with
a Spectra-X Light engine LED light (Lumencor), controlled with Slidebook (v6, Intelligent
Imaging Innovations). Co-incident excitation with multiple LEDs was controlled by
Lumencor software triggered through a Digidata 1332A digitizer and pCLAMP 10 software
(Molecular Devices). Images were acquired with either a W-Plan-Apo 20x/1.0 water
objective (20x; Zeiss). Images were focused onto either an OrcaFlash4.0 sCMOS camera
(sCMOS; Hamamatsu) or an eVolve 128 EMCCD camera (EMCCD; Photometrix). More
detailed imaging information for each experimental application is expanded below.

Histamine derived Calcium Oscillations in HelLa cells

HelLa cells were incubated with a HBSS solution (Gibco) containing RCS-AM (1.67 uM)
or CGB-AM (1.67 uM) and 0.01% Pluronic F-127 at 37°C for 30 min prior to transfer to
fresh HBSS (no dye) for imaging. Microscopic images were acquired with a W-Plan-Apo
20x/1.0 water objective (Zeiss) and OrcaFlash4.0 sCMOS camera (Hamamatsu). For
RCS-AM and CGB-AM images, the excitation light was delivered from a LED (9.72
W/cm?; 50 ms exposure time) at 475/34 (bandpass) nm and emission was collected with
a quadruple emission filter (430/32, 508/14, 586/30, 708/98 nm; “QUAD”) after passing
through a quadruple dichroic mirror (432/38, 509/22, 586/40, 654 nm LP). Histamine was
added as a 3x stock in a single 1 mL addition to the 2 mL of bath solution to give a final
concentration of 5 yM. Images were acquired at a rate of 10 Hz over a five-minute period.
Acquisition analysis settings were maintained through the course of the experiment.
Timeseries were acquired for 300 time points, at 100 ms exposure, with 0 ms interval.

Evoked activity in neurons

Functional imaging of the RSC-AM and CGB-AM in neurons was performed using a 20x
objective paired with image capture from the EMCCD camera at a sampling rate of 20
Hz. RSC-AM and CGB-AM were excited using the 475 nm LED with an intensity of 9.73
W/cm?2. Neurons were incubated with a HBSS solution (Gibco) containing RCS-AM (1.67
uM) or CGB-AM (1.67 uM) and 0.01% Pluronic F-127 at 37°C for 30 min prior to transfer
to fresh HBSS (no dye) for imaging. For evoked activity, emission was collected with the
QUAD filter and dichroic (see above). Neurons were stimulated by delivering 1-2 ms, 80
V voltage pulses at 20 Hz. Single, 2, 10, 15, and 20 pulse stimulations were delivered,
with 50 ms of no stimulation delivered at the beginning of the time course of each
experiment. 1 to 20 AP stimuli were pseudo-randomized. Timeseries were acquired for
80 frames, at 50 ms exposure, with 0 ms interval.

Imaging spontaneous activity of neurons
Imaging experiments looking at spontaneous activity from many (>5) neurons were
performed without extracellular stimulation. RSC-AM was excited using the 475 nm LED

with an intensity of 1.73-3.07 W/cm? and emission was collected with a QUAD filter and
dichroic (see above). Images were binned 4x4 to allow sampling rates of 20 Hz. TTX was
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added as a 3x stock in a single 1 mL addition to the 2 mL of bath solution to give a final
concentration of 1 yM. Timeseries were acquired for 80 frames, at 50 ms exposure, with
0 ms interval.

Imaging with 2-Photon excitation

HelLa cells and neurons were incubated with a HBSS solution (Gibco) containing RCS-
AM (1.67 uM) or CGB-AM (1.67 uM) and 0.01% Pluronic F-127 at 37°C for 30 min prior
to transfer to fresh HBSS (no dye) for imaging. RSC-AM and CGB-AM were excited at
840 nm and the emission was collected from 493-603 nm.

