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T he calcium ion is a ubiquitous messenger that
plays multiple crucial roles in intra- and intercellu-
lar signaling (1). To separate the multiplicity of

signals conveyed by this messenger, some of them
must be encoded in elaborate spatial and temporal pat-
terns. The spatial localization takes the form of small do-
mains of elevated concentration, established usually
for brief periods near the mouth of calcium channels
that connect the cytosol to Ca2�-rich compartments
such as the endoplasmic reticulum (ER) or the extracel-
lular space. For example, calcium is passed from the ER
to mitochondria near inositol triphosphate receptor
channels, even though there is no actual pore connect-
ing the lumen of these organelles (2). A number of local
calcium signaling events have been observed in cells
and assigned various names, including sparks, embers,
puffs, and blips (3).

The two main approaches currently used for the visu-
alization of calcium signaling in cells are based either
on genetically encoded fluorescent Ca2� indicator pro-
teins (FCIPs) or on synthetic fluorescent Ca2� indicators.
FCIPs are designed to bind Ca2� in a way that either
leads to changes in fluorescence resonance energy
transfer between two different fluorescent proteins that
are part of the indicator protein (4, 5) or modifies the
properties of a single fluorescent protein (6, 7). The most
attractive feature of FCIPs is the possibility of targeted
expressions, for example, in tissues, cell types, or or-
ganelles and subcellular locations (8). However, despite
continuous improvements of the various FCIPs (9, 10),
these indicators still suffer from a number of drawbacks.
The response of the available FCIPs typically has a low
dynamic range (DR, defined as the ratio of signals of the
free and Ca2�-bound dye; for ratiometric indicators Rmax/
Rmin) and is slow in comparison to physiological cal-
cium signals. Furthermore, the interaction with other cel-
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ABSTRACT The role of calcium in signal transduction relies on the precise spa-
tial and temporal control of its concentration. The existing means to detect fluctua-
tions in Ca2� concentrations with adequate temporal and spatial resolution are lim-
ited. We introduce here a method to measure Ca2� concentrations in defined
locations in living cells that is based on linking the Ca2�-sensitive dye Indo-1 to
SNAP-tag fusion proteins. Fluorescence spectroscopy of SNAP-Indo-1 conjugates
in vitro showed that the conjugates retained the Ca2�-sensing ability of Indo-1. In
a proof-of-principle experiment, local Ca2� sensing was demonstrated in single
cells dissociated from muscle of adult mice expressing a nucleus-localized SNAP-
tag fusion. Ca2� concentrations inside nuclei of resting cells were measured by
shifted excitation and emission ratioing of confocal microscopic images of fluores-
cence. After permeabilizing the plasma membrane, changes in the bathing solu-
tion induced corresponding changes in nuclear [Ca2�] that were readily detected
and used for a preliminary calibration of the technique. This work thus demon-
strates the synthesis and application of SNAP-tag-based Ca2� indicators that com-
bine the spatial specificity of genetically encoded calcium indicators with the ad-
vantageous spectroscopic properties of synthetic indicators.
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lular proteins can affect their performance (8), and the
size of FCIPs can be rather large, 650 amino acids for
cameleons (4).

An alternative for the visualization of local calcium
signals is the use of small synthetic fluorescent indica-
tors modified for localization to specific sites within the
cell. Positively charged indicators such as rhod-2 tend to
accumulate in the mitochondrial matrix (11). Indicator
dextran conjugates remain in the cytoplasm; Calcium
Green dextran modified with a nuclear localization se-
quence peptide has been used to measure [Ca2�] in the
nucleus (12) and indicator stearyl (C18H37) derivatives
were used to place a Ca2� monitor near membranes
(13). More advanced techniques rely on small synthetic
indicators and/or localized proteins of interest that form
a “hybrid indicator” in cells. One approach for localiz-
ing calcium indicators in cells is based on the use of fu-
sion proteins displaying peptides with high affinity for
Texas red and X-rhod; however, this approach has not
yet been used for monitoring [Ca2�] in cells (14). More
recently, a biarsenical derivative of Calcium Green has
been synthesized that specifically labels fusion proteins
possessing a tetracysteine tag (15). The approach has
been used to report rapid [Ca2�] dynamics at gap junc-
tions, thereby demonstrating the enormous potential of
hybrid indicators. However, the tetracysteine tag cannot
be easily used in the lumen of the endoplasmic or sar-
coplasmic reticulum because of disulfide bond forma-
tion, and no ratiometric Ca2� indicators for labeling of
the tetracysteine tag are available.

