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CALCIUM REPORTER GENE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present invention is filed under 35 U.S.C. § 371 as the
U.S. national phase of International Patent Application No.
PCT/IP2015/002869, filed 8 Jun. 2015, which designated
the U.S. and claims the benefit of priority to Japanese Patent
Application No. 2014-120828, filed 11 Jun. 2014, each of
which is hereby incorporated in its entirety including all
tables, figures and claims.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted in ASCII format via EFS-Web and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Dec. 9, 2016, 1is named
OHNO_003_US_SeqListing.txt and is 20 kilobytes in size

TECHNICAL FIELD

The present invention relates to a calcium indicator gene.
More specifically, the present invention relates to a fluores-
cent protein that functions as a calcium sensor, which is a
fluorescent calcium indicator protein having an excellent
fluorescent characteristic and calcium reactivity.

BACKGROUND ART

Calcium plays an essential role in maintaining and regu-
lating biological functions, as a regulatory factor for various
cellular functions such as muscle contraction, neural excit-
ability, hormonal secretion, and changes in enzyme activi-
ties. For measurement of in vivo (extracellular and intrac-
ellular) calcium concentrations, proteins referred to as
calcium sensors (calcium indicators) have been convention-
ally used.

In recent years, for analyzing cognitive activities, which
are the essence of higher functions of the brain, at the
cellular level or intracellular domain level, a technique for
ultra-fast imaging of changes in calcium concentration
evoked by neural activities is required, and the development
of a fluorescent calcium sensor having excellent calcium
reactivity is desired.

As a protein that functions as a calcium sensor, a calcium
indicator protein is known in which a partial sequence of
calmodulin and a partial sequence of myosin light chain
kinase are linked to a fluorescent protein. This calcium
indicator protein utilizes the phenomenon in which binding
of calcium to the partial sequence of calmodulin causes a
change in the conformation of the protein, which causes a
change in the intensity of fluorescence emitted by the
fluorescent protein (GFP or RFP). Non Patent Literature 1,
for example, describes a calcium indicator protein
(R-GECO1) obtained using mApple as a fluorescent protein.
Patent Literature 1 discloses R-CaMP1.01 prepared by
modifying R-GECO1, which exhibits a change in fluores-
cence intensity greater than that of R-GECOI1, and
R-CaMP1.07 prepared by modifying R-CaMP1.01, which
exhibits a change in fluorescence intensity even greater than
that of R-CaMP1.01, and has been improved in terms of
intracellular localization.
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CITATION LIST

Patent Literature

Patent Literature 1: Japanese Patent [Laid-Open No. 2014-
1161

Non Patent Literature

Non Patent Literature 1: Science, 2011, 333, 1888-1891

SUMMARY OF INVENTION
Technical Problem

A principal object of the present invention is to provide a
calcium indicator protein having a fluorescent characteristic
and calcium reactivity superior to those of conventional
calcium indicator proteins.

Solution to Problem

To solve the above-described problem, the present inven-
tion provides [1] to [23] set forth below.

[1] DNA in which one coding derivative of a nucleotide
sequence encoding a calmodulin-binding sequence (herein-
after, “ckkap sequence”) of calcium/calmodulin-dependent
protein kinase kinase and a nucleotide sequence encoding a
calcium-binding sequence (hereinafter, “CaM sequence”) of
calmodulin is linked to a 5' end of a nucleotide sequence
encoding a fluorescent protein, and the other nucleotide
sequence is linked to a 3' end of the nucleotide sequence
encoding the fluorescent protein.

[2] The DNA according to [1], wherein one coding
derivative of the nucleotide sequence encoding the ckkap
sequence is linked to the 5' end of the nucleotide sequence
encoding the fluorescent protein, and the nucleotide
sequence encoding the CaM sequence is linked to the 3' end
of the nucleotide sequence encoding the fluorescent protein.

[3] The DNA according to [1] or [2], wherein the coding
derivative of the nucleotide sequence encoding the ckkap
sequence is any one of the base sequences set forth in SEQ
ID NOS: 1 to 3.

[4] The DNA according to any of [1] to [3], wherein the
nucleotide sequence encoding one coding derivative of the
ckkap sequence and the nucleotide sequence encoding the
fluorescent protein, as well as the nucleotide sequence
encoding the fluorescent protein and the nucleotide sequence
encoding the CaM sequence, are each linked via a nucleotide
sequence encoding an amino acid linker.

[5] The DNA according to [4], wherein the nucleotide
sequence encoding one coding derivative of the ckkap
sequence is linked to the 5' end of the nucleotide sequence
encoding the fluorescent protein, and the nucleotide
sequence encoding the CaM sequence is linked to the 3' end
of the nucleotide sequence encoding the fluorescent protein,

the nucleotide sequence encoding one coding derivative
of'the ckkap sequence and the nucleotide sequence encoding
the fluorescent protein are linked via a nucleotide sequence
encoding an amino acid linker A, and

the nucleotide sequence encoding the fluorescent protein
and the nucleotide sequence encoding the CaM sequence are
linked via a nucleotide sequence encoding an amino acid
linker B, and wherein

a combination of the amino acid linker A and the amino
acid linker B is any one of the following combinations:
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the amino acid linker A (-Pro-Val-) and the amino acid
linker B (-Thr-Arg);

the amino acid linker A (-Leu-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Met-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Leu-Glu-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Thr-Lys-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Phe-Pro-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Ala-Asp-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Gln-Asp-) and the amino acid
linker B (-Thr-Asp-); and

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Phe-Asp-).

[6] The DNA according to any of [1] to [5], wherein the
nucleotide sequence encoding the CaM sequence is the base
sequence set forth in SEQ ID NO: 7 or 8.

[7] A vector comprising the DNA according to any of [1]
to [6].

[8] A transformed cell transfected with a calcium indicator
gene in which one coding derivative of a nucleotide
sequence encoding a ckkap sequence and a nucleotide
sequence encoding a CaM sequence is linked to a 5' end of
a nucleotide sequence encoding a fluorescent protein, and
the other nucleotide sequence is linked to a 3' end of the
nucleotide sequence encoding the fluorescent protein.

[9] A transgenic animal, excluding a human, transfected
with a calcium indicator gene in which one coding deriva-
tive of a nucleotide sequence encoding a ckkap sequence
and a nucleotide sequence encoding a CaM sequence is
linked to a 5' end of a nucleotide sequence encoding a
fluorescent protein, and the other nucleotide sequence is
linked to a 3' end of the nucleotide sequence encoding the
fluorescent protein.