Confocal imaging was performed with a Zeiss LSM 880 NLO AxioExaminer equipped with
a Diode 405 nm laser line, Argon 458, 488, and 514 laser lines, and Coherent Chameleon
690-1040 nm (2-photon imaging). Images were acquired using a W-Plan-Apo 20x/1.0 DIC
objective and a Zeiss Airyscan detector. Images acquired with a scan time of 200 ms.

Measurement of the 2-Photon cross-section
Two-photon absorbance cross section (o1pa) measurements were obtained by

comparison to rhodamine b standards, according to the following equation, as previously
reported. %1929

— nzstdaTPAstd (F(t)new) .
o = Equation SI 2
TPARSCl UzRSCl F(t)std [ q ]

We used values of n, = 0.75 for CGB-1, n, = 0.73 for RSC-1, and the following table of
values for rhodamine b.1530
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Table 2. Rhodamine b two photon cross section values.

Wavelength | Rhodamine B | Wavelength | Rhodamine B
(nm) O7PE (nm) OTPE
(o71PA X N2) (o71PA X N2)

700 280 880 38
710 176 890 22
720 109 900 11
730 78 910 8
740 48 920 6
750 55 930 6
760 68 940 10
770 92 950 12
780 108 960 13
790 136 970 16
800 153 980 19
810 164 990 26
820 177 1000 27
830 204 1010 31
840 195 1020 39
850 128 1030 36
860 66 1040 26
870 52 1050 20

5.5 Image analysis

Analysis of histamine driven calcium oscillations in Hela cells was performed using
Imaged (FIJI). Briefly, a region of interest (ROI) was drawn around the cell body and the
fluorescence measured over 300 timepoints. For analysis of RSC-AM spontaneous
activity in neurons, regions of interest encompassing cell bodies (all of approximately the
same size) were drawn in ImageJ and the mean fluorescence intensity for each frame
extracted. AF/F values were calculated by first subtracting a mean background value from
all raw fluorescence frames. A baseline fluorescence value (Fbase) is calculated either
from the first several (10-20) frames of the experiment for evoked activity, and was
subtracted from each timepoint of the trace to yield a AF trace. The AF was then divided
by Frase to give AF/F traces.

Table 3. Selected Properties of CGB-1 and RCS-1.

2P cross
Dye Amax Amax Kq ® High ® Low section
Excitation | Emission Ca% Ca% (GM) (at
840 nm)
CGB-1 492 nm 523 nm 190 nM 0.75 0.069 24
RCS-1 515 nm 551 nm 240 nM 0.73 0.073 72
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6. Supplemental Figures
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Figure S1. Determination of Ca?* K4 for RCS-1. a) (From Figure 1b in main text) Ca?* titration of rhodol Ca?*
sensor 1. The fluorescence emission spectra of rhodol Ca?* sensor 1 was recorded at increasing concentrations
of Ca?* from 0 uM to 39 uM, with intermediate concentrations of 17 nM, 38 nM, 65 nM, 100 nM, 150 nM, 225 nM,
351 nM, 602 nM, and 1.35 uM. Excitation provided at 515 nm. b) Example of double-log plot to determine the Ca?*

Kq for RCS-1.
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Figure S2. Visualization and quantification of Ca?* transients in rat hippocampal neurons using rhodol Ca®* sensor
1. a) Transmitted light image of cultured rat hippocampal neurons incubated with rhodol Ca?* sensor 1 tetra AM
ester (1.7 yM). b) Widefield fluorescence micrograph of cultured rat hippocampal neurons incubated with rhodol
Ca?* sensor 1 tetra AM ester (1.7 uM). Regions of interest (ROIs) for determining the plot in Figure 3b in the main
text and action potential calibration are indicated in red. The ROI indicated by a red asterisk is the ROI used to
determine background fluorescence. Scale bar is 20 um. c) Quantification of the fluorescence response of RCS-1
to evoked action potentials in the indicated neurons in panel b. Relative changes in rhodol Ca?*-indicator 1
fluorescence vs. time for neurons in panel a. d) Quantification of the response of RCS-1 fluorescence in 8 neurons
to differing numbers of action potentials (black = 1, grey = 2, dark green = 10, green = 15 action potentials) vs.
time.
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Chapter Four: Amino acid esters as capping moieties
for delivery of negatively charged fluorescent probes