Indo-1 is a very useful synthetic Ca2� indicator for
flow cytometry and confocal microscopy, as its excita-
tion using one of the argon laser lines yields an emis-
sion spectrum that depends on [Ca2�] and therefore can
be used for ratiometric measurements (16). Further-
more, the excitation spectra of Indo-1 and its low-affinity
relative Mag-Indo-1 are also shifted upon binding Ca2�,
a feature exploited in the SEER (shifted excitation and
emission ratioing) technique (17) to greatly increase its
Ca2� sensitivity. Indo-1 is a rapidly responding Ca2� in-
dicator, although its kinetics can be altered under cellu-
lar conditions (18). The dye has been coupled to micro-
spheres for long-time Ca2� sensing inside living cells
after endocytosis of the microspheres, but the precise
localization of the microspheres was not determined
(19). Coupling the indicator to microspheres or dextran
prevents Indo-1 not only from leaking out of cells but
also from rapid diffusion and can therefore be helpful

for local calcium concentration measurements (20).
However, the coupling of Indo-1 to a localized protein in-
side cells has not been achieved so far.

Here we report the specific localization of Indo-1 in
cells via the SNAP-tag fusion protein technology. Deriva-
tives of Indo-1 linked to benzylguanine, the substrate
of SNAP-tag, were synthesized and used for the label-
ing of SNAP-tag fusion proteins. Indo-1-labeled SNAP-
tag fusion proteins were characterized as Ca2� report-
ers in vitro, and it was shown that the labeled fusion
proteins can be used to measure [Ca2�] changes in the
50 nM to 2 �M range. Finally, the Indo-1 derivatives
were used for measuring nuclear [Ca2�] ([Ca2�]n) in rest-
ing cultured primary muscle cells of an adult mouse ex-
pressing nuclear localized SNAP-tag.

RESULTS AND DISCUSSION
SNAP-tag (182 amino acids) is an engineered human
O6-alkylguanine-DNA alkyltransferase (AGT) that specifi-
cally reacts with O6-benzylguanine (BG) derivatives (21,
22). SNAP-tag fusion proteins can be labeled with a
large variety of spectroscopic probes inside living cells
with no restrictions with respect to organelles or local-
ization (23). The synthesis of BG-Indo-1 derivatives
should therefore permit the measurement of [Ca2�]
with both high spatial and temporal resolution in living
cells (Figure 1).

Below, we first describe the synthesis of the BG-Indo-1
derivatives and characterize their spectral properties be-
fore and after reaction with SNAP-tag fusion proteins.
Then we demonstrate the ability of the new Indo-1 deriva-
tives to label SNAP-tag fusions in cultured primary muscle
cells of mice and to respond to changes in [Ca2�]n.

Synthesis of Indo-1 Derivatives. To couple BG to
Indo-1, we chose the indole carboxyl group (Figure 1,
panel b), which was previously used for the coupling of
Indo-1 to microspheres (19). Our synthesis started from
the previously described Indo-1 ethyl ester 1 (Scheme
1), which was prepared in eight steps from o-nitro-
phenol (Supporting Information). Compound 1 was
coupled to benzylguanine amine (BG-NH2, 2) and to a
BG amine derivative containing a polyethylene glycol
linker (BG-PEG4-NH2, 5) in order to study the influence
of the linker length on the spectroscopic properties of
the indicator. Subsequent alkaline hydrolysis of the
ethyl esters yielded the Indo-1 derivatives BG1-Indo-1
and BG2-Indo-1.
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Negatively charged tetracarboxylates like BG1-Indo-1
and BG2-Indo-1 cannot penetrate cellular membranes,
and their use as intracellular indicators is therefore re-

stricted to the cytosol and the nucleus after invasive pro-
cedures such as microinjections. Typically, the modifica-
tion of carboxylic moieties to acetoxymethyl (AM) esters

Figure 1. Use of SNAP-tag technology for the localization of Indo-1 in living cells. a) Mechanism for localizing Ca2� indicators in cells via SNAP-tag
fusion proteins. b) Structure of Indo-1 and Indo-1 benzylguanine (BG) derivatives synthesized in this work.
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results in compounds that are membrane-permeant;
once inside the cells the ester groups can be hydro-
lyzed by nonspecific intracellular esterases (24). We
therefore sought to convert the two substrates into the
corresponding AM ester derivatives. All attempts to di-
rectly obtain the AM esters by alkylation of BG1-Indo-1
and BG2-Indo-1 with bromomethylacetate failed. A com-
plex mixture of products was obtained in both cases,
preventing the isolation of the desired product. We

therefore decided to generate an AM ester derivative of
Indo-1 first and then couple it to BG via so-called click
chemistry (25) (Scheme 2). Toward this end, 1 was
coupled to 3-azidopropan-1-amine, and the resulting
tetraethyl ester azide 8 was hydrolyzed and transformed
to its corresponding acetoxymethylester 11, which was
then coupled to BG derivative 9 via copper (I)-catalyzed
click chemistry to furnish BG3-Indo-1/AM. For the in vitro
characterization of hydrolyzed BG3-Indo-1/AM, BG3-

SCHEME 1. Synthesis of BG1-Indo-1 (4) and BG2-Indo-1 (7)
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Indo-1 was synthesized via 8 by click chemistry fol-
lowed by alkaline hydrolysis (Scheme 2).