[10] The transgenic animal according to [8] or [9],
wherein one coding derivative of the nucleotide sequence
encoding the ckkap sequence is linked to the 5' end of the
nucleotide sequence encoding the fluorescent protein, and
the nucleotide sequence encoding the CaM sequence is
linked to the 3' end of the nucleotide sequence encoding the
fluorescent protein in the calcium indicator gene.

[11] The cell according to [8] or the transgenic animal
according to [9], wherein one coding derivative of the
nucleotide sequence encoding the ckkap sequence is any one
of the base sequences set forth in SEQ ID NOS: 1 to 3.

[12] The cell according to [8] or the transgenic animal
according to [9], wherein one coding derivative of the
nucleotide sequence encoding the CaM sequence is the base
sequence set forth in SEQ ID NO: 7 or 8.

[13] A protein in which one coding derivative of a ckkap
sequence and a CaM sequence is linked to an N-terminus of
a fluorescent protein, and the other is linked to a C-terminus
of the fluorescent protein.

[14] The protein according to [13], wherein one coding
derivative of the ckkap sequence is linked to the N-terminus
of the fluorescent protein, and the CaM sequence is linked
to the C-terminus of the fluorescent protein.

[15] The protein according to [13] or [14], wherein one
coding derivative of the ckkap sequence is any one of the
amino acid sequences set forth in SEQ ID NOS: 4 to 6 and
15 to 19.
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[16] The protein according to any of [13] to [15], wherein
the CaM sequence is the amino acid sequence set forth in
SEQ ID NO: 9 or 10.

[17] The protein according to any of [13] to [16], wherein
one coding derivative of the ckkap sequence and the fluo-
rescent protein, as well as the fluorescent protein and the
CaM sequence, are each linked via an amino acid linker.

[18] The protein according to [17], wherein the one
coding derivative of ckkap sequence is linked to the N-ter-
minus of the fluorescent protein, and the CaM sequence is
linked to the C-terminus of the fluorescent protein,

one coding derivative of the ckkap sequence and the
fluorescent protein are linked via an amino acid linker A, and

the fluorescent protein and the CaM sequence are linked
via an amino acid linker B, and wherein

a combination of the amino acid linker A and the amino
acid linker B is any one of the following combinations:

the amino acid linker A (-Pro-Val-) and the amino acid
linker B (-Thr-Arg);

the amino acid linker A (-Leu-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Met-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Leu-Glu-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Thr-Lys-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Phe-Pro-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Ala-Asp-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Gln-Asp-) and the amino acid
linker B (-Thr-Asp-); and

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Phe-Asp-).

[19] A method of measuring an action potential in a cell
comprising the step of detecting fluorescence emitted by a
calcium indicator protein expressed in the cell,

the calcium indicator protein being a calcium indicator
protein in which one coding derivative of a ckkap sequence
and a CaM sequence is linked to an N-terminus of a
fluorescent protein, and the other is linked to a C-terminus
of the fluorescent protein.

[20] A method of imaging a calcium ion in a cell com-
prising the step of detecting fluorescence emitted by a
calcium indicator protein expressed in the cell,

the calcium indicator protein being a calcium indicator
protein in which one coding derivative of a ckkap sequence
and a CaM sequence is linked to an N-terminus of an amino
acid sequence of a fluorescent protein, and the other is linked
to a C-terminus of the fluorescent protein.

[21] The method of measuring an action potential in a cell
according to [19] or the method of imaging a calcium ion in
a cell according to [20], comprising the step of transfecting
the cell with a calcium indicator gene in which one coding
derivative of a nucleotide sequence encoding a ckkap
sequence and a nucleotide sequence encoding a CaM
sequence is linked to a 5' end of a nucleotide sequence
encoding a fluorescent protein, and the other nucleotide
sequence is linked to a 3' end of the nucleotide sequence
encoding the fluorescent protein.

[22] A calcium indicator reagent for measuring an action
potential in a cell and/or imaging a calcium ion in a cell,

the reagent comprising DNA in which one coding deriva-
tive of a nucleotide sequence encoding a ckkap sequence
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and a nucleotide sequence encoding a CaM sequence is
linked to a 5' end of a nucleotide sequence encoding a
fluorescent protein, and the other nucleotide sequence is
linked to a 3' end of the nucleotide sequence encoding the
fluorescent protein, or the reagent comprising a vector
comprising the DNA.

[23] The reagent according to [22], wherein the cell is a
neuron.

Advantageous Effects of Invention

In accordance with the present invention, there is pro-
vided a calcium indicator protein having an excellent fluo-
rescent characteristic and calcium reactivity.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows the structures of the calcium indicator
protein R-CaMP2 according to the present invention and the
calcium indicator protein R-CaMP1.07 according to a
known technique.

FIG. 2A shows examples of amino acid sequences of
coding derivatives of ckkap sequences of the calcium indi-
cator protein according to the present invention.

FIG. 2B shows other examples of amino acid sequences
of coding derivatives of ckkap sequences of the calcium
indicator protein according to the present invention.

FIG. 3 shows Ca®" ftitration curves of R-CaMP1.07,
R-CaMP2, and R-GECO2L; the curves were fit according to
the Hill equation.

FIG. 4 shows baseline fluorescence intensities and
dynamic ranges (Fmax/Fmin) in vitro of R-CaMP1.07,
R-CaMP2, and R-GECO2L.

FIG. 5A shows cultured hippocampal neurons expressing
EGFP and R-CaMP2. FIG. 5B shows cultured hippocampal
neurons expressing EGFP and R-GECO2L. Scale bars: 10
pm.

FIG. 6 shows fluorescence changes in response to field
stimulation-evoked single action potentials, recorded from
synaptic boutons of cultured hippocampal neurons.

FIG. 7 shows fluorescence changes in response to a single
UV-uncaging pulse of MNI-glutamate, recorded from the
soma of cultured hippocampal neurons.

FIG. 8 shows traces of one trial (gray) and an average
response of individual trials of each of R-CaMP1.07,
R-CaMP2, and R-GECO2L in single action potential-
evoked Ca®* imaging in synaptic boutons.

FIG. 9 shows single action potential amplitudes, SNRs,
rise times, and decay time constants in single action poten-
tial-evoked Ca®* imaging in synaptic boutons.

FIG. 10A shows traces of a single trial (n=9) and an
average response of individual trials in response to a single
pulse of glutamate uncaging in the soma of cultured hip-
pocampal neurons expressing R-CaMP1.07. FIG. 10B
shows traces of a single trial (n=9) and an average response
of'individual trials in response to a single pulse of glutamate
uncaging in the soma of cultured hippocampal neurons
expressing R-CaMP2.

FIG. 11 shows amplitudes, SNRs, rise times, and decay
time constants in response to a single pulse of glutamate
uncaging in the soma of cultured hippocampal neurons.

