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a  b  s  t  r  a  c  t

While  genetically  encoded  Ca2+ indicators  (GECIs)  allow  Ca2+ imaging  in  model  organisms,  the  gene
expression  is  often  under  the  control  of a single  promoter  that may  drive  expression  beyond,  the  cell
types  of  interest.  To  enable  more  cell-type  specific  targeting,  GECIs  can  be  brought  under  the,  control
of  the  intersecting  expression  from  two  promoters.  Here,  we  present  the  splitting  and,  reassembly  of
two  representative  GECIs  (TN-XL  and GCaMP2)  mediated  by  the  split  intein from  Nostoc,  punctiforme
eywords:
enetically encoded calcium indicators
N-XL
CaMP2

ntein

(NpuDnaE).  While  the  split  TN-XL  biosensor  offered  ratiometric  Ca2+ imaging,  it  had  a,  diminished  Ca2+

response  relative  to the  native  TN-XL  biosensor.  In  contrast,  the  split  GCaMP2,  biosensor  retained  similar
Ca2+ response  to the  native  GCaMP2.  The  split  GCaMP2  biosensor  was, further  targeted  to the  pharyngeal
muscles  of  Caenorhabditis  elegans  where  Ca2+ signals  from  feeding  C.  elegans,  were  imaged.  Thus,  we
envision  that  increased  cell-type  targetability  of  GECIs  is  feasible  with  two,  complementary  promoters.
.  elegans

. Introduction

Through complex and coordinated spatiotemporal changes in
a2+ concentration, Ca2+ signalling mediates diverse and vital cel-

ular processes such as cell migration, neurotransmitter secretion,
poptosis, differentiation and muscle contraction [1–4]. To reveal
he relationship between Ca2+ signalling and other cellular pro-
esses, Ca2+ indicators are used to precisely image Ca2+ signals.
ynthetic dyes are a class of Ca2+ indicators that provide excel-
ent signal-to-noise ratio and fast kinetics [5].  For whole organism
a2+ imaging over a long duration, synthetic dyes have inher-
nt properties that make them unsuitable such as the difficulty
n implanting dyes within cells, the limited lifespan of dyes and
he non-specific labelling of many types of cells [5–7]. Genetically
ncoded Ca2+ indicators (GECIs) address these problems because
hey can be easily expressed and imaged for long durations (i.e.
hroughout the cell cycle) in the cells of whole organisms such as
orms, flies and mice [5,6,8].  For example, GECIs were expressed in
omatosensory and motor cortical neurons of intact Caenorhabdi-
is elegans and Drosophila melanogaster to reveal that amplitudes
f Ca2+ transients were linearly dependent on action potential
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numbers [9].  In addition, motor cortex neurons of mice express-
ing GECIs were able to be imaged over the course of months
[9].

GECIs are categorized into two main groups based on the modal-
ity of detecting changes in Ca2+ concentration [5,6,8]:  one correlates
a change in Ca2+ concentration with a change in the fluorescence
intensity of a single fluorescent protein [10]; the other, with a
change in fluorescence resonance energy transfer (FRET) between
two fluorescent proteins such as cyan fluorescent protein (CFP)
and yellow fluorescent protein (YFP) [11]. Cell-type specific tar-
geting of GECIs can in part be controlled by driving the expression
under the regulation of a specific promoter [5,6,8] such as using the
�-myosin heavy chain promoter to target GECIs to cardiac heart
muscles in mice [12]. However, many cell-type specific promoters
label cells beyond those of interest and to find one promoter that is
completely specific is non-trivial [13]. To overcome this challenge,
the expressions from the intersection of two different promoters
have been utilized to target cells with increased cell-type speci-
ficity. Notably, this has been accomplished with engineered leucine
zippers to reassemble green fluorescent proteins from its peptide
fragments [14–16],  but this approach has several drawbacks: first,
the reassembly is non-covalent so the protein can unravel and sep-
arate; second, unpaired leucine zippers may  non-specifically pair
with other native leucine zipper containing proteins in the cell and

thus interfere with normal cell function. An alternative approach
is to use split inteins that are not known to have any biological
function except to create a covalent bond between two peptide
fragments by protein splicing.