Characterization of Indo-1 Derivatives and Their
SNAP-tag Conjugates. All three BG-Indo-1 derivatives
readily reacted with SNAP-tag in vitro. In a kinetic com-

petition assay with BG-fluorescein (BGFL) (26), the ob-
served second-order rate constants for the reaction of
the Indo-1 derivatives with SNAP-tag were determined
to be (4 � 0.6) � 104 M�1 s�1 for BG1-Indo-1, (9 � 7)
� 103 M�1 s�1 for BG2-Indo-1, and (1.4 � 0.2) � 104

SCHEME 2. Synthesis of BG3-Indo-1 (10) and BG3-Indo-1/AM (12)
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M�1 s�1 for BG3-Indo-1. At a BG-Indo-1 concentration
of 1 �M and an excess of substrate over protein, label-
ing thus reaches 50% completion after about 1 min.

The three derivatives BG1-Indo-1, BG2-Indo-1, and
BG3-Indo1 were then reacted with an excess of SNAP-
tag and the resulting conjugates SNAP-1-Indo-1, SNAP-
2-Indo-1, and SNAP-3-Indo-1 were characterized by
UV�vis absorption and fluorescence spectroscopy. The
absorption maxima of the SNAP-Indo-1 conjugates lie at
352�356 nm in the calcium-free anion form and at
338�340 nm in the calcium-bound form and are thus
red-shifted by 5�9 and 7�9 nm, respectively, in com-
parison to Indo-1 (Table 1). Upon excitation at 350 nm,
the SNAP-Indo-1 conjugates show fluorescence emis-
sion maxima for the calcium-free and the calcium-bound
species very similar to those of Indo-1 (Table 1,
Figure 2). Furthermore, the relative fluorescence quan-
tum yields are comparable to those of Indo-1 (Table 1).
In contrast, all BG-Indo-1 derivatives exhibit less fluores-
cence than the corresponding SNAP-Indo-1 conjugates
and also significantly shifted emission spectra (Table 1).
The reduced fluorescence is probably due to intramo-
lecular quenching by the benzylguanine moiety. The ef-
fect is most pronounced for the derivative with the short-
est linker, BG1-Indo-1, which displays a �4-fold
increase of the fluorescence intensity upon reaction
with SNAP (Figure 2, Table 1). This feature of the probes
should be advantageous for measurements in cells as
it reduces the background fluorescence from unreacted
indicator. Possible explanations for the observed
quenching in BG1-Indo-1 might be intramolecular stack-
ing of the BG and Indo-1 moieties or photoinduced elec-
tron transfer from BG to Indo-1.

In conventional use calcium concentrations are mea-
sured with Indo-1 by dividing its fluorescence emission
near 405 nm by the emission near 485 nm. The quotient
of the ratios of the calcium-bound species (Rmax) and
the calcium-free species (Rmin) defines the DR of these
dyes. We determined the apparent Ca2� dissociation

constant KD for the different SNAP-Indo-1 conjugates
via their fluorescence emissions. KD values ranged from
290 nM for SNAP-3-Indo-1 to 570 nM for SNAP-1-Indo-1
(Table 1). The presence of protein is known to cause
variations in KD of synthetic calcium indicators, typically
an increase (27, 28). The DR of the SNAP-Indo-1 conju-
gates is lower than that of Indo-1 (Table 1 and in-cell
measurements below). The decreased DR results from
broader fluorescence emission spectra of the SNAP-
Indo-1 conjugates. Effects of the presence of protein on
Indo-1 fluorescence are well-known (29); the broader
emission spectra and resulting smaller DR of the dyes
could be due to their conjugation to a protein and the
modification of the fluorophore structure.

Targeted SNAP-tag Is Expressed Specifically in
Nuclei of Mouse Muscle Fibers. In muscle, cytosolic
[Ca2�] ([Ca2�]c) increases by �2 orders of magnitude to
signal contractile activation in the process called
excitation-contraction coupling (30). This was the first
messenger role demonstrated for Ca2� (31) and is still
thought to involve the largest change of concentration
and fastest movements of the ion inside cells. For first
proof-of-principle experiments in cells, we decided to lo-
calize the Indo-1 indicators in the nuclei of muscle cells
of adult mice. Muscle fibers are large cells, with many
pancake-shaped “myonuclei” normally located at the
cell surface, just below the plasma membrane. Upon
changes in [Ca2�]c, the [Ca2�] in the nucleoplasm equili-
brates by diffusion (32). We chose the nucleus for this
demonstration for multiple reasons, including (i) the
possibility of highly specific targeting of SNAP-tag via
the nuclear localization signal (NLS) sequence (21), (ii)
the current interest in nuclear Ca2� as a controller of
transcription with signals encoded in the pattern of its
concentration changes (32), (iii) the ease of identifica-
tion of the targeted organelle, and (iv) the availability of
simple procedures to change [Ca2�]n. Furthermore, the
availability of gene transfer techniques permits to in-