FIG. 12 shows a comparison between R-CaMP2 and
R-CaMP1.07 in fluorescence changes (AF/F) in response to
action potentials in pyramidal cells in the layer %3 of the
barrel field in acute slices (n=10 cells).
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FIG. 13A shows amplitudes, SNRs, rise times, and decay
time constants of single action potential-evoked Ca®*
responses in acute slices.

FIG. 13B shows a comparison between R-CaMP2_LLA
and R-CaMP2 in fluorescence changes (AF/F) in response to
action potentials in pyramidal cells in the layer %3 of the
barrel field in acute slices (n=10 cells).

FIG. 13C shows fluorescence changes (AF/F) of
X-CaMPGreen in response to action potentials in pyramidal
cells in the layer %5 of the barrel field in acute slices (n=10
cells), in comparison with those of the calcium indicator
proteins, GCaMP6s and GCaMPO6f, according to known
techniques.

FIG. 14 shows representative traces (top) and average
performance (bottom) of R-CaMP1.07- and R-CaMP2-ex-
pressing neurons in response to one, two, four, and eight
spikes at 20 Hz, in pyramidal cells in the layer 25 of the
barrel field in acute slices.

FIG. 15A shows single-trial responses of R-CaMP1.07
when clamped to five spikes and stimulated at difference
frequencies in pyramidal cells in the layer %5 of the barrel
field in acute slices.

FIG. 15B shows single-trial responses of R-CaMP2 when
clamped to five spikes and stimulated at difference frequen-
cies in pyramidal cells in the layer 24 of the barrel field in
acute slices.

FIG. 15C shows single-trial responses of R-CaMP2_LLA
when clamped to five spikes and stimulated at difference
frequencies in pyramidal cells in the layer %5 of the barrel
field in acute slices.

FIG. 15D shows single-trial responses of X-CaMPGreen
when clamped to five spikes and stimulated at difference
frequencies in pyramidal cells in the layer %5 of the barrel
field in acute slices (A); and shows the results for GCaMP6f
for comparison (B).

FIG. 16 shows the results obtained by recording air-puff
whisker stimulation-evoked Ca®* transients in a plurality of
neurons by in vivo imaging.

FIG. 17 shows representative traces of simultaneous
recording of Ca®* transients (top) and action potentials
(bottom) in R-CaMP2-expressing neocortical neurons in
vivo; the number of spikes in each burst is shown under the
traces; scale bars: 5 um.

FIG. 18 shows amplitudes, SNRs, and temporal integral
values of Ca®* transients evoked by the number of action
potentials in a 200 ms bin in in vivo neocortical neurons
(one, two, three, four, and five action potentials detected
n=254, 115, 45, 26, and 13 events. Nine cells from n=7
mice).

DESCRIPTION OF EMBODIMENTS

Preferred modes for carrying out the present invention
will be described hereinafter, with reference to the drawings.
Note that the embodiments described below merely illustrate
representative embodiments of the present invention, which
are not intended to narrow the interpretation of the scope of
the present invention.

1. Calcium Indicator Gene and Calcium Indicator Protein

The calcium indicator gene and the calcium indicator
protein according to the present invention will be described,
taking the examples of “R-CaMP2” and “R-GECO2L”, for
example, described in the Examples.

The calcium indicator protein according to the present
invention contains an amino acid sequence of a fluorescent
protein, an amino acid sequence of a calmodulin-binding
sequence (hereinafter, “ckkap sequence”) of or derived from
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calcium/calmodulin-dependent  protein kinase kinase
(CaMKK), and an amino acid sequence of a calcium-
binding sequence (hereinafter, “CaM sequence”) of calmo-
dulin. Similarly, the calcium indicator gene according to the
present invention contains a nucleotide sequence encoding
the fluorescent protein, a nucleotide sequence encoding the
ckkap sequence, and a nucleotide sequence encoding the
CaM sequence.

The calcium indicator protein according to the present
invention may also have an amino acid linker that links one
coding derivative of the ckkap sequence and the fluorescent
protein, and an amino acid linker that links the fluorescent
protein and the CaM sequence. Similarly, the calcium indi-
cator gene according to the present invention may also have
a nucleotide sequence encoding an amino acid linker that
links one coding derivative of the ckkap sequence and the
fluorescent protein, and a nucleotide sequence encoding an
amino acid linker that links the fluorescent protein and the
CaM sequence.

FIG. 1 shows one example of the structure of the calcium
indicator protein (or the calcium indicator gene) according
to the present invention. The upper section of the figure
shows the structure of R-CaMP1.07, which is a conventional
calcium indicator protein described in Patent Literature 1,
and the lower section of the figure shows the structure of
R-CaMP2, which is a calcium indicator protein according to
the present invention. The designation “ckkap-WL” in the
figure represents one preferable example of one coding
derivative of the ckkap sequence. The designation
“cpApple” represents a red fluorescent protein.

In R-CaMP2 according to the present invention, one
coding derivative of the ckkap sequence is linked to the
N-terminus, and the CaM sequence is linked to the C-ter-
minus, of the amino acid sequence of the fluorescent protein,
cpApple. Similarly, in the R-CaMP2 gene, a nucleotide
sequence encoding one coding derivative of the ckkap
sequence is linked to the 5' end, and a nucleotide sequence
encoding the CaM sequence is linked to the 3' end, of a
nucleotide sequence encoding the fluorescent protein,
cpApple. This structure corresponds to a structure obtained
by substituting the calmodulin-binding sequence of myosin
light chain kinase designated by “M13” with one coding
derivative of the ckkap sequence in conventional
R-CaMP1.07. Moreover, R-GECO2L according to the pres-
ent invention has a structure in which the M13 sequence of
R-GECO1, which is a conventional calcium indicator pro-
tein described in Non Patent Literature 1, has been substi-
tuted with one coding derivative of the ckkap sequence. The
full-length amino acid sequences of R-CaMP2 and
R-GECO2L are shown in SEQ ID NO: 11 and SEQ ID NO:
13, respectively, and the full-length base sequences of the
nucleotide sequences encoding R-CaMP2 and R-GECO2L
are shown in SEQ ID NO: 12 and SEQ ID NO: 14,
respectively.

R-CaMP2 according to the present invention may have an
additional sequence at each of its N-terminus and C-termi-
nus, as in R-CaMP1.07 described in Patent Literature 1. In
the figure, the additional sequence (37 amino acid residues)
designated by “MGS” is a tag sequence used in purifying the
protein. The additional sequence (21 amino acid residues)
designated by “F2A” functions to localize the protein in the
cytoplasm within a cell.