1. Introduction
Delivery of Chemical calcium indicators

Chemical calcium indicators are comprised of two parts: a calcium chelating
moiety, BAPTA, and a fluorophore. The BAPTA moiety contains four carboxylate arms
that chelate Ca?* ions. In the absence of calcium, the electron density on the calcium-
binding unit quenches the fluorescence of the attached fluorophore via photoinduced
electron transfer (PeT). In the presence of calcium, the electron density is used to chelate
the Ca?* ion, thereby, reducing the rate of PeT and eliciting an increase in fluorescence
of the fluorophore. This increase in fluorescence is tracked as a representation of calcium
activity and used to study various biological phenomena.

Chemical calcium indicators are normally bath applied onto cells of interest. The
chemical calcium indicators are bath applied to the cells in aqueous media, and passively
diffuse into the cells through the cell membrane. However, negatively charged indicators
cannot pass through the hydrophobic interior of core of the cell membrane. In order to
deliver calcium indicators to cells, the negative charges are capped with protective esters

Bath apply Probe

In aqueous buffers
| 4

Neurons & Loaded with Probe

Responding to Calcium Influx

Figure 1. Schematic of calcium imaging in neurons. Calcium indicator is bath applied in aqueous buffer. The
calcium indicator passively diffuses through the cell membrane into the cytoplasm of cells. Once inside the cells,
the calcium indicators display an increase in fluorescence in response to neuronal activity. This change in
fluorescence is recorded and used to study biological phenomena.

103



that can be cleaved by intracellular esterases. The most commonly used esters are
acetoxymethyl esters. Once the negative charges are capped with AM esters, the
indicator can pass through the core of the cell membrane. Inside the cell, esterases cleave
the esters and release the functional, negatively charged probe, effectively trapping the
probe inside the cells. While the AM esters render the probe cell permeable, they reduce
the solubility of the overall probe in aqueous media. The hydrophobic dye crashes out of
the aqueous solutions and does not interact with the cells enough to diffuse through the
cell membrane. Therefore, solubilizing agents are needed to increase the interaction of
the probe with the cells.

Further complications arise because solubilizing agents and other methods of
delivery often perturb the membrane and membrane dynamics.'? Methods such as
detergents and electroporation are used to solubilize the calcium indicators in aqueous
media (Figure 2). Detergents, like Pluronic F-127 — the most commonly used detergent,
have hydrophobic cores and hydrophilic tails (Figure 2A). The hydrophobic core
surrounds the capped dye, while the hydrophilic tails interact with water to solubilize the
probe (Figure 2B). Pluronic© surfactant polymers have been shown to be biologically
active with involvement in interruption of Ca?* regulation pathways, neuronal apoptosis,
and activity as an ionophore.>-° Surfactants perturb the membrane by altering the
structure or behavior of the membrane. The other method, electroporation, involves the
application of an electric field pulses across the cell (Figure 3C). Before the pulse, the
probe is introduced to the cells; during the electric field stimulation, a voltage is induced
across the cell membrane which results in the creation of pores that allow for the passage

A) H 0\</\ 0)(/\(9/ H
100 65 100

B) PloR o

Figure 2. Methods of delivering AM ester protected calcium indicators to cells. A) Shows the structure of
surfactant, Pluronic© F-127 B) The mechanism of detergents solubilizing the indicators: the hydrophobic core of
the detergent surrounds the calcium indicator, while the hydrophilic tails interact with the aqueous solvent,
effectively solubilizing the indicator. C) Electroporation is the method of delivering insoluble calcium indicators by
applying an electric field across the cell which induces the creation of pores in the cell membrane which the
indicators pass through. Following the stimulation, the cells are allowed to heal and seal up the pores, trapping the
indicators inside the cells.

