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Red-shifted fluorescent indicators for magnesium were developed
by incorporation of sulfur or selenium in the azole moiety of ‘fura’
fluorophores. Single atom replacement in the acceptor of these ITC
probes affords longer excitation and emission wavelengths as well
as greater separation between excitation bands, valuable for ratio-
metric intracellular Mg?* imaging.

Fluorescent indicators are some of the most versatile tools for the
study of the cell biology of metals, allowing for the rapid detection of
ions with remarkable selectivity, sensitivity, and spatial resolution
via fluorescence microscopy.”” Wavelength ratiometric indicators
are a class of probes that exhibit a change in excitation or emission
wavelength upon interaction with an analyte, thus enabling the use
of a ratio of intensities at two wavelengths as the readout.’ In the
context of biological imaging of metals, wavelength ratiometric
indicators are particularly useful, as they provide quantitative
information in a wide range of ion concentrations and sample
matrices, with fluorescence outputs that are insensitive to uneven
sensor concentration, photobleaching, and fluctuations in excita-
tion intensity, among other external factors.>* A number of ratio-
metric indicators display conjugated donor-acceptor structures that
undergo photoinduced intramolecular charge transfer (ICT). Inter-
action of the metal cation with either donor or acceptor moieties
may be employed to stabilize or destabilize the charge transfer state,
thus affecting the excitation and emission wavelength.” The fura
family of indicators®” is a notable example of such a design applied
to the detection of metal ions in biological samples. Fura-2° and its
congener Furaptra® (commercially available as Mag-Fura-2), have
been instrumental in the elucidation of numerous physiological
and pathological roles of calcium and magnesium, respectively,
despite various limitations associated with their short excitation
and emission wavelengths. In the context of magnesium detection,
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significant progress has been made in the design of new gen-
erations of improved sensors.’ Ratiometric indicators, however,
remain scarce.

For live cell imaging, nontoxic dyes with high brightness and
excitation and emission wavelengths in the visible range are desir-
able. Lower energy light minimizes sample damage, scattering, and
background caused by autofluorescence.’” Tuning the excitation or
emission wavelength of indicators for fluorescence microscopy
typically involves introducing significant changes in the structure
of the fluorophores, which, for small-molecule indicators, often
results in changes in their cellular uptake and localization pro-
perties. The ability to tune the photophysical features of a probe
with minimal change of its structural and chemical properties is
highly desirable. Sulfur and, to a lesser extent, selenium and
tellurium have been exploited for the improvement of common
organic luminophores,' affording compounds with longer absorp-
tion and emission wavelengths than their oxygen-containing coun-
terparts. Furthermore, Moerner and coworkers recently reported the
incorporation of selenium into an amino-p-luciferin scaffold, which
led to a noticeable red shift in the bioluminescence of the com-
pound with respect to the sulfur-based parent.'’ In our efforts to
develop improved chemical tools for the study of biological magne-
sium, we surmised that the incorporation of heavier chalcogens into
the structure of the Mag-fura-2 indicator would aid in shifting its
excitation and emission to longer wavelengths, more amenable for
live cell fluorescence imaging of Mg”". We demonstrate herein that
strategic single atom replacement of the chalcogen in the acceptor
oxazole moiety of this magnesium-responsive ICT indicator induces
a large shift in emission wavelength and an increase in Stokes shift,
without affecting significantly the essential chemical features of
the compound. Most significantly, we show that the sulfur- and
selenium-based dyes display greater separation between excitation
maxima associated with their metal-free and metal-bound forms,
a feature that becomes advantageous in ratiometric imaging.

For the incorporation of sulfur or selenium into the Mag-fura-2
structure, we prepared 2-methyl azoles 1a and 1b (Scheme 1) by
cyclization of ethyl 2-chloro-3-oxopropanoate and either thioacet-
amide or freshly prepared selenoacetamide,'® respectively.
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Scheme 1 Synthesis of indicators Mag-S and Mag-Se. Conditions: (a)
MeCN, reflux; (b) 1,3-dibromo-5,5-dimethylhydantoin, AIBN, AcOH .y,
CgHsCl-CCly, 75 °C; (c) HPO(OEY),, ProEtN, THF, 0 °C; (d) K,COs, DMF,
100 °C; (e) KOH, MeOH-H,O; (f) HCl or buffer pH 7.