The calcium indicator protein according to the present
invention undergoes a change in conformation when cal-
cium is bound to the CaM sequence, and one coding
derivative of the ckkap sequence is bound to the calcium-
binding CaM sequence. The calcium indicator protein
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according to the present invention undergoes a change in
conformation in the presence of calcium to thereby cause a
change in the conformation of the fluorescent protein and
hence, a change in the fluorescent characteristic. In this way,
the calcium indicator protein according to the present inven-
tion functions as a calcium sensor. As described in the
Examples, R-CaMP2 and R-GECO2L, for example, accord-
ing to the present invention, which have one coding deriva-
tive of the ckkap sequence as a binding domain for the
calcium-binding CaM sequence, exhibits a fluorescent char-
acteristic and calcium reactivity superior to those of con-
ventional calcium indicator proteins such as R-CaMP1.07
and R-GECO1, which have the M13 sequence as the binding
domain. More specifically, R-CaMP2 and R-GECO2L, for
example, have characteristics superior to those of the con-
ventional calcium indicator proteins, in that they exhibit a
greater variation (dynamic range) between fluorescence
intensities in the presence and absence of calcium, and
exhibit a greater rate of change of the fluorescent charac-
teristic caused by binding and dissociation of calcium.

The amino acid sequence of R-CaMP2 is shown in SEQ
ID NO: 11. In the amino acid sequence shown in SEQ ID
NO: 11, positions 1 to 37 correspond to the MGS sequence,
positions 38 to 63 correspond to one coding derivative of the
ckkap sequence (ckkap-WL), positions 66 to 307 correspond
to the cpApple sequence, positions 310 to 456 correspond to
the CaM sequence, and positions 472 to 492 correspond to
the F2A sequence. Each of the MGS sequence, coding
derivative of ckkap sequence, cpApple sequence, CaM
sequence, and F2A sequence may be linked to an adjacent
sequence via a linker. The linker is not particularly limited
as long as the functions of the calcium indicator protein are
maintained.

A preferable linker structure of R-CaMP2 is such that the
amino acid linker A that links the one coding derivative of
ckkap sequence and the fluorescent protein is “-Pro-Val-",
and the amino acid linker B that links the fluorescent protein
and the CaM sequence is “-Thr-Arg”.

Examples of preferable combinations of the amino acid
linkers A and B in the calcium indicator protein according to
the present invention include, in addition to the above-
described combination of “-Pro-Val-” and “-Thr-Arg”, the
following combinations:

the amino acid linker A (-Leu-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Met-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Leu-Glu-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Thr-Lys-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Phe-Pro-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Ala-Asp-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Gln-Asp-) and the amino acid
linker B (-Thr-Asp-); and

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Phe-Asp-).

By adopting these linker structures, a calcium indicator
protein having high fluorescence intensity in the presence of
calcium and having a large dynamic range can be achieved.

The amino acid sequence of R-GECO2L is also shown in
SEQ ID NO: 13. In the amino acid sequence shown in SEQ
ID NO: 13, positions 1 to 3 correspond to the MGS
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sequence, positions 4 to 29 correspond to one coding deriva-
tive of the ckkap sequence (ckkap-WL), positions 32 to 273
correspond to the cpApple sequence, and positions 276 to
422 correspond to the CaM sequence. Each of the MGS
sequence, coding derivative of ckkap sequence, cpApple
sequence, and CaM sequence may be linked to an adjacent
sequence via a linker.

[Ckkap Sequence]

The ckkap sequence of the calcium indicator protein
according to the present invention is the calmodulin-binding
sequence of calcium/calmodulin-dependent protein kinase
kinase (CaMKK). While there are an o subunit and
subunit for the calmodulin-binding sequence of CaMKK,
the coding derivatives of ckkap sequence of the present
invention may either be an a subunit-derived sequence (the
amino acid sequence is shown in SEQ ID NO: 4, and the
nucleotide sequence encoding this amino acid sequence is
shown in SEQ ID NO: 1) or a f} subunit-derived sequence
(the amino acid sequence is shown in SEQ ID NO: 5, and the
nucleotide sequence encoding this amino acid sequence is
shown in SEQ ID NO: 2). Note that although these
sequences are derived from rat CaMKK, the coding deriva-
tives of ckkap sequence may be from any biological species
as long as it has the property of binding to the calcium-
bound CaM sequence.

The coding derivatives of ckkap sequence may also be an
amino acid sequence in which one or more (preferably 1 to
5) amino acids in the amino acid sequence shown in SEQ ID
NO: 4 or 5 have been deleted, substituted, inserted, or added,
as long as it has the property of binding to the calcium-
bound CaM sequence. One example of such a coding
derivative of ckkap sequence is ckkap-WL described above
(the amino acid sequence is shown in SEQ ID NO: 6, and the
nucleotide sequence encoding this amino acid sequence is
shown in SEQ ID NO: 3). Amino acid sequences obtained
by further modifying the amino acid sequence of ckkap-WL
(ckkap-WL 2-6) can also be adopted as coding derivatives of
the ckkap sequence. In view of enhancing the fluorescent
characteristic and calcium reactivity of the calcium indicator
protein, the amino acid sequence of the coding derivatives of
ckkap sequence is preferably the amino acid sequence
shown in any of SEQ ID NOS: 6 and 15 to 19, and most
preferably the amino acid sequence shown in any of SEQ ID
NOS: 15 to 19. The fluorescent characteristic or calcium
reactivity of the calcium indicator protein can also be
adjusted to a desired degree, by appropriately selecting the
amino acid sequence of the ckkap sequence from the
sequences shown in SEQ ID NOS: 6 and 15 to 19. R-CaMP2
and R-GECO2L described in the Examples each contain
ckkap-WL as the coding derivative of ckkap sequence.
R-CaMP2_LLA contains ckkap-WLS5 as the coding deriva-
tive of ckkap sequence. FIG. 2A shows the amino acid
sequences of the o subunit-derived ckkap sequence (ckkap
a) and f subunit-derived ckkap sequence (ckkap f3), as well
as the amino acid sequence of ckkap-WL. FIG. 2B shows the
amino acid sequences of ckkap-WL2 to 6.

Note that the coding derivatives of ckkap sequence is not
limited to those consisting only of the calmodulin-binding
sequence of CaMKK. Specifically, the ckkap sequence may
contain an amino acid sequence of the amino acid sequence
of CaMKK other than the calmodulin-binding sequence, and
may contain, for example, several to several tens of amino
acid residues at the N-terminus and/or C-terminus of the
calmodulin-binding sequence.