dx.doi.org/10.1016/j.ceca.2011.10.006
http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
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Protein splicing is a unique auto-catalytic post-translational
rocess where an intervening protein sequence, termed the intein
omain, splices itself out and concomitantly links two flanking
olypeptide sequences, the exteins, together with a native pep-
ide bond [17–19].  This process requires no exogenous co-factors
r energy [19]. In this study, we exploited the trans-protein splic-
ng ability of the naturally occurring split DnaE intein from Nostoc
unctiforme (NpuDnaE) due to its faster trans-splicing activities to
eassemble GECIs [18,19].  Trans-splicing inteins have their intein
omains separated into two N- and C-terminal precursor frag-
ents that bind and then reconstitute both the intein and extein.

y applying this phenomenon to GECIs, we have created the first
eassembling of GECIs using split inteins. This system, in combina-
ion with using two different promoters, may  be used to express
ECIs in difficult to target cells/tissue such as the interneurons

ound within neural circuits. Here, we demonstrate this approach in
eforming two artificially split GECIs post-translationally in mam-
alian cell lines and in live animals using transgenic C. elegans.

. Results

.1. NpuDnaE has splicing activity in mammalian cells

In mammalian cells expressing fluorescent proteins fused with
he N-terminal fragment of Npu intein (NpuDnaEN) and the
-terminal fragment (NpuDnaEC), the NpuDnaE intein directed
rans-protein splicing as observed by distinct subcellular localiza-
ions of the fluorescent proteins. The fusion protein NpuDnaEC-
enus was created as the tandem fusion of NpuDnaEC and the
FP mutant Venus [20], while Lyn-Ceru-NpuDnaEN-mRFP1 as
he tandem fusion of the plasma membrane localization sig-
al from Lyn [18,19],  CFP mutant Cerulean [21], NpuDnaEN
nd monomeric red fluorescent protein [22] (Fig. 1A). In HeLa
ells expressing NpuDnaEC-Venus or Lyn-Ceru-NpuDnaEN-mRFP1
lone, as expected, the cytoplasm was yellow fluorescent and
he plasma membrane was cyan–red fluorescent, respectively
Fig. 1B–D). In HeLa cells expressing both NpuDnaEC-Venus
nd Lyn-Ceru-NpuDnaEN-mRFP1, the plasma membrane was
yan–yellow fluorescent, while the cytoplasm was  red fluores-
ent because the NpuDnaE intein splices itself out along with
RFP1 to create a new fusion protein consisting of Cerulean and
enus (Fig. 1E–G). Similar results were obtained for COS7 and
HO cells (Supplemental Fig. 1). NpuDnaE intein has a remark-
ble structural tolerance as protein trans-splicing can still occur
hen NpuDnaEN is sandwiched between two relatively large,

ulky fluorescent proteins (Fig. 1A). Similarly, to test the struc-
ural tolerance of the other intein half, NpuDnaEC, the fusion
roteins Lyn-Ceru-NpuDnaEN and mRFP1-NpuDnaEC-Venus were
onstructed (Supplemental Fig. 1). In HeLa cells expressing mRFP1-
puDnaEC-Venus or Lyn-Ceru-NpuDnaEN alone, the cytoplasm was
ellow–red fluorescent and the plasma membrane was  cyan flu-
rescent, respectively (Fig. 1H–J). In HeLa cells expressing both
RFP1-NpuDnaEC-Venus and Lyn-Ceru-NpuDnaEN, as expected,

he plasma membrane was cyan–yellow fluorescent, while the
ytoplasm was red fluorescent (Fig. 1K and L). Similar imaging
esults were observed in COS7 and CHO cells (Supplemental Fig. 1).