104



of probes across the cell membrane. Following the stimulation, the membranes are
allowed to heal and the pores are closed with the indicators inside the cells.
Electroporation ruptures membranes. The perturbation of the membranes complicates
the data collected through calcium imaging. Therefore, methods of delivering calcium
indicators that avoid the use of detergents or other invasive methods is desirable. The
use of a capping moiety that masks the charges, is biocompatible, shows efficient
unmasking in cells, preserves functionality of the indicator, while rendering the indicator
water soluble would overcome the drawbacks of using AM esters.

In the pharmaceutical industry, water solubility of drugs is increased by developing
prodrugs capped with amino acid esters. For example, the hydrophobic anesthetic
Propofol is delivered as the salt form of the amino-acid ester.'® The salt form is stable,
water-soluble, and the biological activity is comparable to the commercial anesthetic.
Using that example, we propose that use of amino acids as an alternative capping moiety
will increase the solubility of calcium indicator while preserving the cell permeability of the
indicator. We propose taking advantage of equilibrium between the salt form and the
neutral form of the amino acids. The salt form increases the solubility in aqueous media,
while the neutral form can permeate through the cell membrane. Once inside the
esterases that work to cleave the acetoxymethyl (AM) esters will cleave the amino acid
esters and deliver the functional calcium indicator that is now trapped within the cells
(Figure 4). In order to test this hypothesis, we synthesized amino acid protected
carboxyfluoresceins. The pendant carboxylate keeps the dye from becoming cell
permeable, thereby making it an ideal test molecule to perform proof-of-principle

o o
Rﬁ/lk R
@ 0/\0 —_— O/\o
R4 %N | T  R4HN ]
cl

O

RV/K B
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RHN I Estorase
@0 NHR, H o
B

Figure 3. Mechanism of action of delivery of negatively charged probes using amino acid esters. There is
an equilibrium between the salt form and the neutral form of the amino acid. The salt form facilitates solubility of
the probe while the neutral form preserves cell permeability. Once inside the cell, intracellular esterases cleave the
amino acid esters and release functional fluorescent probes inside the cell.

N —
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experiments. The carboxyfluorescein protected with amino acid esters will increase
solubility and permeability of the fluorophore through the cell membrane. Once inside the
cell, the esterases will cleave off the amino acid esters and trap the dye within the cell
similar to the expected activity with negatively charged calcium indicators. The capped
carboxyfluorescein was synthesized in a single step from the iodomethyl-amino acid and
carboxyfluorescein; proline and beta-alanine were used as the amino acid esters. Starting
from the boc-protected amino acid, the carboxylate was esterified to the chloromethyl
ester, followed by a halogen exchange reaction to yield the iodomethyl ester of proline or
beta-alanine.
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2. Synthesis

Scheme 1
cl
Os_OH 0\ _o._cl NaHCO, 0._0O
+ oS TBAHSO, — _Nal
o DCM, H,0 Acetone
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Scheme 1. Synthesis of CF-BA, CF-Pro, and CF-AM.

General procedure for the synthesis of chloromethyl boc-amino acid.

cl
Oy -OH Q O~ Cl NaHCO; 0O
+ ¢-S.. 7 _IBAHSO,
o] DCM, H,0

75%
HN_ _O HN_ _O
0 0

To a 25-mL round-bottom flask, 4 mmol (700 mg of Boc-B-Alanine, 1 eq.) of boc-amino
acid, 6 mmol (602 pL, 1.5 eq.) chloromethyl chlorosulfate, 16 mmol (1.20g, 4 eq.) of
sodium bicarbonate, and 0.4 mmol (136 mg, 0.1 eq.) of tetra-butylammonium bisulfate
was added along with 5 mL of dichloromethane and 5 mL of water. The biphasic reaction
mixture was stirred overnight. After completion of the reaction, 300 mL of
dicholoromethane was added to the reaction mixture which was then filtered through a
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plug of diatomaceous earth. The combined organics were concentrated under reduced
pressure and the resulting solid was triturated with 50% acetone in hexanes (20 mL),
collecting the resulting solid by vacuum filtration. This process afforded chloromethyl ester
of amino acids in good yield:

768 mg (86% yield) of chloromethyl-boc-f-Alanine

960 mg (91% yield) of chloromethyl-boc-proline

as an off-white solid.