[CaM Sequence]

The CaM sequence of the calcium indicator protein
according to the present invention is the calcium-binding
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sequence of calmodulin. The amino acid sequence shown in
SEQ ID NO: 9 or SEQ ID NO: 10 can be used as the CaM
sequence. The amino acid sequence shown in SEQ ID NO:
9 is the CaM sequence included in R-CaMP2, and the amino
acid sequence shown in SEQ ID NO: 10 is the CaM
sequence included in R-GECO2L. Each of these CaM
sequences, which is derived from an amino acid sequence of
rat calmodulin from positions 2 to 148, is an amino acid
sequence obtained by introducing a substitution of 4 or 5
amino acid residues into the amino acid sequence. The base
sequence of a nucleotide sequence encoding the CaM
sequence of R-CaMP2 is shown in SEQ ID NO: 7, and the
base sequence of a nucleotide sequence encoding the CaM
sequence of R-GECO2L is shown in SEQ ID NO: 8. Note
that the CaM sequence may be derived from any biological
species as long as it has the property of binding to calcium,
and can bind to the ckkap sequence with calcium being
bound thereto.

The CaM sequence may also be an amino acid sequence
in which one or more (preferably 1 to 5) amino acids in the
amino acid sequence shown in SEQ ID NO: 9 or 10 have
been deleted, substituted, inserted, or added, as long as it has
the property of binding to calcium, and can bind to the ckkap
sequence with calcium being bound thereto. Note that the
CaM sequence is not limited to those consisting only of the
calcium-binding sequence of calmodulin. Specifically, the
CaM sequence may contain an amino acid sequence of the
calcium-binding sequence of calmodulin other than the
calcium-binding sequence, and may contain, for example,
several to several tens of amino acid residues at the N-ter-
minus and/or C-terminus of the calcium-binding sequence.

[Fluorescent Protein]

Examples of fluorescent proteins used as the fluorescent
protein of the calcium indicator protein according to the
present invention include, but are not particularly limited to,
a blue fluorescent protein (for example, BFP in X-CaMP-
Blue described in the Examples), a green fluorescent protein
(for example, EGFP in X-CaMPGreen described in the
Examples), a yellow fluorescent protein (for example, Venus
in X-CaMPYellow described in the Examples), and a red
fluorescent protein. In particular, a red fluorescent protein is
preferably used, and mApple or a modified product thereof,
for example, may be used. Where the calcium indicator
protein is used for manipulating cellular functions by pho-
tostimulation, and simultaneously measuring the cellular
functions by fluorescent calcium imaging, the fluorescent
protein is preferably a red fluorescent protein, because its
excitation wavelength does not overlap with that of a
photostimulation probe, Channelrhodopsin-2, which is gen-
erally used for the purpose of cellular function manipulation.

The modified product of mApple is a product obtained by
modifying the structure of the protein by cleaving the amino
acid sequence of mApple near an amino acid residue that
affects the fluorescent characteristic, and by substituting an
amino acid residue at a specific site. Specific examples of the
modified product of mApple are described in Patent Litera-
ture 1.

FIG. 1 illustrates an example of the calcium indicator
protein (or calcium indicator gene) according to the present
invention in which one coding derivative of the ckkap
sequence, the fluorescent protein, and the CaM sequence are
aligned in this order from the N-terminus (or the 5' end) to
the C-terminus (or the 3' end). In the calcium indicator
protein according to the present invention, this order of
alignment, i.e., one coding derivative of the ckkap sequence,
the fluorescent protein, and the CaM sequence, may be
replaced by the CaM sequence, the fluorescent protein, and
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one coding derivative of the ckkap sequence, from the
N-terminus to the C-terminus.

The calcium indicator protein according to the present
invention undergoes a change in conformation upon binding
with calcium, which affects the conformation of the fluo-
rescent protein included in the calcium indicator protein,
thereby causing the fluorescent characteristic of the fluores-
cent protein to reversibly change. As used herein, the
“fluorescent characteristic” refers to a fluorescent character-
istic such as fluorescence intensity, fluorescence wave-
length, fluorescence intensity ratio, absorbance, or absorp-
tion wavelength. Fluorescence intensity is used in the
present invention as one example of the fluorescent charac-
teristic. When the change in the fluorescent characteristic
represents a change in fluorescence intensity, a variation in
fluorescence, AF/F, is preferably at least 0.3, and more
preferably 0.6 or more.

The calcium indicator protein according to the present
invention includes one coding derivative of the ckkap
sequence so that, upon binding with calcium, it causes a
greater change in the fluorescent characteristic than that in a
conventional calcium indicator protein. As used herein, the
“greater change in the fluorescent characteristic” means that
when the change in the fluorescent characteristic represents
a change in fluorescence intensity, the variation in fluores-
cence, AF/F, is greater than that in a conventional calcium
sensor, and is preferably augmented 3-fold or more.

2. Vector, Transformed Cell, and Transgenic Animal

The calcium indicator gene according to the present
invention can be prepared using a known genetic engineer-
ing technique. The calcium indicator gene according to the
present invention can be prepared by, for example, ampli-
fying each of the nucleotide sequences encoding one coding
derivative of the ckkap sequence, the fluorescent protein,
and the CaM sequence by PCR, and connecting the ampli-
fied fragments.

The obtained calcium indicator gene can be incorporated
into a known vector such as a plasmid or a virus. A
transformed cell expressing the calcium indicator protein
can be obtained by transfecting the vector carrying the
calcium indicator gene into a desired cell. The vector
carrying the calcium indicator gene or the calcium indicator
gene per se can form a part of the below-described reagent
for measuring an action potential in a cell or imaging a
calcium ion in a cell.

Moreover, a transgenic animal transfected with the cal-
cium indicator gene can be prepared using a known genetic
engineering technique. Such a transgenic animal can be
prepared by transfecting the calcium indicator gene into a
totipotent cell of a mammal to develop this cell into indi-
viduals, and selecting for an individual transfected with the
calcium indicator gene in the genome of somatic cells. In
this case, the calcium indicator gene may be transfected and
incorporated under the control of a tissue-specific promoter
to thereby obtain a transgenic animal expressing the calcium
indicator protein only in brain neurons, for example.

3. The Method of Measuring an Action Potential in a Cell
and the Method of Imaging a Calcium Ion in a Cell

The calcium indicator protein according to the present
invention can detect a change in intracellular calcium con-
centration with high sensitivity, and thus, can be suitably
used for measuring an action potential in a cell and imaging
calcium in a cell. One preferable example of the cell is a
neuron, although not particularly limited thereto.

For example, a vector carrying the calcium indicator gene
according to the preset invention is transfected into a cell to
be measured for expression of the calcium indicator protein.
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Alternatively, a transgenic animal expressing the calcium
indicator protein in the cell to be measured is prepared.
Then, the cell to be measured is irradiated, using a fluores-
cence microscope, a multiphoton microscope, or the like,
with excitation light at a wavelength corresponding to the
excitation wavelength of the fluorescent protein included in
the calcium indicator protein, and fluorescence emitted by
the calcium indicator protein is detected. Action potentials
of the cell can be measured by acquiring changes in fluo-
rescence intensity with time, or intracellular calcium can be
imaged by performing real-time image processing of
changes in fluorescence intensity.