.2. NpuDnaE intein mediated protein splicing of the TN-XL Ca2+

ndicator

In mammalian cells expressing an artificially split TN-XL biosen-

or fused to its respective Npu intein halves, there was successful
rotein trans-splicing to reassemble a functional TN-XL Ca2+

iosensor. TN-XL is a commonly used FRET-based Ca2+ biosen-
or composed of a chicken skeletal troponin C (TnC) sandwiched
um 51 (2012) 57– 64

between the donor–acceptor pair, ECFP and citrine [23]. In order
to minimally perturb each constituent protein, TN-XL was artifi-
cially split within the linker region separating the N-terminus ECFP
and TnC-citrine. The N-terminus ECFP was  then tandem fused to
NpuDnaEN to obtain the fusion protein ECFP-NpuDnaEN while the
TnC-citrine half was fused to NpuDnaEC to form the fusion pro-
tein NpuDnaEC-TnC-citrine (Fig. 2A). The co-expression of the two
split TN-XL intein constructs in mammalian cells directed protein
trans-splicing to reconstruct the TN-XL biosensor. However, the
protein trans-splicing process leaves behind the residual amino
acids “CFNGT” with the spliced product [18,24]. As a result, the
newly reassembled TN-XL biosensor is a mutant form with a longer
linker region between ECFP and TnC-citrine (Fig. 2A). To assess the
effectiveness of the reassembled split TN-XL biosensor, HeLa cells
were either transfected with the artificially split or unaltered TN-
XL biosensor (Fig. 2B, C and E, F, respectively)). Ca2+ transients were
induced by stimulation with 50 �M UTP [25] and FRET responses
from the biosensors were measured (Fig. 2D and G). Dynamic range
was obtained by loading cells with ionomycin in the presence of
5 mM Ca2+ followed by the loading of 5 mM EDTA. The reassem-
bled split TN-XL had a significantly reduced FRET dynamic range
compared to the unaltered TN-XL biosensor (1.1 ± 0.2 and 1.7 ± 0.4,
respectively with t-test p < 0.001, n = 3) (Fig. 2H). This reduced FRET
dynamic range may  be attributable to the longer linker region
between ECFP and TnC-citrine at the point of protein trans-splicing
that likely altered the orientation of the fluorophores and increased
the separation distance between the fluorophores [5,26].  Simi-
lar imaging results were obtained in COS-7 and CHO cell lines
(Supplemental Fig. 2).

To show the responses obtained from the reassembled split
TN-XL biosensor was  a result of NpuDnaE intein splicing activi-
ties, non-splicing construct pairs were co-expressed in mammalian
cells and tested for activity. The co-expression of the fusion pro-
teins Ceru-NpuDnaEN and TnC-Citrine in HeLa cells produced no
measurable Ca2+ transients when stimulated with 50 �M UTP. Like-
wise, loading of ionomycin in the presence of 5 mM Ca2+ followed
by the loading of 5 mM EDTA produced no measurable response
(Supplemental Fig. 3). Correspondingly, the co-expression of ECFP
and NpuDnaEC-TnC-Citrine in HeLa cells produced no measurable
Ca2+ response after stimulation with 50 �M UTP and loading of
ionomycin in the presence of 5 mM Ca2+ followed by the loading
of 5 mM EDTA (Supplementary Fig. 3). In theory, the split TN-XL
should have the greatest dynamic range when the halves have equal
stoichiometry because the amount of unpaired halves and their
background fluorescence are minimized. When protein constructs
were extracted from mammalian cells and separated on SDS-PAGE,
it revealed the presence of unconsumed precursor proteins along
with the reassembled TN-XL biosensor (Supplementary Fig. 4).