Chloromethyl-boc-£-Alanine — '"H NMR (400 MHz, Chloroform-d) & 5.71 (s, 2H), 3.42 (d,
J=6.1Hz, 2H), 2.61 (t, J = 6.0 Hz, 2H), 1.43 (s, 9H).
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Chloromethyl-boc-Proline — '"H NMR (400 MHz, Chloroform-d) 8 6.02 — 5.51 (m, 2H), 4.35
(ddd, J = 27.6, 8.8, 3.8 Hz, 1H), 3.76 — 3.27 (m, 2H), 2.43 — 2.17 (m, 1H), 1.99 (ddt, J =
32.7,16.0, 5.5 Hz, 3H), 1.47 (d, J = 16.3 Hz, 9H).
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General procedure for the conversion of chloromethyl-boc-amino acids to
iodomethyl-boc-amino acids

o g

0.0 0. 0
Nal »
Acetone
>99%
HN\[rO\‘/ HN\"/O\|/
(0] (0]

To a 10-mL round-bottom flask, the product from the previous reaction (~3.4 mmol, 1 eq.),
and 3.4 mmol (510mg, 1 eq.) of sodium iodide were added along with 10 mL of acetone
to dissolve the solids. The reaction was left to stir at room temperature overnight. Once
the reaction was deemed complete via thin-layer chromatography, the sodium chloride
by-product was removed via filtration, leaving a pale-yellow solution. The product was
collected and concentrated in vacuo. This process afforded iodomethyl ester of amino
acids — in very good yield (>99%) — as yellow solid.
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lodomethyl-boc-B-Alanine — "H NMR (300 MHz, Chloroform-d) & 5.71 (s, 2H), 3.42 (d, J
=6.1 Hz, 2H), 2.62 (t, J = 6.0 Hz, 2H), 1.43 (s, 9H).

lodomethyl-boc-Proline —'H NMR (400 MHz, Chloroform-d) & 5.84 — 5.56 (m, 2H), 4.12 —
3.88 (m, 1H), 3.36 — 3.02 (m, 2H), 1.96 (dd, J = 14.5, 5.9 Hz, 1H), 1.81 — 1.52 (m, 3H),
1.18 (dd, J =12.9, 1.7 Hz, 9H).

General procedure for alkylating carboxyfluoresceins

H H
I o o OH N o__O o o__oO N
Boc” ~~ ~~ *Boc
oS LT ko™ T XY
TBAHSO o
OH DCM, H,0
T A &
b 0 ; H
o__oO N
N ~
Y 0 Y Boc
COOH o)

In a 25-mL round-bottom flask, 0.11 mmol (41.4 mg, 1 eq.) of 5(6)-carboxyfluorescein,
1.32 mmol (470 mg, 12 eq.) iodomethyl-amino acid, 91.3 mg (17 mmol, 6eq.) of potassium
carbonate, and 75 mg (0.22 mmol, 2.0 eq.) were added together and dissolved in 5 mL
dichloromethane and 5 mL of water. The bi-phasic reaction mixture was stirred vigorously
overnight. The reaction progress was monitored via thin layer chromatography. When the
reaction was complete, the product was extracted into 200 mL of DCM and washed with
100 of DCM each time. The organic layers were collected and concentrated in vacuo. The
product was purified via silica gel chromatography (20-50% EtOAc:Hex), yielding ~10mg
(10% vyield) of product as a yellow oil.