Subsequent unselective radical bromination led to mixtures of
2-bromomethylazole and 2-dibromomethylazole products. Treatment
of the mixtures with diethylphosphite and Hiinig’s base enabled
conversion of the undesired gem-dibromo byproducts to afford pure
2-bromomethylazoles 2a,b."® These precursors were employed for the
final assembly of the benzofuran fluorophores via condensation with
salicylaldehyde 6,® bearing the protected magnesium-binding moiety.
The solid-state structure of the resulting dyes in their ester form was
determined by single crystal X-ray diffraction, as shown in Fig. S12
(ESIT). Metal responsive sensors Mag-S and Mag-Se in the free acid
form may be obtained via base-catalyzed hydrolysis of the esters. The
deprotected o-aminophenol-N,N-triacetic acid (APTRA) group, how-
ever, is susceptible to degradation in acidic solutions. Accordingly, we
chose to store the sensors in their more stable ester forms; stock
solutions of the free acids for photophysical characterization were
prepared by quantitative hydrolysis followed by neutralization via
dilution into aqueous buffer right before use.

Photophysical properties of the new indicators were studied in
aqueous buffer at pH 7.0, as summarized in Table 1 and Fig. S1
(ESIt). The thiazole derivative, Mag-S, displays an excitation maxi-
mum at 392 nm, with emission at 572 nm (@39, = 0.17 & 0.01) in the
metal-free form. The selenazole analogue Mag-Se shows an excita-
tion maximum at 410 nm, with emission maximum at 584 (P49 =
0.09 + 0.02) in the free state. Thus, a single replacement of O by Se
in the structure of the fluorophore affords a greater than 70 nm
bathochromic shift in the emission of the indicator. The lower
fluorescence quantum yield of Mag-Se compared to that of the
lighter chalcogen counterparts is likely due to a greater rate of
intersystem crossing to a triplet state.'*'> Large Stokes shifts in
polar solvents are typical of fluorophores based on ICT. In the case
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Fig. 1 Fluorescence excitation spectra of 2 uM solutions of Mag-S (A)
and Mag-Se (C) with increasing concentrations of MgCl, (50 mM PIPES,
100 mM KCl, pH 7.0, 25 °C). Double reciprocal plots (B) and (D) show the
dependence of the emission ratio on Mg?* concentration for Mag-$ and
Mag-Se, respectively.

of Mag-S and Mag-Se, the Stokes shifts are very large, reaching
~200 nm in the metal-saturated state and in general ~30 to 40 nm
larger than those of Mag-fura-2.

Both Mag-S and Mag-Se compounds respond to Mg>* showing a
significant blue shift in the fluorescence excitation and emission
spectra (Fig. 1), consistent with a destabilizing effect of the cation
on an excited state characterized by a large dipole moment. The
appearance of two distinguishable excitation bands makes the
indicators suitable for excitation-ratiometric determination of mag-
nesium in solution. The dissociation constants for 1 : 1 indicator-to-
metal stoichiometry complexes at 25 and 37 °C were determined
from linear fits of the intensity ratios, yielding low millimolar
values (Mag-S Kqmge+ = 3.2 & 0.1 mM; Mag-Se Kqme2- = 3.3 £ 0.3
at 25 °C, Table 1) close to those of the parent Mag-fura-2 and well in
tune with typical intracellular free magnesium concentrations.'®'”
Remarkably, the separation between excitation bands for the metal-
free and -bound sensors based on the electron poorer thiazole and
selenazole is larger than that of the oxazole derivative. This
observation is indicative of the heavier chalcogen exerting a greater
influence in stabilizing the excited state of the metal-free dye than
the locally excited state of the metal-bound form. This feature is
desirable for ratiometric imaging; as the separation between bands
increases and their overlap is reduced, a greater portion of each
band may be excited using wider excitation filters, thus increasing

Table 1 Photophysical properties of new sensors Mag-S and Mag-Se,” compared to oxazole analogue Mag-fura-2

Absorption /may (nm), & x 10> (M~ ecm ™)

Excitation Amay (Nm)

Emission /may (nm), o’ Kameger (MM) Ky cazr (M)

Unbound Mg>"-saturated Unbound Mg**-saturated Unbound  Mg”*-saturated 25 °C 37 °C 25 °C 37 °C
Mag-fura-2 369, 22° 330, 24° 3707 3359 511, 0.247 491, 0.30¢ 1.9° 157  25¢ —
Mag-S 396, 29.1(7) 350, 30(1) 392 347 572,0.17(1) 547,0.30(1)  3.2(1) 1.97(7) 38(1) 35.3(7)
Mag-Se 412, 26.6(8) 360, 28.3(9) 410 361 584, 0.09(2) 562, 0.18(1)  3.3(3) 2.3(1) 41(2) 37.0(5)

“ Measurements performed in 50 mM PIPES, 100 mM KCl, pH 7.0 at

25 °C unless otherwise indicated. ” Quinine sulfate in 0.5 M H,SO,

(@347 = 0.546)"® was employed as a fluorescence standard. ¢ Properties reported at 22 °C, from ref. 7. 4 From ref. 8.
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the overall signal without compromising the selective excitation of
the free and metal-saturated forms of the dye (i.e. minimal cross-
talk between excitation channels).

