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he calcium ion (Ca?*) comprises a
Tfundamental cellular signal that con-

trols critical processes such as cell
growth, proliferation, gene regulation, and
cell death. Although calcium is essential, it
is highly toxic, and therefore cells must
tightly regulate the nature of Ca?* signals.
These signals are defined as transient in-
creases in Ca’* over basal resting levels,
and they vary in amplitude, frequency, and
spatial localization. It is by precisely regulat-
ing both the spatial and temporal aspects
of Ca?* signals that cells have developed
the means to control a host of diverse pro-
cesses. Fluorescent indicators for Ca®™,
coupled with live cell imaging, provide the
exceptional ability to watch Ca?* signals in
real time, thus enabling researchers to de-
fine the vast array of Ca?* signals and how
these signals regulate cellular processes. In
this issue of ACS Chemical Biology, Ban-
nwarth et al. (DOI 10.1021/cb800258g) (1)
combine the versatility of small molecule
probes with the power of genetic targeting
by coupling the fluorescent Ca?" indicator
Indo-1 to a SNAP-tag. The SNAP-tag technol-
ogy permits targeting of a Ca?* indicator to
a specific location within a cell. Such a local-
ized probe is essential for monitoring Ca?*
in cellular organelles such as the endoplas-
mic reticulum or mitochondria and in mi-
crodomains such as at the mouth of cal-
cium channels.

The distribution of Ca?* in cells is highly
heterogeneous (Figure 1). Resting cells
maintain cytoplasmic Ca" at ~100 nM,
and there is little fluctuation in this value
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as a result of the prevalence of cytoplasmic
buffers and feedback mechanisms to main-
tain this level, which is 10* times lower than
the extracellular milieu. The endoplasmic re-
ticulum serves as a storehouse of Ca?*, con-
taining hundreds of wM. Because Ca?* is
toxic, cells have evolved exquisite mecha-
nisms for regulating its availability. Ca®" sig-
nals can be generated by release of Ca?*
from the endoplasmic reticulum or by influx
across the plasma membrane. These sig-
nals are modulated by proteins, channels,
and pumps that move elevated Ca?* out-
side of the cell, enable re-uptake into the en-
doplasmic reticulum, and facilitate translo-
cation into mitochondria.

Over 20 years ago Tsien and co-workers
(2) developed a series of small molecule
probes to visualize the movement of cal-
cium in cells. Binding of Ca* to the probes
causes either a change in fluorescence in-
tensity or a spectral shift, thus enabling re-
searchers to track Ca*" dynamics in live
cells using fluorescence microscopy. Since
that time, a vast repertoire of fluorescent
Ca?* indicators has been developed. These
probes generally fall into three classes: (i)
small molecule fluorescent indicators; (ii)
fluorescent calcium indicator proteins
(FCIPs), also sometimes referred to as ge-
netically encoded calcium indicators
(GEClIs); and (jii) chemiluminescent Ca?*
sensors based on the protein aequorin.
Such probes have had a profound impact
on our understanding of how cells control
the nature of Ca?* signals and in turn how
Ca?* signals direct different cellular pro-

ABSTRACT Fluorescent indicators for calcium
are incredibly powerful because they enable re-
searchers to watch the movement of calcium ions
in real time in living cells. The popular small mol-
ecule indicator Indo-1 has now been targeted to a
defined location, namely, the nucleus of muscle
cells, using SNAP-tag technology. This combina-
tion of a chemical probe with genetic targeting ex-
pands the available options for measuring local
calcium events in cells.
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Figure 1. Schematic of the spatial distribution of cellular Ca?* and the application of SNAP-
Indo-1 to examine localized Ca?* signals. SNAP-Indo-1 is shown localized to the nucleus using a
nuclear localization signal. Ca?* binding leads to a change in the fluorescence signal. Al-
though Ca?* is distributed in many different locations in the cell, the localized probe ensures
that only nuclear Ca?* signals give rise to a fluorescence change. Potential exciting future direc-
tions include localization of Ca?* indicators to the endoplasmic reticulum, mitochondria, and
channels on the plasma membrane. Abbreviations: NLS, nuclear localization signal; IP3R, inosi-
tol 1,4,5-triphosphate receptor; RyR, ryanodine receptor, SERCA, sarco-endoplasmic reticulum
ATPase; IP3, inositol 1,3,5-triphosphate; PIP2, phosphotidylinositol-4,5-bisphosphate; PLC,
phosolipase C. Figure credit: Janet McCombs.

cesses. For example, oscillations in Ca**
lead to specific transcriptional responses,
and the frequency (rather than the ampli-
tude) of oscillations is “decoded” by effec-
tor proteins (3—5). Additionally, transloca-
tion of CaZ™ from one location (the
endoplasmic reticulum) to another (the mi-
tochondria) controls one pathway of pro-
grammed cell death. Such mechanistic de-
tail would not have been possible without