2.3. NpuDnaE intein mediated protein splicing of the GCaMP2
Ca2+ indicator

In mammalian cells expressing an artificially split GCaMP2
biosensor tandem fused to its respective intein halves, there was
likewise successful protein trans-splicing to reconstruct a func-
tional GCaMP2 biosensor. GCaMP2 is a commonly used single
fluorophore intensity Ca2+ biosensor consisting of a tandem fusion
of the calmodulin binding peptide from myosin light chain kinase,
a circularly permutated EGFP (cpEGFP) and calmodulin [12,27].
Structural examination of GCaMP2 (PDB ID: 3EVR) revealed the
optimal position to divide GCaMP2 with the least disturbance to
its native structural arrangement was  within the linker region sit-

uated between the circularly permutated EGFP (cpEGFP) [10,27]. To
minimize the effects of the residual peptide sequence from protein
splicing, the split GCaMP2-intein constructs were designed such
that after protein splicing the residual peptide sequence, “CFNGT”,
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Fig. 1. NpuDnaE intein has splicing activity in mammalian cells. (A) Structural modeling of the protein trans-splicing process. The high affinity of the naturally split NpuDnaE
intein halves (NpuDnaEN and NpuDnaEC, shown in blue) for each other results in the spontaneous formation of the active intein when both halves are present. The active
intein  (blue) splices itself out along with mRFP1 (red) via a peptide bond linking together Cerulean (cyan) and Venus (green). The plasma membrane localizing peptide, Lyn, is
shown  in black. Images of HeLa cells transfected with (B) NpuDnaEC-Venus and (C, D) Lyn-Ceru-NpuDnaEN-mRFP1 alone, and their (E–G) co-expression. HeLa cells transfected
with  (H, I) mRFP1-NpuDnaEC-Venus and (J) Lyn-Ceru-NpuDnaEN alone, and their (K–M) co-expression. Scale bars are 10 �m. Images are in false colour. (For interpretation of
the  references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Protein trans-splicing of split TN-XL Ca2+ indicator. (A) Structural modeling of protein trans-splicing of the split TN-XL Ca2+ biosensor. TN-XL was artificially split
between the first fluorescent protein ECFP (cyan) and chicken skeletal troponin C (TnC, grey) and fused to its respective NpuDnaE intein halves (blue). The resultant product
of  the protein trans-splicing process is the reassembled TN-XL Ca2+ biosensor and the whole NpuDnaE intein (blue). Of note is the residual amino acids “CFNGT” that is
incorporated into the TN-XL Ca2+ biosensor at the splice site (shown in red). Citrine is shown in yellow. (B) Co-expression of the two split TN-XL intein constructs in HeLa
cells  shown under CFP and (C) YFP fluorescence and (D) the emission ratio (535 nm/480 nm) of Ca2+ transients obtained from UTP stimulation. Expression of control TN-XL
Ca2+ biosensor in HeLa cells under (E) CFP and (F) YFP fluorescence and (G) emission ratio of an UTP-induced Ca2+ transient. (H) Comparison of the mean dynamic range of
the  control and reassembled split TN-XL Ca2+ biosensor (n = 3 experiments). Scale bars are 10 �m.  White dotted circle represent regions where average fluorescence intensity
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easurements were taken. Images are in false colour. (For interpretation of the re
rticle.)

ould replace the native linker sequence, “GGTGGS”. This was
ccomplished by directly fusing RSET, a plasmid leader sequence,
13, a myosin light chain kinase fragment, and cpEGFP(149–238)

o NpuDnaEN to form nGCaMP2-NpuDnaEN for the N-terminus
onstruct while the C-terminal portion consisted of NpuDnaEC
irectly fused to cpEGFP(1–144)-CaM to form NpuDnaEC-cGCaMP2
Fig. 3A). To confirm that the altered GCaMP2 biosensor retained

 similar activity as the unaltered GCaMP2, the altered GCaMP2
iosensor was prepared by replacing the native linker sequence
ith the residual peptide sequence. When expressed in mam-
alian cell lines, the altered GCaMP2 biosensor measured induced

a2+ transients in a dynamic range that was statistically indistin-
uishable from the unaltered GCaMP2 biosensor (2.62 ± 0.29 and
.75 ± 0.10, respectively with f-test p = 0.02, n = 3) (Supplemental
ig. 5).