We evaluated the fluorescence emission of the new com-
pounds in response to various other biologically relevant metal
ions including Ca**, Zn>* and the first row transition metals
from Mn>* to Cu®" (Fig. S2 and S3, ESIt). The metal selectivity
of the Mag-S and Mag-Se probes is comparable to that of other
reported APTRA-based metal ion indicators.” The fluorescence
ratio is insensitive to low micromolar concentrations of most
ions tested, with the exception of Zn>* (Mag-S Ky zn2+ = 62 & 3 nM;
Mag-Se Kqzn> = 60 £ 10 nM at 25 °C)."® Absolute fluorescence
intensity values, however, show a decrease in the presence of the
paramagnetic transition metals, thus implying some degree of
binding that leads to quenching of the fluorescence. Despite this
effect, the typical low concentrations of these trace metals in
biological samples, and the negligible impact of their presence on
the fluorescence ratio, suggests they would cause little inter-
ference in magnesium detection. In the case of calcium, a change
in the fluorescence ratio is observed in the mid-micromolar concen-
tration range. The new sensors may be, therefore, applied as low
affinity calcium indicators (Mag-S Kqcq2+ = 38 £ 1 pM and Mag-Se
Kacazr =41 £ 2 uM at 25 °C, Table 1) for the detection of high Ca**
concentrations such as those associated with calcium fluxes.

Taking into consideration the superior brightness of the
sulfur-containing indicator over the selenium analogue, we
chose to test the response of Mag-S for the ratiometric detection
of Mg”" in live cells. To facilitate cellular uptake, the negatively
charged carboxylates were masked as acetoxymethyl esters.”
HelLa cells were loaded with 2 uM of the membrane-permeable
dye, followed by washing and an additional 25 min incubation
period to allow for the full de-esterification of the probe by
intracellular esterases. Live cells were then imaged using a
custom ratiometric filter set (see ESI{ for details), capturing

Fluorescence ratio [T1
o o -
> ® >

I
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Fig. 2 Fluorescence imaging of intracellular free magnesium in live Hela
cells treated with 2 uM Mag-S acetoxymethyl ester before (A, B) and after
(C, D) 60 min incubation with 2.5 pM magnesium ionophore 4-bromo-A-
23187 and 30 mM exogenous MgCl,. (A, C) DIC images; (B, D) fluorescence
ratio images. Scale bars represent fluorescence ratio. (E) Change in the
average fluorescence ratio per cell, reflecting an increase in intracellular
magnesium upon treatment with exogenous Mg®* and ionophore. Error
bars = standard error of the mean, N = 11.
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fluorescence emission above 500 nm (Fig. 2). The absolute intensity
images captured for each excitation channel (Fig. S13, ESIt) reveal a
relatively even staining of the entire cell, with little evidence for
dye compartmentalization. The ratio image (Fig. 2B), more clearly
shows the differences in magnesium levels in various intra-
cellular compartments, with lower levels in the nucleus compared
to surrounding organelles. To confirm the responsiveness of the
indicator to Mg**, the imaging medium was supplemented with
non-fluorescent ionophore 4-bromo-A-23187 (Molecular Probes)
and 30 mM of MgCl, for 60 min before capturing a second set of
images. A clear increase (~17%) in the average fluorescence ratio
per cell was observed (Fig. 2D and E), in response to the increase
in intracellular free Mg>" mediated by the ionophore.

In summary, we have synthesized and characterized a new set
of red-shifted ratiometric indicators for biological magnesium
based on modified ‘fura’ fluorophores. The new compounds
illustrate how the heavier chalcogens sulfur and selenium may
be exploited to enhance the properties of fluorophores beyond the
realm of fluorescence tags and labels, but also to enhance the
properties of ion responsive fluorescent indicators. The replace-
ment of the chalcogen in the azole acceptor group of the fura ICT
dye, remote from the metal binding moiety, induces significant
changes in the photophysical properties of the indicators with little
impact in metal selectivity, dissociation constants, and cellular
uptake properties that are essential for intracellular ion detection.
Significantly, the 2-oxazolyl substituted 6-aminobenzofuran is the
fluorescent core for various ion-selective fluorescent probes, not
only for detection of Mg”* and of Ca®", but also functionalized with
metal-chelating groups specific for Zn>* (FuraZin®' and ZnAF-R2>?),
and for Na" (SBFO* and related crown ether-based indicators™).
The chalcogen replacement strategy described herein may, there-
fore, open the doors to enhanced red-shifted ratiometric detection
for other biologically relevant ions.
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