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Abstract

A fluorescent sensor for catecholamines, NS510 is presented. The sensor is based on a quinolone
fluorophore incorporating a boronic acid recognition element that gives it high affinity for
catecholamines and a turn-on response to norepinephrine. The sensor results in punctate staining
of norepinephrine-enriched chromaffin cells visualized using confocal microscopy indicating that
it stains the norepinephrine in secretory vesicles. Amperometry in conjunction with TIRF
microscopy demonstrates that the sensor can be used to observe destaining of individual
chromaffin granules upon exocytosis. NS510 is the highest affinity fluorescent norepinephrine
sensor currently available and can be used for measuring catecholamines in live-cell assays.

Graphical Abstract

NS510 binds to norepinephrine with high affinity by both forming iminium ion and boronate ester.
The sensor was used to stain chromaffin cells and observe exocytosis.

Understanding the function of the brain is a grand challenge of modern science.l As part of
this work, measurements of the uptake, storage and release of neurotransmitters are of
central importance. Norepinephrine, epinephrine, dopamine, and glutamate, are the major
neurotransmitters in the sympathetic nervous system,2 and are involved with many
functions, including memory, attention, learning, emotion, sleep and movement.3 Aberrant
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levels of neurotransmitters are implicated in various disease states, thus measuring these
simple organic compounds has become an important area of research. Fluorescence imaging
of neurotransmitters has distinct advantages over methods such as capillary electrophoresis
and microelectrochemistry because it is less invasive and has better spatial resolution.*° For
this reason, Sames and Sulzer have developed a series of fluorescent false neurotransmitters,
which are taken up into synaptic vesicles because they mimic the structure of genuine
neurotransmitter, and can therefore be used to image vesicle accumulation at neuronal
release sites and the loss of fluorescence that accompanies transmitter release.5P:

Our group is developing fluorescent sensors that label transmitter via direct binding. Sensor
1 (Figure 1) was prepared some time ago as a selective catecholamine sensor with a boronic
acid moiety to bind the catechol group and an aldehyde that forms an iminium ion upon
binding to primary amines.%d7 While the sensor binds catecholamines with excellent affinity
and appreciable selectivity, the fluorescence is strongly quenched by the electron-rich
catechol. More recently, we developed NS521, which lacks the boronic acid group and thus
has lower selectivity for catecholamine compared to sensor 1.8 However, NS521 has the
advantage of having a strong turn-on fluorescence response to catecholamines in part
because of electronic effect of the methoxyphenyl substituent on the fluorophore as well as
the fact that the neutral catechol is not as strong of a quencher as the boronate formed when
sensor 1 reacts with catecholamine.

Here we report development of a next-generation sensor Neurosensor 510 (NS510, Figure 1)
with stronger affinity and reduced quenching of fluorescence upon catecholamine binding.
We utilize a quinolone fluorophore since it is much more electron rich than coumarin,® and
therefore is quenched less upon binding the electron-rich catechol.19 NS510 possesses the
base quinolone fluorophore with a boronic acid appended to an aromatic substituent to
confer significantly enhanced affinity and therefore selectivity for catecholamine binding,
similar to sensor 1.

NS510 was prepared in 4 steps (Scheme 1). A hydroxymethylphenyl group was coupled to
the tosylate of compound 2 to furnish compound 3. It was most efficient to chlorinate
compound 3 prior to formylation to give intermediate 5. Alkylation of 5 produced the target
sensor NS510 in moderate yield.

NS510 was screened with various amines by UV/visible spectroscopy and fluorescence
spectroscopy. Table 1 summarizes the binding and spectroscopic data of the interaction of
NS510 with relevant amines. NS510 showed a red shift in absorption from 428 nm to 473
nm upon addition of norepinephrine (Figure 2). The fluorescence at 510 nm roughly doubles
upon binding and the binding constant was substantially higher compared to NS521 (Figure
1), which indicates that the boronic acid is participating in binding. Dopamine binds equally
well to NS510 (Table 1), though the fluorescence is slightly quenched upon binding since
dopamine is a more quenching analyte.12 Thus NS510 is selective for norepinephrine over
dopamine based on fluorescence enhancement. To our best knowledge, this is the first sensor
that can differentiate norepinephrine from dopamine.
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Epinephrine does not produce a shift in absorption because it does not form an iminium ion
with its secondary amine, and binds only through the catechol group. NMR experiments
demonstrated that saturating concentrations of epinephrine left the aldehyde intact (see
supporting information). Because epinephrine does not form an iminum ion, it is not
surprising that binding produces a fluorescence decrease. Most importantly, the binding
affinity of NS510 for catecholamines is much larger than that for other amines such as
glutamate (over 400 fold). In particular, amino-sugars such as glucosamine do not bind well
to NS510, indicating that the binding pocket of the sensor does not match the more compact
sugar structure.

Compared to NS521, the quantum yield of sensor NS510 was greatly improved. NS521 has
a rather low quantum yield (¢$=0.0053) which drops even further when norepinephrine binds
(¢=0.0033). NS521 produces a turn-on response only because the iminium ion can be
selectively excited due to the red-shift in absorbance. The sensor-analyte complex of NS521
is actually less fluorescent than the parent sensor. In contrast, NS510 starts with a higher
quantum yield due to the quinolone core (¢=0.025). More importantly, the quantum yield of
the sensor increases upon biding norepinephrine (¢=0.031) producing good fluorescence
turn-on and overall high fluorescence in the bound state. Thus, the quinolone-based sensor is
brighter than NS521.