CF-Boc-p-Alanine — '"H NMR (400 MHz, Methanol-ds) & 8.65 (t, J = 1.0 Hz, 0.5H), 8.40
(dd, J=18.5, 8.0 Hz, 1H), 8.18 (t, /= 8.0 Hz, 0.5H), 7.73 (d, J = 8.2 Hz, 0.5H), 7.37 (t, J
=7.6 Hz, 0.5H), 7.21 - 7.02 (m, 2H), 6.88 — 6.76 (m, 2H), 6.21 — 5.80 (m, 6H), 3.42 (d, J
=6.1 Hz, 6H), 2.62 (t, J = 6.0 Hz, 6H), 1.43 (s, 27H).
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CF-Boc-Proline — 'H NMR (400 MHz, Methanol-ds) & 8.65 (t, J = 1.0 Hz, 0.5H), 8.40 (dd,
J=18.5,8.0 Hz, 1H), 8.18 (t, J = 8.0 Hz, 0.5H), 7.73 (d, J = 8.2 Hz, 0.5H), 7.37 (t, J = 7.6
Hz, 0.5H), 7.21 — 7.02 (m, 2H), 6.88 — 6.76 (m, 2H), 6.21 — 5.80 (m, 6H), 4.36 — 4.22 (m,
3H), 3.57 — 3.37 (m, 6H), 2.29 (td, J = 13.5, 13.1, 6.7 Hz, 3H), 1.91 (tq, J = 13.9, 6.3, 5.8
Hz, 6H), 1.50 — 1.29 (m, 27H).
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General procedure for the deprotection of boc-groups

ROO! lO\/OR ROO! lOOR
4N HCI
D|oxane
DCM
>99%
OR’

R= fil/\/ﬁ“ fgﬁ R = fr\n/\,NHs @

(o) Boc 2

ocl

CF-BA CF-Pro CF BA CF-Pro

In a scintillation-vial the oil (10mg) from the previous reaction was dissolved in dioxane:
methanol (3: 0.5 mL), and a 100 yL of 4N HCI in dioxane. The reaction was stirred for a
couple hours. The solution was concentrated down and collected in vacuo. The solid was
triturated in either and filtered via vacuum filtration. The yield was quantitative for both
products.

Synthesis of CF-AM

AM Esters of carboxyfluorescein was synthesized according to literature procedure."’
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3. Results and discussion

In-vitro solubility determination for CF-Pro, CF-BA, and CF-AM

0.9
0.8
0.7
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0.5
0.4
0.3
0.2
0.1

Absorbance at 492 nm

0 20 40 60 80 100
Initial Concentration (uM)

Figure 4. Base Catalyzed Hydrolysis: CF-AM, CF-BA, CF-Pro.

The dots refer to the concentrations measured. Green: CF-AM,;
Grey: CF-BA; Yellow: CF-Pro. Lower concentrations of CF-AM
were studied because at higher concentrations, the solution
clogged the filter.

Various concentrations of
the dye were dissolved in water,
filtered through a 0.45 um filter,
and 1 mL of filtered solution was
treated with 10 pL of 12M KOH to
deprotect the amino acid esters.
The deprotected dye’s
absorbance was measured in a
1:1 dilution in 1M KOH. CF-Pro
showed a linear increase in
absorption  with increasing
concentration, while CF-AM does
not dissolve at all regardless of
concentration. This experiment
confirmed that the salt form of the
amino acid ester increases the
solubility of the probe in water.
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Figure 5. Dye delivered to HEK293T cells A) The dyes (5 uM) were bath applied to HEK293T cells, and incubated
with the dye for 30 min before fluorescence images were acquired. The CF-AM esters were the most permeable
and displayed the brightest staining. B) The carboxyfluorescein is not permeable and has lowest brightness value.
CF-BA shows 10 times brighter fluorescence in HEK cells; CF-Pro shows 110 times brighter staining; CF-AM
shows the brightest (1700 times) staining of HEK293T cells.

CF-Free
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With that result, we wanted to ascertain cell permeability in HEK 293T cells. The
amino acid protected dye (5 uM) was dissolved in HBSS and bath applied to the cultured
HEK 293T cells (Figure 6A). The acetoxymethyl ester protected carboxyfluorescein
showed the brightest staining in cells (1700 times brighter than unprotected
carboxyfluorescein), however, Pluronic© F-127 was added to the media to facilitate
solubility of CF-AM. CF-Pro delivered cellular staining that was ~110 times brighter than
free, unprotected carboxyfluorescein. CF-BA delivered cellular staining that was 10 times
brighter than CF-Free (Figure 6B).