HeLa cells were transfected with the artificially split or unal-
ered GCaMP2 biosensor and a Ca2+ transient was induced by UTP
nd measured (Fig. 3B, C and D, E). Dynamic range was again
btained by loading cells with ionomycin in the presence of 5 mM
a2+ followed by the loading of 5 mM EDTA. The reassembled
plit GCaMP2 had a statistically indistinguishable dynamic range
ompared to the unaltered GCaMP2 biosensor (2.75 ± 0.41 and

.79 ± 0.10, respectively with f-test p = 0.004, n = 3) (Fig. 3). Simi-

ar imaging results were also obtained in COS-7 and CHO cell lines
Supplemental Fig. 6). Notably, cells individually transfected with
nly nGCaMP2-NpuDnaEN or NpuDnaEC-cGCaMP2 did not display
es to colour in this figure legend, the reader is referred to the web version of the

any fluorescence. Thus, unpaired GCaMP2 halves do not contribute
to the background fluorescence and equal stoichiometry is unnec-
essary. Furthermore, co-expression of non-splicing construct pairs
(nGCaMP2-NpuDnaEN with cGCaMP2; nGCaMP2 with NpuDnaEC-
cGCaMP2) had no fluorescently labelled cells needed to perform
a Ca2+ imaging experiment, suggesting that the reassembled split
GCaMP2 activity requires intein protein-splicing. A SDS-PAGE
analysis revealed the formation of the spliced products from its
precursors (Supplemental Fig. 7).

2.4. Expression in pharyngeal muscle cells of C. elegans

Next, we created transgenic C. elegans co-expressing nGCaMP2-
NpuDnaEN and NpuDnaEC-cGCaMP2 (the split GCaMP2-intein
constructs) under the myo-2 promoter for pharyngeal muscle cells
expression (Fig. 4). The split GCaMP2 was  chosen over TN-XL for
two reasons: first, the dynamic range was  as good as the unal-
tered GCaMP2; second, any unpaired partners do not contribute to
background fluorescence. The pharyngeal muscles are composed of
three components: the corpus, isthmus and terminal bulb [28–30].
These three components make up a relatively large (the termi-
nal bulb alone has a diameter of around 20 �m)  muscular organ

involved in grinding and directing food into the worm’s intestines.
Because these muscle cells are electrically coupled by gap junctions,
the organ gives large synchronized Ca2+ transients, thus easing
tracking and Ca2+ dynamic measurements [29,30].  An automatic
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Fig. 3. Protein trans-splicing of split GCaMP2. (A) Structural modeling of the protein trans-splicing process. To split GCaMP2, the native linker region “GGTGGS” was removed
and  the resultant halves (EGFP in green; M13  in purple; calmodulin in brown) were fused to its respective intein halves (blue). Protein trans-splicing reassembled GCaMP2
and  the whole NpuDnaE intein. However, the reassembled GCaMP2, now a mutant, has the residual peptide sequence “CFNGT” replacing the native linker (shown in red).
(B)  Fluorescence image of HeLa cells co-expressing the two  split GCaMP2 intein constructs and (C) its UTP-induced Ca2+ transients as measured by the reassembled split
GCaMP2. (D) Fluorescence image of HeLa cells expressing the control GCaMP2 and (E) its U
reassembled split GCaMP2 (n = 3 experiments). Scale bars are 10 �m.  White dotted circle r
Images are in false colour. (For interpretation of the references to colour in this figure leg