TABLE 1. In vitro calibration of SNAP Indo-1 BG conjugates

UV�vis absorption maxima [nm] Fluorescence emission maxima [nm] Relative quantum yield

Dyea KD [nM] Free anion Ca2�-bound Free anion Ca2�-bound Free anion Ca2�-bound Ratio quotientb

SNAP � Indo-1 510 � 270 347 331 467 419 0.37 0.30 25.2
SNAP-1-Indo-1 570 � 170 356 340 467 419 0.49 0.38 15.8
SNAP-2-Indo-1 350 � 90 353 338 468 421 0.26 0.27 9.3
SNAP-3-Indo-1 290 � 80 352 338 469 420 0.42 0.36 9.5
Indo-1 270 � 50 347 331 469 418 0.38c 0.56c 24.0
BG1-Indo-1 370 � 180 354 334 526 428 0.06 0.14 n.d.d

BG2-Indo-1 180 � 60 356 338 510 424 0.11 0.20 n.d.d

BG3-Indo-1 180 � 60 358 341 508 422 0.22 0.29 n.d.d

aSNAP-1-Indo-1, SNAP-2-Indo-1 and SNAP-3-Indo-1 are the conjugates resulting from the reaction of SNAP with BG1-Indo-1, BG2-Indo-1
and BG3-Indo-1, respectively. bThe ratio quotient is obtained by dividing the fluorescene emissions ratio 405 nm/485 nm of the calcium-
bound species by that of the calcium-free species. cTaken from (16) dBecause of the shifted emission maxima of the BG-Indo-1 deriva-
tives, the ratio quotient at 405 nm/485 nm was not determined.
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duce expression of virtually any protein at high densi-
ties in these cells (33) (34).

First, we validated the expression of a functional
SNAP-tag fusion inside myonuclei in cells of the paw
muscle FDB, as a specific labeling of SNAP-tag fusion
proteins in cells of an adult, living animal has previously
not been demonstrated. The hind paws of 2-month-old
mice were injected with a plasmid vector coding for
SNAP-NLS and cells were transfected by electropora-
tion. Four to five days after injection, individual cells
were isolated, separated by enzymatic digestion,
stained by brief exposure to the cell-permeant sub-
strate BG-diacetylfluorescein (BG-DAF), and examined
by confocal imaging of fluorescence. The nonfluorescent
and membrane-permeant BG-DAF is hydrolyzed to the
corresponding fluorescein derivative in the cell (21).
Typical images are shown in Figure 3. Panel a is an im-
age of a fiber obtained after labeling with BG-DAF, at a
low intensity of excitation. Under these conditions only
nuclei are visible, demonstrating specific labeling of
nuclear localized SNAP-tag. Panel b is an image at a 5
times greater excitation intensity, which demonstrates
some fluorescence outside nuclei. Similar background
fluorescence is observed in the fluorescence image of a

fiber from nontransfected muscle after a similar incuba-
tion with BG-DAF (Figure 3, panel c). This implies that
the extranuclear fluorescence is not due to mistargeted
SNAP-NLS; it could be due to cellular autofluorescence
or excess BG-DAF that did not react with SNAP-NLS. To
separate these contributions we measured the fluores-
cence of a fiber expressing SNAP-NLS but not exposed
to BG-DAF, acquired at the same excitation intensity and
gain. The image is displayed in Figure 3, panel d, using
a color scale expanded 7-fold. Thus the cellular autoflu-
orescence in Panel D is about 15% of the total back-
ground fluorescence in Panel C. In conclusion, the
SNAP-NLS fusion expresses at high density in the nu-
clei of mouse muscle fibers, where it can be specifically
labeled with BG derivatives.