D) 0.016

0.014 T T

0.012 » i 1
0.01

0.008

0.006

0.004

0.002

0 @ [ (] o Y
300 400 500 600 0 5 10 15 20
Time (s) 0.012 Concentration (uM)

(+) PLE

(-) PLE

O =~ N W O O N
m Change in Fluorescence
N

N
o
o

(+) PLE

luorescence
_|
_|
_|
'_
|
'_

= 0.006

N W OO

(-) PLE A

(@) P NN [ [ [ o

%

o

M

~—
o

0 20 40 60
300 400 500 600 0.00078 .
Time (s) Concentration (uM)
0.0007 T
T L
0.00062 ®
o o
0.00054 T @
0.00046 g

0.00038

—

a N
o
o

N
~

(+) PLE

N
w

—
SN

(-) PLE

Normalized Fluorescence © Normalized Fluorescence B  Normalized Fluorescence 2

0.0003 @
200 300 400 500 6 0 10 20 30 40 50 60

Time (s) Concentration (uM)

8 Change in Fluorescence

Figure 6. Stability assay and treatment with Porcine Liver Esterase (PLE). Yellow is the presence of PLE; Blue
is the absence of PLE A) CF-AM fluorescence recorded in the presence and absence of Porcine Liver Esterase (PLE)
B) CF-BA fluorescence recorded in the presence and absence of PLE C) CF-Pro fluorescence recorded in the presence
and absence of PLE. D) Quantification of the change in fluorescence at various concentrations of CF-AM in (+)/(-) PLE
E) Quantification of the change in fluorescence at various concentrations of CF-BA in (+)/(-) PLE F) Quantification of
the change in fluorescence at various concentrations of CF-Pro in (+)/(-) PLE
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In order to determine if the poor cellular uptake of CF-Pro and CF-BA was a result
of cellular esterases not cleaving the amino acid esters or a result of hydrolysis prior to
cellular uptake, a stability assay was performed. Fluorescence intensity was recorded in
presence and absence of porcine liver esterase for approximately 10 min in vitro. The
treatment of prolyl-esters of carboxyfluorescein (CF-Pro), beta-alanyl-esters of
carboxyfluorescein (CF-BA), and acetoxymethyl esters of carboxyfluorescein (CF-AM)
with porcine liver esterase (PLE) also enables the determination of whether these esters
are substrates for intracellular esterases (Figure 7). The acetoxymethyl esters are
substrates of porcine liver esterase, additionally, the acetoxymethyl esters are very stable
in the absence of PLE — the fluorescence does not change over time in the absence of
PLE, suggesting that the esters are not hydrolyzed in the absence of PLE (Figure 7A).
The beta-alanyl esters of carboxyfluorescein is also a good substrate of PLE as the
fluorescence increases over time when in presence of PLE. The baseline fluorescence
increases slightly over time in the absence of the PLE suggesting that the esters
hydrolyze slightly in aqueous solutions (Figure 7B). The prolyl-esters of
carboxyfluorescein are not substrates for PLE. Furthermore, prolyl-esters were the least
stable in aqueous solutions, the fluorescence increases rapidly when dissolved in
aqueous solutions (Figure 7C). The stability assay was performed at different
concentrations in order to arrive at Michealis-Menton type kinetic curves for CF-AM and
CF-BA with porcine liver esterase (Figure 7D-F). The data was used to find the Ku which
is the substrate concentration at which the rate of activity is %2 of Vmax — the fastest rate
at which the esterase hydrolyzes the esters (Table 1). The acetoxymethyl esters are
better substrates for PLE than the beta-alalinyl esters.