the development of fluorescent probes that
enabled real time imaging of Ca%* in cells.
Localized probes are incredibly valuable
because they enable dissection of the origin
and destination of Ca?* signals. For ex-
ample, to measure Ca>" dynamics within
mitochondria, researchers require an indica-
tor that can be explicitly targeted to mito-
chondria with no interference from Ca?" sig-
nals in the cytoplasm. Historically it has
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been difficult to direct small molecule
probes to specific places in the cell. Thus,
to accomplish targeting researchers turned
to genetically encoded sensors (FCIPs/GECls
or aequorin-based probes). These fluores-
cent sensors are generated by translation of
a nucleic acid sequence and are incorpo-
rated into cells by transfection or transgenic
technologies. They can be targeted to spe-
cific locations within a cell by fusion to a
protein of interest or incorporation of signal
sequences, where signal sequences act like
zip codes and send the sensor to the de-
sired location. Through continual optimiza-
tion, FCIPs have made considerable strides
in monitoring local Ca?* signals in the endo-
plasmic reticulum and mitochondria and at
the plasma membrane (6—10). Despite
these gains, when compared to small mol-
ecule fluorescent indicators, the FCIPs
exhibit a lower dynamic range and slower re-
sponse kinetics. In 2007, Tsien and co-
workers (11) developed a hybrid sensor
comprising the small molecule indicator cal-
cium green FlAsH, which bound a 12-amino-
acid genetically targeted tetracysteine tag.
This hybrid system enabled the first direct
measurements of Ca?" at the mouth of Ca?*
channels. Still, a number of characteristics
such as the requirement for a reducing envi-
ronment and the lack of a ratiometric indica-
tor limit its utility to specific situations. To
broaden the tools available to researchers,
it would be incredibly valuable to be able to
target the wealth of small molecule indica-
tors to explicitly defined locations. By cou-
pling the SNAP-tag technology to Indo-1,
Bannwarth et al. have now established the
feasibility of this approach, opening new
doors for sensing local Ca* signals.

The SNAP-tag technology developed by
Johnsson and co-workers (12, 13) facilitates
site-specific covalent labeling of a protein
of interest with a chemical probe. To adapt
this technology for localization of calcium
sensors, the authors synthesized deriva-
tives of benzylguanine linked to Indo-1 (re-
ferred to as BG-Indo-1). Indo-1 is a small
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molecule fluorescent indicator whose emis-
sion spectrum shifts upon Ca?* binding.
Indo-1 is widely used in cell biology because
the fluorescence change is ratiometric, the
dynamic range (i.e., the signal change be-
tween the Ca?*-free and Ca?*-bound forms)
is large, and the response kinetics are fast.
Three different BG-Indo-1 derivatives were
synthesized that differed in the linker be-
tween Indo-1 and the benzylguanine moi-
ety. In one of these derivatives (BG3-Indo-1)
the Ca?*-binding carboxylates were capped
by acetomethoxy esters, making the indica-
tor membrane permeable for facile loading
into cells. The BG-Indo-1 derivatives reacted
readily with the SNAP-tag in vitro, yielding
protein covalently labeled with Indo-1 (re-
ferred to as SNAP-Indo-1). Through in vitro
experiments Bannwarth et al. demonstrate
that the binding affinity and the quantum
yield of the Ca?*-free and Ca®"-bound forms
of the SNAP-Indo-1 derivatives are compa-
rable to that of the free Indo-1 indicator, al-
though the dynamic range decreased from
24X to ~9X.

To demonstrate the new probe’s function-
ality in cells, Bannwarth et al. genetically
fused the 182-amino-acid SNAP tag to a
nuclear localization sequence in order to tar-
get the SNAP-tag to the nuclei of mouse
muscle fibers (Figure 1). They show that the
sensor responds to changes in cellular Ca?*
and that the in situ Ky is comparable to that
measured in vitro. This work expands the
repertoire of hybrid small molecule—genetic
targeting approaches and opens up the pos-
sibility of using the vast array of small mol-
ecule Ca** indicators to measure local Ca?*
signals. It is important to note that this tech-
nology is not limited to Ca?* indicators but
should be applicable to genetic targeting of
other chemical probes as well. Recently Lip-
pard and colleagues (14) generated zinc in-
dicators localized to mitochondria and Golgi
using the SNAP-tag technology.

While the present study establishes an
exciting new direction for the development
of localized indicators, there are still issues
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that need to be addressed. First, research-
ers will need to determine how to maintain
the large dynamic range of small molecule
sensors when the probes are linked to
SNAP-tags in cells. It is unfortunate that the
dynamic range of the Indo-1 indicator de-
creases by about half for the SNAP-tagged
versions (24X vs 9X in vitro or 7.8X vs
3.8X in cells), particularly because one of
the distinct advantages of Indo-1 is its large
dynamic range. A dynamic range of 3.8 is
comparable to (or slightly less than) that of
localized FCIPs. However the study of Ban-
nwarth et al. hints that perhaps this issue
can be addressed by variation of the benzyl
linker, as they observed variation of dy-
namic range in vitro for different derivatives
(9% vs 15X). Second, it will be important to
assess if localized probes retain fast re-
sponse kinetics. Third, extension of this
technology to other organelles would be
very useful. The BG-Indo-1 is small enough
to diffuse through the nuclear pore, and
therefore there is essentially no barrier to
nuclear labeling. It may be more challeng-
ing for the probe to access the lumen of the
endoplasmic reticulum or matrix of mito-
chondria at high enough levels to achieve
adequate signal over background autofluo-
rescence. Still, the recent study by Lippard
and colleagues demonstrating SNAP-
targeting of a zinc sensor to mitochondria
and Golgi suggests that access to these lo-
cales is possible. It is likely that these issues
will be addressed with optimization and ex-
tension of this technology to ever-broader
applications. Thus, the work of Bannwarth
et al. opens a new door for targeting chemi-
cal probes to specific localizations in cells.
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