Fig. 4. Detection of Ca2+ transients in the pharynx of freely moving C. elegans
using split GCaMP2. (A) The transgenic C. elegans co-expressing myo-2p::nGCaMP2-
NpuDnaEN and myo-2p::NpuDnaEC-cGCaMP2 were imaged in bright field and (B)
fluorescence. The dotted circle (B, inlet) indicates the terminal bulb region of the
pharynx in which the fluorescence intensity was measured for time series. (C) Nor-
malized intensity of the terminal bulb was plotted as a function of time. The animal
was  stimulated with 1 mg/ml  of serotonin for 10 min, and then placed on an imaging
substrate for fully locomotive imaging. Scale bars represent 100 �m.
TP-induced Ca2+ transients. (H) Comparison of mean dynamic range of control and
epresent regions where average fluorescence intensity measurements were taken.
end, the reader is referred to the web version of the article.)

tracking system was  developed to continuously track and measure
the Ca2+ transients on freely moving worms. The transgenic worms
were stimulated with serotonin to induced rapid feeding behaviour.
Average fluorescence intensity of the terminal bulb was  obtained by
automated pattern-matching algorithm, and had similar profiles as
the response from the native GCaMP2 biosensor (Supplemental Fig.
8). Transgenic C. elegans expressing either nGCaMP2-NpuDnaEN or
NpuDnaEC-cGCaMP2, but not both, did not exhibit any fluorescence
when stimulated, as expected (Supplemental Fig. 9). Notably, the
split GCaMP2-intein constructs were expressed in all three pharyn-
geal muscle regions (the corpus, isthmus, and terminal bulb). This
is different from initial Ca2+ dynamic studies where a variant of the
Ca2+ indicator, cameleon, was precluded from the isthmus [29], but
is similar to studies using a variant of pericam [30,31].

3. Discussion

To ultimately enable cell-type specific targeting of GECIs using
two promoters, we  report here the artificial splitting and post-
translational reassembly of two representative GECIs, TN-XL and

GCaMP2, by exploiting the phenomenon of protein splicing. The
naturally occurring split DnaE intein from Nostoc punctiforme
allowed protein trans-splicing to occur in a foreign context in both
mammalian cell lines and our animal model – C. elegans.  NpuDnaE
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ntein was chosen as the ideal intein element because it exhibits
 high-rate of protein trans-splicing reaction with respect to dif-
erent extein sequences and allows protein trans-splicing to occur
pontaneously when expressed, eliminating the need for exoge-
ous factors [18,19]. An unexpected finding was the large structural
olerances of NpuDnaE intein. Since structural inspection of the
MR  structure of NpuDnaE intein (PDB ID: 2KEQ) [32] revealed

he close proximity of the splice sites, it would be expected that
he fusion of a bulky protein would hinder protein trans-splicing
17,33,34]. However, two relatively large bulky fluorescent proteins
26.9 kDa) flanking both ends of either NpuDnaEN (11.9 kDa) or
puDnaEC (4.1 kDa) had minimal effects on the trans-splicing activ-

ty of the intein. This further validates the remarkable robustness
f the NpuDnaE intein.

While the split TN-XL biosensor would allow for ratiometric
a2+ imaging, it had significantly diminished response relative to
he native TN-XL biosensor. This was due to the residual peptide
equence after protein splicing and the unequal stoichiometry of
he two halves. A significant limitation of the split TN-XL biosen-
or was that the expression of each precursor half is fluorescent.
hus, any unconsumed precursor constructs would contribute to
ackground fluorescence and interfere with measuring the signal
esponse. When two different promoters are used, this effect is fur-
her complicated as the constructs are expressed at different levels.
he potentially significant background fluorescence makes the split
N-XL biosensor challenging to use in animal models. We  expect
ther FRET-based biosensors to have similar limitations.

In contrast, the split GCaMP2 biosensor retained similar func-
ionality when expressed in various mammalian cell lines and our
nimal model – C. elegans. In our cell line studies, the dynamic
ange of the reassembled GCaMP2 was indistinguishable to the
ative GCaMP2 biosensor. Fluctuating Ca2+ dynamics in contract-

ng pharyngeal muscle cells of C. elegans exhibited similar profiles
s studies with native calcium probes by other groups. Unlike the
plit TN-XL biosensor, the precursor halves of the split GCaMP2
iosensor were not fluorescent and fluorescence is only restored

n those cases where protein splicing was complete. Thus, effec-
iveness of the biosensor is not dependent on stoichiometry of
he halves and only the cell-types that are targeted will be flu-
rescent. These properties make split GCaMP2 biosensor a more
esirable split GECI in cases where ratiometric Ca2+ imaging is not
ecessary.