Localized Indo-1 Senses Calcium in the Cell
Nucleus. To localize Indo-1 in myonuclei, cells treated
as described in the previous section, with plasma mem-
brane intact, were incubated with BG3-Indo-1/AM for
210 min at RT. After washing and allowing 30�60 min
for hydrolysis of the AM esters, the fluorescence was im-
aged by confocal microscopy. Two images of fluores-
cence, F1 and F2, were obtained simultaneously at two
excitation wavelengths and two emission ranges pre-

Figure 2. Fluorescence spectra of SNAP-1-Indo-1 (200 nM) and BG1-Indo-1 at varying calcium concentrations with excita-
tion at 350 nm. Both the wavelength shift upon calcium binding and the fluorescence emission intensity increase after the
reaction of BG1-Indo-1 with SNAP-tag are clearly visible.
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scribed by the SEER method (17), and the ratio R �

F1/F2 was determined. A representative example is
shown in Figure 4, panels a�c. Again, the staining is
highly specific to nuclei. Compared to staining with BG-
DAF, however, there is somewhat greater fluorescence
outside nuclei, especially F1 (Figure 4, panel a), which is

shown at a 4� greater intensity than F2 in order to dem-
onstrate the nonspecific fluorescence. The extranuclear
fluorescence is presumably due to both unreacted BG3-
Indo-1 and to cellular autofluorescence, which is prefer-
entially excited and emitted at lower wavelengths. In
the three nuclei that were in focus in images a and b,
the average value of the ratio R � F1/F2 was low, 0.48
(standard deviation 0.056) (Figure 4, panel c). The nomi-
nal [Ca2�]n, calculated using eq 1 (Methods) and calibra-
tion parameters obtained as described below, was 109
nM. The average R for nine intact cells (an equally
weighted average of averages over all stained nuclei in
individual cells) was 0.37 (standard deviation 0.12),
which corresponds to a [Ca2�]n of 37 nM. This value is
consistent with the low cytosolic and nuclear [Ca2�] that
prevails in a resting muscle cell (32).

To demonstrate the response of the sensor to
changes in [Ca2�]n and to calibrate it, we applied buff-
ered solutions of different [Ca2�] to cells with the plasma
membrane permeabilized (by brief exposure to a low
concentration of saponin; see Methods) and incubated
with BG3-Indo-1/AM for 6�9 min in a solution that was
nominally Ca2�-free. An experiment is illustrated in
Figure 5, panels a and b of which are images of F1 and
F2 for a representative cell immediately after permeabili-
zation, incubation, and exposure to a bathing solution
of 100 nM [Ca2�]. Four nuclei are clearly visible. The cell
was then successively exposed to additional solutions
with increasing [Ca2�]. Figure 5, panels c�e are images
of R (restricted to areas of high staining as in Figure 4)
upon exposure to [Ca2�] of 100 nM (c), 1 �M (d), and
10 �M (e). The high [Ca2�] solutions caused some
movement of the cell and loss of focus for two nuclei.
This was repeated in three experiments. The graph in
Figure 5, panel f plots the averaged R values against the
applied [Ca2�] (points c, d, e). The single point g plots
a reading obtained immediately after membrane perme-
abilization in a solution with nominally 0 [Ca2�]. The con-
tinuous curve in red represents the best fit to all points
by a conventional equation relating SEER ratio and con-
centration (eq 2, Methods) with three free parameters
whose best fit values are given in the legend. The curve
in black plots an alternative fit obtained by forcing Rmin

and Rmax to be equal to, respectively, the values ob-
tained at 0 and 10 �M (a change without major conse-
quences for the fit). The open circle plots the average R
in intact cells at its intersection with the red curve, yield-
ing a [Ca2�]n of 37 nM.

Figure 3. Localization of SNAP-tag in nuclei of muscle fi-
bers. a) Confocal image of fluorescence of a cell isolated
from the FDB muscle of a mouse expressing SNAP-NLS.
The cell had been briefly exposed to BG-DAF (1 �M, 3�4
min). Image obtained at low excitation intensity (power of
Ar laser at 488 nm was set at 3% of maximum). Fluores-
cence is emitted by fluorescein set free from hydrolysis of
diacetylfluorescein (DAF) and originates largely at nuclei.
b) Image of a different segment of the same fiber at
greater excitation intensity (15%), to show staining out-
side nuclei, presumably by BG-DAF not bound to SNAP-NLS
or cellular autofluorescence. c) Fluorescence of a fiber not
expressing SNAP-NLS but exposed to BG-DAF; image ac-
quired at the same excitation intensity as in panel b. Gain-
determining photomultiplier voltage was the same in all
cases. d) Fluorescence of a fiber expressing SNAP-NLS but
not exposed to BG-DAF, acquired at same excitation in-
tensity and gain but displayed in a color scale expanded
7-fold (i.e., the covered range is 0�36 units in this case).
This image indicates that cellular autofluorescence level in
panel d is �15% of the background fluorescence in
panel c.
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Conclusions. The measurement of fluctuations of
[Ca2�] in defined locations in the cell and with ad-
equate temporal resolution is a challenge in cell biol-
ogy. Here we have introduced derivatives of the Ca2�

sensor Indo-1 that can be specifically coupled to SNAP-
tag fusion proteins in living cells, resulting in their pre-
cise localization through the localization of the corre-
sponding SNAP-tag fusion. In the following we will
briefly summarize the properties, applications, and fur-
ther developments of such hybrid indicators.