The method of measuring an action potential in a cell and
the method of imaging a calcium ion in a cell, which use the
calcium indicator protein according to the present invention,
can be applied to the screening for substances that affect the
cellular action potential and the intracellular calcium ion
concentration. For example, animals to which test sub-
stances have been administered or cells treated with the test
substances at the individual level, tissue level, or cellular
level are used, and cellular action potentials or the like in
cells are recorded. The recorded cellular action potentials are
then compared with cellular action potentials or the like
acquired in the same manner without treatment with the test
substances. Then, it is determined whether or not the test
substances affect the cellular action potentials or the like.
Then, substances that function to increase or suppress the
cellular action potentials or the like are selected. The test
substances may be various synthetic or natural compounds,
peptides, proteins, and nucleic acids such as DNA and RNA,
for example. When a nucleic acid is used, the gene encoded
by the nucleic acid is expressed in cells by transfection, and
then the change of the cellular action potentials or the like
are recorded.

Examples

1. Materials and methods

[R-CaMP2 and R-GECO2L]

An R-CaMP1.07 expression construct was constructed in
accordance with the technique described in the document
(PLoS One, 2012, 7, €39933). R-GECO1 was obtained from
Addgene. R-GECO1 was subcloned into a pCMV vector
derived from pEGFP-N1 (Clontech).

The M13 sequence of R-CaMP1.07 and R-GECO1 was
substituted with one coding derivative of a Ca**/calmodulin-
binding sequence (ckkap sequence) corresponding to
Val438-Phe463 of rat CaMKK a to prepare R-CaMP2 and
R-GECO2L (see FIG. 1). One coding derivative consisting
of a hybrid sequence (ckkap-WL, SEQ ID NO: 6) of the
sequence of CaMKK «a (ckkap a, SEQ ID NO: 4) and the
sequence of CaMKK f (ckkap p, SEQ ID NO: 5) was
prepared by site-directed mutagenesis, and used as the ckkap
sequence (see FIG. 2A). The amino acid substitutions
described in the document (Nature, 2013, 499, 295-300, J.
Biol. Chem., 2009, 284, 6455-6464) were introduced into
the CaM sequences (SEQ ID NOS: 8 and 9). R-CaMP2 and
R-GECO2L were subcloned into the pCAG vector.

[R-CaMP2_TLA]

One coding derivative of the ckkap sequence (ckkap-WL)
of R-CaMP2 was modified by site-directed mutagenesis to
prepare R-CaMP2_LLLLA containing ckkap-WLS5 as the
ckkap sequence (see FIG. 2B).

[X-CaMPBlue, X-CaMPGreen, and X-CaMPYellow]

The M13 sequence of G-CaMP4.1 described in the docu-
ment (PLos One, 2010, Vol. 5, No. 2, e8897) was substituted
with one coding derivative of the ckkap sequence (ckkap-
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WL). Then, BFP, EGFP, or Venus was incorporated as the
fluorescent protein into the resulting product to obtain
X-CaMPBlue, X-CaMPGreen, or X-CaMPYellow, respec-
tively.

The following combinations of the amino acid linker A
linking one coding derivative of the ckkap sequence and the
fluorescent protein and the amino acid linker B linking the
fluorescent protein and the CaM sequence were adopted.

X-CaMPBlue:

the amino acid linker A (-Leu-Asp-) and the amino acid
linker B (-Thr-Asp-); or

the amino acid linker A (-Met-Asp-) and the amino acid
linker B (-Thr-Asp-).

X-CaMPGreen:

the amino acid linker A (-Leu-Glu-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Thr-Lys-); or

the amino acid linker A (-Arg-Asp-) and the amino acid
linker B (-Phe-Pro-).

X-CaMPYellow:

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Ala-Asp-);

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Thr-Asp-);

the amino acid linker A (-Gln-Asp-) and the amino acid
linker B (-Thr-Asp-); or

the amino acid linker A (-Phe-Asp-) and the amino acid
linker B (-Phe-Asp-).

[In Vitro Ca®* Fluorescence Measurement]

Each of the prepared calcium indicator proteins was
expressed in HEK293T cells, and the cells were collected in
a Ca**-free buffer (20 mM MOPS (pH 7.5), 100 mM
potassium chloride, 1 mM DTT, 1x Protease Inhibitor Cock-
tail (Complete, EDTA Free, Roche)). After collected, the
cells were subjected to ultrasonic disruption, centrifugation,
and supernatant removal to obtain a lysate. This lysate was
used for screening or the evaluation of in vitro performance.

In vitro fluorescence measurement was performed at room
temperature, using a plate reader (Fusion a; Perkin Elmer)
and 96-well plates. The dynamic range was calculated as
Fmax/Fmin. Fmax was obtained by measuring the fluores-
cence intensity when Ca®* reached saturation at 0.3 mM
Ca?*, and Fmin was obtained by measuring the fluorescence
intensity at zero Ca>* in the presence of 15 mM EGTA. Ca**
titration curves were calibrated with a mixed solution of 10
mM K,H,EGTA and Ca,EGTA, using a commercial kit
(Ca** Calibration Kit #1; Invitrogen). The Kd value and Hill
coeflicient were calculated by curve fitting, using analysis
software (Origin Pro 7.5, Origin Lab).

[Ca** Imaging in Cultured Hippocampal Neurons]

Dissociated hippocampal culture was performed in accor-
dance with the technique described in the document (Cell,
1996, 87, 1203-1214, Cell Rep., 2013, 3, 978-987). The
cultured hippocampal neurons were extracted from the hip-
pocampus (CA1/CA3 region) of SD rats (Japan SLC) at the
day of birth. At days 10 to 11 after the culture, the gene
encoding the calcium indicator protein under the CMV
promoter was transfected into the neurons by lipofection. At
2 or 3 days after the transfection, electrical field stimulation-
evoked Ca®* imaging was performed using Tyrode solution
(129 mM NaCl, 5 mM KCl, 30 mM glucose, 25 mM
HEPES-NaOH [pH 7.4], 1 mM MgCl, and 3 mM CaCl,). To
prevent spontaneous firing, 10 pM CNQX (Tocris Biosci-
ence) and 50 uM D-APS (Tocris Bioscience) were added to
the Tyrode solution.
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Synaptic boutons (sites at least 100 um away from the
axon initial segment, and showing an at least 3-fold increase
in axon diameter) were imaged using an inverted micro-
scope (IX81; Olympus) and an EM-CCD (C9100-12 or
(C9100-13; Hamamatsu Photonics). The neurons were main-
tained at 37° C. in a stage CO, incubator. The neurons were
stimulated using an electrical field stimulation (50 mA, 1
msec current pulses). These stimulation conditions were
sufficient to reliably evoke somatic spikes, using a pulse
stimulator (Master-8; A.M.P.L).