. Conclusion

We have demonstrated the ability of two representative GECIs
i.e. TN-XL and GCaMP2) to be artificially split and reassembled
ost-translationally back together using NpuDnaE intein. While
oth split GECIs could monitor intracellular Ca2+ signalling in mam-
alian cells, the split GCaMP2 biosensor was particularly suitable

or imaging in animal models such as C. elegans because the precur-
or halves were not fluorescent. In this study, both precursor halves
ere under the control of the same promoter, but they could be

asily engineered to two different promoters to yield cell-type spe-
ific targeting of GECIs. For instance, this could allow the previously
ntargetable interneurons to be studied to further our understand-

ng of the complex and intricate signalling of neural networks in
nimal models.

. Materials and methods
.1. Plasmid construct and subcloning

NpuDnaEN and NpuDnaEC were cloned from Addgene (Cam-
ridge, MA)  plasmids 12,172 and 15,335, respectively [18]. For
um 51 (2012) 57– 64

NpuDnaEC, the first three amino acids of the native extein
sequence were included. N- and C-terminal portions of split
TN-XL and GCaMP2 were amplified by standard PCR with
primers described below from their respective full length coun-
terpart. The N-terminal portions of TN-XL and GCaMP2 were
subsequently fused to the amino end of NpuDnaEN. The C-
terminal portions of TN-XL and GCaMP2 were fused to the
carboxyl end of NpuDnaEC. The substitution of the linker region
“GGTGGS” with “CFNGT” in the altered GCaMP2 biosensor was
created using self-hybridizing primers and inserted into cas-
sette [35]. All subcloning were performed as previously described
[35,36].

5.2. Cell culture and transfection

Cell lines (COS7, CHO, HeLa) were maintained in Dulbecco’s
Modified Eagle’s Medium supplemented (DMEM) with 25 mM
d-glucose, 1 mM sodium pyruvate, 4 mM l-glutamine (Invitro-
gen), 10% fetal bovine serum, and 10 mL/L penicillin–streptomycin
solution (Sigma–Aldrich, St. Louis, MO,  USA) in T5 flasks (37 ◦C
and 5% CO2). At 95% confluency, cells were passaged by wash-
ing with PBS (Invitrogen) and incubating with 1 mL of 0.05%
trypsin–EDTA (Sigma–Aldrich) at 37 ◦C for 3–5 min. Cells were
then seeded onto glass-bottom dishes (MatTek Corp.) at 1:10
dilution. Transfection was  performed using Lipofectamine 2000
according to manufacturer’s protocols (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA). Co-transfections were verified by
screening for two  fluorescent proteins (ECFP and citrine; TN-
XL) or diminished fluorescence of the fluorescent protein (EGFP;
GCaMP2).

5.3. SDS-PAGE gel preparations

All protein constructs were expressed in either HeLa or COS7
cells. For the TN-XL intein constructs, proteins were extracted by
sonication (Branson Sonifier 250) and separated on NuPage Novex
4–12% Bis–Tris Pre-cast gel with NuPage 1× SDS-MOPS buffer
according to manufacturer’s protocols (Invitrogen). The gel was
then examined using 440/480 nm (excitation/emission) filters for
ECFP fluorescence and 488/525 nm filters for Citrine fluorescence
(Illumatool Lighting System, Light Tools Research, Encinitas, CA,
USA). For the GCaMP2 intein constructs, extracted proteins were
first purified using the native His-tag with His-Mag Purification
Kit according to manufacturer’s protocols (Novagen, Darmstadt,
Germany). Beads were directly loaded and separated on SDS-PAGE
gel. The gel was  then stained overnight in PageBlue (Fermentas,
Maryland, USA). Photographs were taken with a Canon A350 digital
camera.