By synthesizing BG-Indo-1 derivatives with different
linker lengths, we were able to show that the length of
the linker does not significantly affect the spectroscopic
properties of the corresponding SNAP-tag conjugates.
More importantly, we found that the coupling of BG to
Indo-1 led to considerable quenching of the fluores-
cence of Indo-1 and that the quenching disappeared
upon reaction of the derivatives with SNAP-tag fusions.
The effect was most pronounced for the derivative with
the shortest linker, BG1-Indo-1, where the reaction with
SNAP-tag led to a �4-fold increase in fluorescence. This
is an attractive feature of the Indo-1 derivatives and in
particular of BG1-Indo-1 as it reduces background fluo-
rescence from unreacted dye and should therefore facili-
tate experiments in living cells. Initial attempts to con-
vert BG1-Indo-1 in the corresponding AM ester were
unsuccessful; however the related BG3-Indo-1/AM
could be obtained via an alternative route.

By incubating muscle cells expressing SNAP-NLS
with BG3-Indo-1/AM, we were then able to show (i)
that BG3-Indo-1/AM is membrane-permeant, (ii) that it
permits a targeting of Indo-1 to the nucleus of living cells
and (iii) that the resulting SNAP-3-Indo-1 indicators can
be used for sensing local [Ca2�] by SEER. For a prelimi-
nary calibration of nuclear localized SNAP-3-Indo-1, per-
meabilized cells were incubated with different [Ca2�].
On the basis of these measurements, we determined
[Ca2�]n in isolated resting muscle cells of adult mice to
be around 50 nM, a value that is in agreement with pre-
vious measurements (32). The measured KD of SNAP-3-
Indo-1 for Ca2� in the nuclei of muscle cells was 228 nM
(Figure 5, panel f) and thus comparable to the KD value
of 290 nM measured for SNAP-3-Indo-1 in a cuvette
(Table 1). In general, the specific and covalent coupling
of a synthetic sensor to a protein should make its micro-
environment in vitro and in living cells more compa-
rable and therefore its properties more predictable. Fur-
thermore, the calibration of a fluorescent sensor such as
Indo-1 usually requires permeabilization of the cell to
expose the sensor to defined concentrations of analyte.
The irreversible coupling of Indo-1 to a localized pro-
tein decreases the risk of translocation or leakage of the
dye during and after permeabilization that would inter-
fere with calibration measurements. Another attractive
feature of the covalent coupling of Indo-1 to SNAP-tag is
that it should prevent leakage of Indo-1 out of intact
cells or organelles during long-term measurements, a

Figure 4. Localization of SNAP-3-Indo-1 to myonuclei. a,b) SEER image pair (F1 and F2) of a muscle cell expressing nuclear-
targeted SNAP-tag, loaded with BG3-Indo-1/AM. The image in panel a is represented at 4� normal intensity to show that
some extranuclear staining is present. c) R � F1/F2 restricted to regions where the sensor concentration was greater than
a threshold. Three nuclei are well defined in both images, and the value of R averaged over these nuclei corresponds to a
[Ca2�]n � 109 nM. The color bar calibrates the R image in panel c.
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known problem with synthetic Ca2� indicators (35, 36).
It should also be noted that the loading of intact cells
with BG3-Indo-1/AM requires some 3 h at RT, which is
longer than what is observed for simple dyes such as
mag-indo-1/AM. In a comparison of loading rates of 13
dyes into the myoplasm of frog muscle, it was found that
the rate was inversely associated with the molecular
weight of the indicator (37). The relatively slow uptake
of BG3-Indo-1/AM thus might be due to its high molec-
ular weight.

A shortcoming of the SNAP-Indo-1 conjugates intro-
duced here is the reduced DR of the compounds rela-
tive to Indo-1. Our preliminary calibration of Figure 5 for
SNAP-3-Indo-1 yielded a Rmax and Rmin consistent with a
DR of �4, while calibration of Indo-1 in primary myo-
tubes using the same experimental setup yielded a DR
of 7.8 (38). Ideally, future versions of BG-Indo-1 will lead
to sensors with an increased DR as well as a further in-
creased quenching of the fluorescence of Indo-1 prior to

the reaction with SNAP-tag. In addition, the availability
of BG-dye derivatives with different KD’s for Ca2� should
significantly extend the range of possible applications
of the approach. Our current work is focusing on these
opportunities.

In summary, we have introduced derivatives of the
fluorescent Ca2� sensor Indo-1 that can be localized in
living cells through the specific reaction with SNAP-tag
fusion proteins. The resulting hybrid indicators combine
the spatial specificity of biosensors with the fast kinet-
ics and high dynamic range of small synthetic indica-
tors. In addition to the sensing of organellar or local
[Ca2�], the covalent and irreversible coupling of Indo-1
to SNAP-tag fusion proteins should also facilitate the
calibration of the sensor and long-term measurements
in living cells as it prevents translocation and leakage of
the indicator. These features should make the approach
a valuable addition to the existing methods to sense
[Ca2�] in cells.