For UV-uncaging of glutamate, the neurons were imaged
in Mg**-free Tyrode solution treated with 0.4 mM MNI-
glutamate (Tocris Bioscience) and 1 pM TTX. UV-uncaging
of MNI-glutamate was evoked using an ultraviolet photoly-
sis system (Hamamatsu Photonics) operating on an AQUA-
COSMOS software platform (Hamamatsu Photonics) and a
UV nanosecond pulsed laser (Polaris II, New Wave
Research) at 355 nm controlled with the system (Cell Rep.,
2013, 3, 978-987).

[Intrauterine Electroporation]

Intrauterine electroporation was performed in accordance
with the method described in the document (J. Neurosci.,
2009, 29, 13720-13729). About 1.0 pl of a purified plasmid
solution was injected into the lateral ventricle of anesthe-
tized ICR mice (SLC Japan) at embryonic day 14.5, and five
electrical pulses (45 V, 1 Hz, a duration of 50 msec, five
times) were delivered by an electroporator (BTX). To visu-
alize the mice or cells expressing the calcium indicator
protein, EGFP was co-expressed as a volume control. Mice
at postnatal weeks 4 to 7 were subjected to acute slice
preparation or in vivo imaging.

[Simultaneous Ca** Imaging and Whole-Cell Recording
in Acute Brain Slices]

Acute brain slice experiments were performed in accor-
dance with the technique described in the document (Eur. J.
Neurosci., 2014, 39, 1720-1728). The 4- to 7-week-old mice
were deeply anesthetized by CO, and decapitated. The
calcium indicator protein was expressed under a CAG
promoter, or with a tetracycline-inducible expression system
using a TRE-tight promoter and Tet3G (Clontech and Tet-
Systems).

Whole brains were quickly removed and immersed in
ice-cold artificial cerebrospinal fluid (ACSF) (125 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 26 mM NaHCO;,
2 mM CaCl,, 1 mM MgCl,, 25 mM glucose, bubbled with
95% O, and 5% CO,). Acute coronal brain slices of the
somatosensory area (thickness: 250 pm) were cut using a
microtome (VT12008S, Leica). The brain slices were cul-
tured for 30 minutes in oxygenated ACSF at 30° C. and then
maintained at room temperature before being transferred to
the recording chamber.

The brain slices were mounted on the immersion-type
recording chamber on a two-photon microscope stage, and
the layer 4 of the barrel field was identified by bright-field
imaging. Whole-cell patch-clamp recording was performed
in the layer %5 pyramidal cells of the barrel field. During the
recording, the recording chamber was continuously perfused
with oxygenated ACSF at 30° C. Patch pipettes were pulled
from borosilicate glass capillaries using a vertical puller
(PC-10; Narishige) and had a resistance of 5 to 8 M ohm
when filled with the intracellular solution (133 mM
K-MeSO,, 7.4 mM KCl, 10 mM HEPES, 3 mM Na,ATP, 0.3
mM Na,GTP, 0.3 mM MgCl,). Whole-cell current-clamp
recording was performed using an EPC10 amplifier (Heka).
All electrophysiological data were filtered at 10 kHz and
digitized at 20 kHz.
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[Cranial Surgery for In Vivo Imaging]

For in vivo imaging, mice (4-7 weeks old) were anesthe-
tized by intraperitoneal administration of urethane (1.5 to
1.8 mg/g). The body temperature was maintained at 37° C.
with a heating pad (FHC, Bowdoin). A stainless steel head
plate was glued to the skull, using superglue and dental
cement, above the right barrel field (3.0 to 3.5 mm lateral
and 1.5 mm posterior to the bregma). A circular craniotomy
(1.8 to 2.0 mm in diameter) was made, and the dura mater
was carefully removed. The craniotomy was filled with a
solution (150 mM NaCl, 2.5 mM KCI, 10 mM HEPES, 2
mM CaCl,, 1 mM MgCl,, 1.5% agarose, pH 7.3). To
suppress the motion of the exposed brain, a glass coverslip
was placed over the agarose. The mice were then transferred
to the animal stage under the two-photon microscope.

[In Vivo Two-Photon Ca** Imaging]

In vivo Ca** imaging of calcium indicator protein-ex-
pressing neurons was performed in the layer %5 of the right
barrel field (about 150 to 300 um below the pia mater).
Expression of the calcium indicator protein was driven by a
CAG promoter. CAG promoter-driven persistent expression
of the calcium indicator protein did not result in measurable
neuronal toxicity.

Sensory stimulation was applied to contralateral whiskers
by using a brief air puft (40 to 45 psi, 50 msec). Spontaneous
and sensory-evoked activities of neuronal populations were
acquired at a resolution of 256x192 pixels (sampling
rate=2.3 Hz) for 3 minutes. For fast imaging of Ca**
transients in single neurons, high-speed line scan (sampling
rate=650 to 700 Hz) was performed at the soma of the
cortical neurons. For dendritic imaging, a focal plane with as
many visible spines and dendrites as possible was chosen.
Imaging was acquired at a resolution of 232x64 pixels
(sampling rate=4.3 Hz) for 22 seconds.

[Simultaneous Ca** Imaging and In Vivo Loose-Seal Cell
Attached Electrical Recording]

In vivo cell-attached recording was performed using a
glass electrode (5 to 7 M ohm) filled with ACSF containing
a fluorescent substance (Alexa 488, 50 uM). The two-photon
targeted patching method (Neuron, 2003, 39, 911-918) was
applied to the calcium indicator protein-expressing neurons
in the barrel field. About 10 minutes after the establishment
of cell attachment, simultaneous measurements of spike
recording and fast line-scan Ca®* imaging (sampling
rate=675 Hz) were performed at the soma. Electrophysi-
ological data were amplified using an EPC10 amplifier
(Heka) in clamp mode. The electrophysiological data were
filtered at 10 kHz and digitized at 20 kHz. Further, the
electrophysiological data were high-pass filtered at 100 Hz
off-line. The spikes were detected and counted automatically
by thresholding using MATLAB.

For the materials and methods described above, reference
may be made to the document (Nature Method, 2015, Vol.
12, No. 1, p. 64-70) published after the priority date of the
present application.