5.4. Reagents used and cell culture imaging and illumination

ATP and UTP were obtained from Fermentas and ionomycin and
EDTA were from Sigma–Aldrich. To induce Ca2+ transients, COS7
and CHO cells were stimulated with 10 �M ATP, while HeLa cells
were stimulated with 50 �M UTP. To obtain maximum and mini-
mum values of Ca2+, ionomycin and then 2.5 mM EDTA were used
respective after Ca2+ transients were completed. All cell culture
imaging experiments were performed in PBS supplemented with
5 mM CaCl2 and 1 mM MgCl2 (Invitrogen). Imaging was performed
using an inverted IX81 microscope with Lambda DG4 xenon lamp
source and QuantEM 512SC CCD camera with a 60× oil immersion

objective (Olympus). FRET measurements were collected using a
filter cube containing a CFP excitation filter (438/24 nm)  with a
dual-band filter (480/30 nm and 535/30 nm,  505 nm beam-splitter
dichroic mirror, Photometrics DV2) to simultaneously collect CFP
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nd YFP emissions. EGFP intensity measurements were collected
ith QuantEM 512SC CCD.

.5. Dynamic range data analysis

For FRET analysis, all emission ratios (535 nm/480 nm)  were
etermined from raw time series measurements and then nor-
alized against Io, where Io is the mean fluorescence intensity

ignal during the baseline period prior to the Ca2+ transient stim-
li. FRET dynamic ranges were determined from Rmax/Rmin of FRET
atios (535 nm/480 nm). Single fluorescence intensity measure-
ents were reported as F/Fo, where F is the raw fluorescence

ntensity time series minus background fluorescence, and Fo is
he mean fluorescence signal in the baseline period prior to Ca2+

ransient stimulations. To test for statistically significant differ-
nces between two sets of data points, unpaired (independent)
tudent’s t-test with unequal variances was used. To test for two
ets of data points that are not significantly different, f-test was
sed. In both cases, p-values of less than 0.05 are considered
tatistically significant. All values shown are mean ± standard devi-
tion.

.6. Tracking, imaging, and generation of transgenic C. elegans

A custom-made tracking system with a fluorescent micro-
cope (MVX10, Olympus), a motorized stage (99S106, Ludl), a
tage controller (MAC5000, Ludl), a CCD camera (CoolSNAP HQ2,
hotometrics), a light source (exacte, X-cite), and custom-made
ATLAB (v7.10, MathWorks) script was arranged for Ca2+ imag-

ng of locomoting C. elegans.  The fluorescence filter cube includes
n excitation filter (470/40 nm,  Chroma), a dichroic mirror (495 nm
P, Chroma), and an emission filter (525/50 nm, Chroma). An objec-
ive lens (MVPLAPO 2XC NA = 0.5, Olympus) and a zoom lens
ere combined to give 12.5× magnification power. Exposure time
as 10 ms  for Ca2+ imaging and 200 ms  for still images (Meta-
orph v7.14, Molecular Devices). The N-GCaMP2-NpuDnaEN and
puDnaEC-C-GCaMP2 (20 ng/�l each) plasmids were co-injected

o the distal gonads of N2 worms to induce extra chromosomal
xpression of the split GCaMP2 genes. All genes were under the
ontrol of the myo-2 promoter for expression in pharyngeal mus-
le cells. Fluorescent animals with uniform expression pattern
mong the pharyngeal muscles were selected for imaging. The
ransgenic animals were submerged in 1 mg/ml  serotonin solu-
ion (H7752, Sigma) for 10 minutes, and then transferred to a 2%
garose (15517-022, Invitrogen) pad with buffer (50 mM NaCl,
0 mM HEPES–NaOH pH 7.1, 1 mM CaCl2 and 1 mM MgSO4) for

maging.
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