METHODS
Organic Synthesis. Detailed protocols on the syntheses of

the reported Indo-1 derivatives are described in Supporting In-
formation.

In Vitro Fluorescent Measurements. SNAP-tag used in this
work has been described previously (22) and is a truncated ver-
sion of human wild-type AGT (182 amino acids) that carries the
following mutations: K32I, L33F, C62A, Q115S, Q116H, K125A,
A127T, R128A, G131K, G132T, M134L, R135S, C150Q, S151G,
S152D, G153L, A154D, N157G, and S159E. SNAP-tag was ex-
pressed in Escherichia coli BL21 (DE3) with the expression plas-
mid pET-15b as a hexahistidine fusion protein and purified by

metal chelate chromatography (39). The kinetics of the reaction
of Indo-1 BG derivatives with SNAP-tag were determined in a
competition assay with BGFL as previously described (26). In
short, SNAP-tag (0.25 �M) was incubated with BGFL (1 �M) and
varying concentrations of the BG-Indo-1 derivative (0.33, 1, or
3 �M) in PBS. The amount of SNAP-tag that reacted with BGFL
was determined by fluorescence scanning after SDS-PAGE (Pha-
ros FX Molecular Imager, Bio-Rad).

Fluorescence emission spectra were recorded on a SPEX
Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon) in a 10 mm
� 4 mm quartz semimicro cell, upon excitation at 350 nm. Exci-
tation and emission bandwidths were set to 7 and 10 nm, re-

Figure 5. Calibration of SNAP-3-Indo-1 in myonuclei. a,b) SEER image pair in a membrane-permeabilized cell expressing
SNAP-NLS, incubated with BG3-Indo-1/AM and then exposed to a 100 nM Ca2� internal solution. c�e) R � F1/F2 (restricted
to regions where the sensor concentration was greater than a threshold; same color table as in Figure 4, panel c) for cell
in panels a and b after exposure to internal solutions with [Ca2�] of 100 nM (c), 1 �M (d) or 100 �M (e). Incubation with
1 �M or higher [Ca2�] led to cell movement, and only 2 nuclei remained in focus. f) Plot of averaged R vs [Ca2�] in internal
solution after permeabilization (bars span � SEM in three cells, point at 0 nM represents a single measurement). The
curve in red plots the best fit by eq 2 (Methods) with 3 free parameters, of values Rmin � 0.305, Rmax � 1.17, and �KD �
458 nM (KD � 228 nM). The curve in black represents the constrained fit with Rmin � 0.301 (the reading at 0 [Ca2�]) and
Rmax � 1.09 (the average reading at 10 �M). In this case �KD � 412 nM. The open circle plots the average value of R �
SEM in nine intact cells at the abscissa calculated with the unconstrained 3-parameter fit, yielding a [Ca2�]n of 37 nM.
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spectively. The fluorescence spectrum (recorded from 360 to
700 nm) was obtained choosing a step size of 1 nm and an in-
tegration time of 1.0 s step�1.

Additional fluorescence spectra were measured on a Molec-
ular Devices FlexStation. Solutions of 1 �M concentration of
Indo-1 derivative were used, where applicable SNAP-tag was
added at 2 �M concentration. Calcium concentrations were con-
trolled by using the Molecular Probes Calcium buffer kit with
30 mM MOPS/KOH, pH � 7.2, 100 mM KCl and 10 mM EGTA
or 10 mM CaEGTA, respectively. Fluorescence intensities were
measured in 96-well plates containing 200 �L of solution in
each well, using either clear-bottom micro plates (Greiner) in
the bottom read mode or black micro test assay plates (Becton
Dickinson) in the top read mode. The spectra were recorded at a
9 nm bandwidth. Spectra were recorded at step-size and then
averaged over 9 nm. Ratios were calculated at 405 and 485 nm
(R � F405 nm/F485 nm) or at other wavelengths where indicated. Ra-
tio quotients or dynamic ranges, respectively, were calculated
by dividing the calcium complex intensity ratio by the appropri-
ate value of the free anion form ratio: RQ � RCA2� complex/Rfree anion

� Rmax/Rmin at 405 and 485 nm. Relative quantum yields were
calculated by comparing the integrated fluorescence intensity of
the Indo-1 derivatives with Indo-1 (16) over the range 385�650
nm and dividing by their respective absorbance at the excita-
tion wavelength (350 nm). Absorbance spectra of samples con-
taining 10 �M Indo-1 derivatives in a microcuvette were re-
corded with a Perkin-Elmer Lambda 10 UV�vis spectrometer.
Apparent calcium binding constants were calculated from the
fluorescence spectra using plots of log [(R � Rmin)/(Rmax �
R)]·[(Ffree anion,485 nm)/(FCa2� complex,485 nm)] against log [Ca2�

free] as
previously described (16).