Table 1: Determination of Michaelis-Menton Kinetics

Probe | Kw (UM) | Kcat/Km (M-! s-') | Enzyme Concentration
F-AM** | 3.2 6.8x10° 8.30 ng/mL
CF-AM | 4.85 2.68x108 830 ng/mL
CF-BA | 129 1.86x107 830 ng/mL

CF-Pro | Not a substrate for PLE

While preliminary results showed some promise — the amino acid esters were more
soluble in aqueous solutions than AM ester counterparts and were fairly cell permeable,
we were unable to alkylate calcium indicators with amino acid esters. After many attempts
detailed in Table 2, the correct conditions for the synthesis for the synthesis of Calcium
Green BAPTA were determined to be the addition of the fluorophore (1 eq), the ethyl-
ester of 5-amino BAPTA (0.9 eq), DIPEA (5 eq) to 1 mL of dry dimethylformamide,
followed by cooling the reaction solution to 0 °C before the addition of 0.45M HATU (5
eq) in dry DMF. The reaction was allowed to warm to room temperature while stirring
overnight. The product collected via preparatory thin-layer chromatography.
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Table 2: Varied conditions attempted for amide coupling of carboxyfluorescein (CF) and 5-amino BAPTA.

Starting . .
Material Coupling Reagent Base Solvent | Product Yield
Acetylated- EDC (1.1eq) i
CF NHS (1.1eq) DIPEA MeCN No
Ac-CF HATU (1.55 eq) DIPEA | MecN | No i
(2eq)
Mixed anhydride
AC-CF | 1sobutylacid Chloride) | A | DPCM No -
Ac-CF PS-1IDQ - MeCN No -
Ac-CF 1IDQ - MeCN No -
DIPEA 1/2 o
Ac-CF HATU (5eq) (5eq) DMF Times 10%
CF 1IDQ - MeCN No -
CF PS-1IDQ - MeCN No -
0.45M HATU/HOB DIPEA 2/5 o
CF (DMF) (1.2 eq) (3.0 eq) DMF Times 35%
CF 0.45M HATU (5eq) '3(5'5'2'3;* DMF | Yes 50%

Once the synthesis of the calcium indicator was complete, the same reaction
conditions used to alkylate carboxyfluorescein were attempted with no success. Attempts
at alkylating in more concentrated reaction mixture in DMF — not biphasic as previous
attempts — were also unsuccessful (summarized in Table 3).

Table 3: Conditions for Alkylation of CGB

Startnjg lodo-amino acid Base Solvent | Product Yield
Material
. ) TBAHSO4 DCM:
CGB-K* salt Proline KoCOs H,0 No -
. ) TBAHSO4 DCM:
CGB-K* salt Beta-Alanine KoCOs H,0 No -
CGB-K* salt Proline DIPEA DMF No -
CGB-K* salt Beta-Alanine DIPEA DMF No -
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Next, we hoped by breaking up the molecule such that the amino-BAPTA portion
would be differentially esterified with acetoxymethyl esters while the carboxyfluorescein
would be selectively esterified with the amino acyl esters (Figure 8). Attempts to
synthesize acetoxymethyl esters of 5-aminoBAPTA were successful, and later used to
synthesize rhodol calcium sensors. However, efforts to selectively esterify
carboxyfluorescein with amino acyl esters proved futile. We had hoped that by protecting
the pendant carboxylic acid with a benzyl ether protecting group (para-methoxybenzyl,
PMB) would facilitate selective esterification of the xanthene hydroxides but we were
unable to determine the correct reaction conditions required to enable that esterification.

H H
o._N o._°O o 0._0O N__O
T YT

Y

NH COOH

o) ©\0/—\0/© o)
o/\oJ\/N N\)j\o/\o
o)\ oLo OLO /J*o
o) o)
Ao Ao

Figure 7. Structures of selectively esterified pieces of the final calcium indicator attempted in this chapter. We
hoped that differential esterification of the calcium indicator would still provide beneficial characteristics such as greater
solubility. However, we were unable to access the diamino-acyl esters of carboxyfluorescein.
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