We utilized bovine adrenal chromaffin cells as a model cell to test the fluorescent
catecholamine sensor NS510. Chromaffin cells store norepinephrine and epinephrine in
acidic vesicles and release them via exocytosis much like neurons. Subpopulations of
chromaffin cells enriched in norepinephrine versus epinephrine can be isolated by
centrifugation on a Percoll gradient.13 Live norepinephrine-enriched chromaffin cells were
stained and imaged with an Olympus FluoView FVV1000 confocal laser scanning inverted
microscope. Cells were treated with 0.5 uM NS510 for 45 min at 37 °C and rinsed twice.

Norepinephrine-enriched chromaffin cells were brightly stained by NS510 (Figure 3).
Punctate staining of the chromaffin cells suggests that the sensor is labeling the secretory
vesicles found throughout the cell where the norepinephrine is present in high
concentrations (~ 0.5 M). Next, we imaged labeled chromaffin cells using TIRF microscopy.
TIRF imaging selectively illuminates the bottom surface of the cell with the evanescent field
that penetrates only ~100 nm past the glass/cell interface. It therefore can better resolve the
catecholamine-containing vesicles adsorbed to the bottom surface of the cell without
contamination of fluorescence from other regions of the cell. Through-objective TIRF
images were obtained using an Olympus 1X-80 inverted microscope fitted with an Olympus
UAPO 150X oil N.A 1.45 TIRF objective. Images were acquired using a cooled CCD
camera (Hamamatsu EM-CCD Digital camera C9100, Japan) controlled by Slidebook
software. TIRF imaging revealed distinct fluorescent puncta in norepinephrine-enriched
chromaffin cells that are consistent with labeling of granules (Figure S6; see the Supporting
Information for movies from which these images were taken). Abrupt, punctate loss of
fluorescence were observed upon stimulation with high-K* solution that are likely to reflect
exocytosis of a vesicle containing norepinephrine labeled with 10 pM NS510. In order to
validate that punctate drops in NS510 correspond to release of catecholamine from
individual vesicles, experiments were performed using an amperometric ring microelectrode
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patterned underneath the cell being imaged.1 Amperometric microelectrodes immediately
adjacent to release sites on the cell surface measure pA-magnitude spikes of current as the
catecholamine released from an individual vesicle is oxidized on the surface of the electrode.
14-16 Figure 4 presents three examples of amperometric spikes recorded synchronously in
time with punctate changes in NS510 fluorescence indicated by the regions of interest. In
Example A, note that two release events were recorded, each with a drop in fluorescence in
the region of interest presumably due to two nearby vesicles sequentially undergoing
exocytosis. Note in Examples B and C that an increase in fluorescence is observed for one
frame before a drop, which may be due to dye brightening as it enters the stronger
evanescent field on the surface of the coverslip before it diffuses away, as previously
observed.1” These data demonstrate that destaining events correspond to exocytotic events,
thus NS510 can be used to monitor exocytosis in live cells.

In conclusion, a fluorescent sensor was designed and synthesized for high affinity for
catecholamines and visualizing norepinephrine in live cells. NS510 demonstrated that the
quinolone was brighter than the corresponding coumarin and gave punctate staining of
secretory vesicles using confocal microscopy. More importantly the boronic acid group of
NS510 gave it excellent affinity and selectivity for catecholamines over other amines.
Although the senor was somewhat quenched by the catechol group, it could be used to
image quantal norepinephrine release in live cells. These data indicate that NS510 is the
most selective and highest affinity catecholamine sensor for use in live cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Binding of two catecholamine sensors to norepinephrine
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Figure 2.
(a) UV/vis titration and (b) fluorescence titration of the sensor NS510 (10 UM in 25 mM

HEPES, 50 mM NayS,03, pH = 7.4) with norepinephrine (10 mM in buffer, Agx = 488 nm).
Inset in (b) is a plot of emission intensity at 510 nm versus concentration with a fit to a one-
site binding isotherm.
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Figure 3.
Confocal image of norepinephrine-enriched cells incubated with NS510 (0.5 uM) (Aex = 488

nm). (Scale bar = 10 pm)
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Combination of amperometry with TIRF imaging demonstrates that NS510 can resolve
catecholamine release from an individual vesicle. Three recordings from three different
bovine adrenal chromaffin cells on an Au ring electrode demonstrate punctate changes in
NS510 fluorescence synchronous with amperometric spikes resulting from oxidation of
catecholamine release from a single vesicle. Circles depict the regions of interest where
changes in fluorescence were observed as quantified in Arbitrary Units (AU) in the
horizontal lines below the amperometric traces. (Scale bar = 5 um)
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Scheme 1.
Synthesis of NS510
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Binding and Spectroscopic Properties of NS510 with Various Amines
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Ka measured by fluorescence spectroscopy (see Figure 2 for conditions). Error in Kg values are £10% based on triplicate titrations.

Isat = fluorescence intensity at saturation taken from the theoretical fit to the binding isotherm.

CKa measured by UV/vis spectroscopy.
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