Transfection of FDB Muscle by Electroporation in Adult Mice.
Protocols using mice were approved by the IACUC of Rush Uni-
versity. The ventral side of both hind paws of 2-month-old mice
anaesthetized by isoflurane was cleaned with 75% ethanol.
Then, 10 �L of 2 mg mL�1 hyaluronidase dissolved in sterile sa-
line was injected into the center of each paw through a 29-
gauge needle. One hour later, 10 �L of solution (20 �g DNA in
sterile saline) was injected subcutaneously. The plasmid used,
containing three consecutive simian virus 40 (SV40) large T an-
tigen nuclear localization sequences (NLS) fused at the C termi-
nus of SNAP-tag, was named pCMV-SNAP-NLS3. Ten minutes
later, two electrodes (gold-plated stainless steel acupuncture
needles) were placed subcutaneously at the starting lines of
paw and toes, separated �9 mm. Twenty pulses of 100 V cm�1

and 20 ms were applied at 1 Hz (using an ECM 830 Electro
Square Porator, BTX). Six to 10 days later, the animal was sacri-
ficed by CO2 inhalation, and FDB muscles were removed for im-
aging or functional studies.

Isolation of Single Cells and Generation of Hybrid Indicator in
Cells. The FDB was surgically removed and placed in a 0 Ca2� Ty-
rode’s solution containing 0.2% collagenase (C0130, Sigma)
for 40�55 min (depending on animal weight and collagenase
lot variability) at 37 °C. Single fibers were dissociated by gently
passing the digested muscle for a few times through Pasteur pi-
pettes. The fibers were kept at 4 °C in Tyrode’s solution. Ali-
quots of this suspension of intact cells were loaded in Tyrode’s
solution plus 5 �M BG3-Indo-1/AM and 1% pluronic for 3�4 h
at RT. Membrane permeabilization was produced by exposure
for 2�3 min to a nominally Ca2�-free internal solution plus
0.002% saponin (38, 40). For visualization of the expressed
SNAP-NLS, the suspension of intact cells, placed in the observa-
tion chamber on the microscope stage, was exposed to Ty-
rode’s solution containing 1 �M BG-DAF for 3�4 min. All imag-
ing reported here was carried out at RT (20�21 °C).

Microscopy and Image Processing. The optical implementa-
tion of SEER consisted in the simultaneous acquisition of two

confocal images, produced by alternating line by line (“line-
interleaving”) two excitation lights and two fluorescence emis-
sion ranges. xy scans of 512 � 512 pixels at 0.23 or 0.13 �m
distance were obtained line-interleaved in the range 390�440
nm with 351 nm excitation (F1, Figure 5, panel b) and in the
range 465�535 nm with 364 nm excitation (F2, Figure 5,
panel a). Scanning was done with the Leica TCS SP2 confocal
system (Leica Microsystems, Exton, PA), which defines detec-
tion bands spectrally and switches excitation via acousto-optical
tunable filters and beam splitters.

For calculation of [Ca2�]n, ratio values (R(x,y) � F1(x,y)/F2(x,y))
were averaged over all pixels within every nucleus in the im-
age. Individual nuclei were defined as areas of the image where
the local bioindicator concentration (calculated by a linear com-
bination of values F1 and F2 that is invariant upon changes in
[Ca2�] (17)) exceeds a threshold set empirically. These ratios
were assumed to correspond monotonically to [Ca2�] according
to

[Ca2�] � �KD

R � Rmin

Rmax � R
(1)

where KD is the dissociation constant of the indicator and 	 is
the ratio of F2 in free and Ca2�-complexed sensor (17). Calibra-
tion of the relationship was carried out by fitting R([Ca2�]) data
with the function derived solving eq 1 for R, and free parameters
Rmax, Rmin, and 	KD

R �
Rmax[Ca2�] � Rmin�KD

[Ca2�] � �KD

(2)

The best fit parameter values were Rmax � 1. 17, Rmin �
0.305,and �KD � 458 nM; 	 was 2.01.

The composition of the buffer used for calibrations in perme-
abilized cells was as described previously (38). Briefly, it was
based on potassium glutamate, with added EGTA (1 mM), ATP
(5 mM), phosphocreatine (5 mM), dextran (8%), glucose (5 mM),
trizma, MgCl2 for a final free [Mg2�] of 2 mM, and CaCl2 of 0,
0.351, 0.847, or 1.01 mM for a final free [Ca2�] of 0, 0.1, 1, or
10 �M. The solutions were titrated with KOH for a pH of 7.2, and
the osmolarity was set to 300 mOsm. The composition of Ty-
rode’s solution was as described previously (38).
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