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Calcium Green FlAsH as a genetically targeted
small-molecule calcium indicator

Oded Tour!?, Stephen R Adams?, Rex A Kerr®*8 Rene M Meijers, Terrence ] Sejnowskil’3‘5,
Richard W Tsien® & Roger Y Tsien!>”

Intracellular Ca®* regulates numerous proteins and cellular functions and can vary substantially over submicron and
submillisecond scales, so precisely localized fast detection is desirable. We have created a ~1-kDa biarsenical Ca?* indicator,
called Calcium Green FIAsH (CaGF, 1), to probe [Ca?*] surrounding genetically targeted proteins. CaGF attached to a
tetracysteine motif becomes ten-fold more fluorescent upon binding Ca?*, with a Ky of ~100 uM, <1-ms kinetics and good Mg2*
rejection. In Hela cells expressing tetracysteine-tagged connexin 43, CaGF labels gap junctions and reports Ca?* waves after
injury. Total internal reflection microscopy of tetracysteine-tagged, CaGF-labeled o L-type calcium channels shows fast-rising
depolarization-evoked Ca** transients, whose lateral nonuniformity suggests that the probability of channel opening varies greatly
over micron dimensions. With moderate Ca?* buffering, these transients decay surprisingly slowly, probably because most of the
CaGF signal comes from closed channels feeling Ca** from a tiny minority of clustered open channels. With high Ca?* buffering,

CaGF signals decay as rapidly as the calcium currents, as expected for submicron Ca?* domains immediately surrounding active
channels. Thus CaGF can report highly localized, rapid [Ca?*] dynamics.

Selective activation of distinct cellular functions is often achieved
through localization of calcium signals to regions ranging in size from
tens of nanometers (nanodomains) to micrometers (microdomains).
Local calcium signaling is especially prominent at presynaptic active
zones and postsynaptic densities—structures that are distinguished by
highly organized macromolecular arrays that yield precise spatial
arrangements of calcium signaling proteins!.

Fluorescence imaging is a major tool for studying micrometer-scale
local Ca®" signals’?, but nanodomains cannot be directly resolved by
light microscopy. Even on the microdomain scale, bulk cytosolic
calcium, [Ca?"]., as measured by diffusely distributed indicators,
often fails to correlate quantitatively with biological responses such
as exocytosis or channel gating that have been assumed to be [Ca?"]-
regulated®*. One can postulate either that the relevant local intracel-
lular calcium concentration [Ca?*]; is very different from the spatially
averaged concentration®, or that molecular mechanisms other than
[Ca?*] also have major roles*®. Because of such controversies, much
effort has been put into experimental’~® and theoretical>®1%1! studies
of localized intracellular calcium. These studies predict that the local
[Ca?*]. within nanometers of the mouths of Ca?* channels (Ca**
microdomains) is orders of magnitude larger and faster decaying than
the volume-averaged [Ca®"]. measured by traditional indicators dis-
tributed throughout the cytosol. One debate concerns whether a given

vesicle is predominantly triggered by Ca?" from one local channel'? or
rather from a more widespread microdomain resulting from the
superposition of the Ca?" contributions of several nearby channels'?.
Experimental measurement of localized [Ca?*]. has been difficult and
indirect even with high-resolution imaging!*'’. As long as the
indicator is diffusely distributed, fundamental barriers of limited
optical resolution will prevent measurements with the required sub-
microscopic spatial resolution, and consequently there is a need for
new techniques that can probe calcium nanodomains.

One way to circumvent the limited spatial resolution of light
microscopy is to specifically attach a calcium indicator to a target
protein. The recombinant photoprotein aequorin was the first calcium
indicator to be genetically targeted to specific compartments, includ-
ing the mitochondria'®, nucleus'®, endoplasmic reticulum®® and
plasma membrane®. However, technical limitations, including low
levels of luminescence and the destruction of aequorin by Ca’',
complicate aequorin measurements and prevent single-cell imaging
and high time-resolution comparison with electrophysiology.

Another approach is to use genetically targeted fluorescent protein-
based sensors of Ca?" such as the cameleons?!. Cameleons are
chimeric proteins consisting of cyan and yellow mutants of green
fluorescent protein (GFP), separated by calmodulin (CaM), and the
CaM-binding domain of myosin light chain kinase (M13); changes in
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