2. Results

R-CaMP2 and R-GECO2L had Kd values of 100 nM or
less (see FIG. 3). Moreover, R-CaMP2 and R-GECO2L
showed baseline fluorescence values in the absence of Ca®*
equivalent to or not more than 2-fold higher than that of
R-CaMP1.07, and showed dynamic ranges of not less than
5-fold, although inferior to R-CaMP1.07 (see FIG. 4).

R-CaMP2 and R-GECO2L were expressed in primary
cultured hippocampal neurons. EGFP, of which fluorescence
spectrum is separated from that of the red indicator, was
expressed as a volume control. R-CaMP2 showed charac-
teristic extranuclear localization (FIG. 5A). R-GECO2L, on
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the other hand, showed localization not only into the cyto-
plasm but also into the nucleus (FIG. 5B). Moreover,
R-CaMP2 and R-GECO2L showed uniform distributions in
dendrites, axons, and synaptic boutons.

Electrical field stimulation-evoked single action poten-
tials (1APs) (FIG. 6) and uncaging of MNI-glutamate near
the soma by a single nanosecond pulse using a UV pulse
laser (FIG. 7) generated significant Ca®* transients, which
could be fitted with single exponential functions.

R-CaMP2 and R-GECO2L showed much higher affinity
for Ca®* than existing fluorescence calcium indicator pro-
teins in vitro (Table 1). Additionally, R-CaMP2 and
R-GECO2L had kinetics in living neurons faster than those
of R-GECO1 and R-CaMP1.07 (FIGS. 8 to 11). Moreover,
R-CaMP2 had a AF/F amplitude response not less than
3-fold larger than that of R-CaMP1.07, and larger than that
of R-GECO2L (FIGS. 8 and 9).

TABLE 1
dynamic range Kd Hill
F ol Fonin (nM) coefficient
R-GECO1 9.7 £0.7 223 £95 20=x0.2
R-CaMP1.07 154 £ 1.4 192 =4 1.7 £0.1
R-CaMP2 58 £0.6 69 =8 1.2 +0.1
R-GECO2L 51+03 26 £3 1303
GCaMP3 9.4 £0.2 365 £8 2.6 £0.1
GCaMP5G 192 £ 1.0 371 £13 2.8 £0.2
GCaMP6f 23.1 3.0 296 £ 8 2.1+0.1
GCaMP6s 31.8 £3.0 152 8 2704
G-CaMP6X: 114 £ 0.1 158 =4 3.1 0.2
G-CaMP7X: 36.6 4.1 243 £ 14 2704
G-CaMP8X: 375 £3.6 200 £ 1 22 0.2
Xsee PLOS One, 2012, 7, €51286.

TABLE 2

Kd Hill

(nM) coefficient F, i/ Fonine
R-CaMP2_LLA 97 = 10 1.1 0.1 51+03
X-CaMPBlue 71+3 1.3+0.1 7207
X-CaMPGreen 128 =5 1.3 +0.1 59 +0.1
X-CaMPYellow 182 £ 3 1.6 £ 0.0 305 £ 1.8

R-CaMP2 and R-GECO2L have Hill coefficients close to
1 (Table 1). These Hill coefficients are substantially equal to
those of chemically synthesized calcium indicators such as
0 GB-1 (J. Neurosci., 2008, 7399-7411). This is clearly
distinct from the fact that many of the existing fluorescent
calcium indicator proteins have Hill coefficients of 2 or more
(Table 1).

To wverity the utility of R-CaMP2 in brain tissue,
R-CaMP2 was transfected into neurons in the layer 24 of the
barrel field by intrauterus electroporation (J. Neurosci.,
2009, 29, 13720-13729), and acute slices were prepared in
adult mice. Using a titanium sapphire laser for excitation,
fast (near 700 Hz) two-photon line-scan Ca®* imaging
combined with whole-cell patch-clamp was performed in the
soma and proximal dendrites of R-CaMP2-expressing neu-
rons. Similar experiments were also performed for
R-CaMP2_LLA and X-CaMPGreen.

In line with the results for the primary cultured hippocam-
pal neurons, AF/F response amplitudes generated by single
depolarizing current injection were significantly larger in
R-CaMP2-expressing neurons than in R-CaMP1.07-ex-
pressing neurons (FIGS. 12 and 13). R-CaMP2 showed
several-fold improvements over R-CaMP1.07 (FIG. 13A) in
terms of signal-to-noise ratio (SNR) (4.0-fold higher at
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maximum), rise time (2.6-fold faster at maximum), and
decay time constant (3.4-fold faster at maximum).
R-CaMP2_LILA showed a rise time even faster than that of
R-CaMP2 (FIG. 13B). Moreover, X-CaMPGreen showed a
rise time faster than those of conventional green fluorescent
calcium indicator proteins, GCaMP6s and GCaMP6f (Na-
ture, 2013, Vol. 499, p. 295-300) (FIG. 13C). Note that
GCaMP6s and GCaMP6f are calcium sensors containing the
M13 sequence.

In agreement with these improved parameters, R-CaMP2
showed improvements in AF/F amplitude and SNR up to a
maximum four pulses of successive pulses of current injec-
tion (FIG. 14). Moreover, successive action potentials at 20
to 40 Hz could be distinguished even with a single trial (FIG.
15B). Under the same experimental conditions, Ca®* signals
recorded from R-CaMP1.07-expressing neurons showed
larger baseline noise and a slower rise time, and thus, action
potentials could only be distinguished up to pulses with a
frequency of 5 Hz (FIG. 15A). R-CaMP2_LLA followed
stimulation at frequencies even higher than those for
R-CaMP2, and had a resolution at up to 50 Hz (FIG. 15-2).
Moreover, X-CaMPGreen followed even ultra-fast frequen-
cies of 80 to 100 Hz (FIG. 15-3).

In vivo Ca** imaging was performed in neurons in the
layer %4 of the barrel field of anesthetized head-fixed mice.
Under conditions in which about 30 to 60% of pyramidal
neurons in the layer % were labeled, spontaneous Ca>*
spikes could be reliably recorded (FIG. 16). The represen-
tation of tactile information is encoded by sparse neurons
(Neuron, 2010, 67, 1048-1061, Neuron, 2013, 78, 28-48,
Trends Neurosci., 2012, 35, 345-355). In agreement with
this, air-puff stimulation on the whiskers evoked Ca** tran-
sients in only a limited number of cells. Moreover, active
neurons that showed stimulus-correlated activity for
R-CaMP2-based Ca** transients showed evoked responses
upon successive air-puff stimuli. That is, active neurons
responsive to sensory stimulation in the barrel field could be
identified.

To examine in vivo recording resolution, fast line scan
Ca®* imaging was performed simultaneously with loose-seal
cell-attached electrical recording (FIG. 17). Spontaneous
action potentials showed an approximately linear increase in
each of the responses of SNR, amplitude, and temporal
integral of the amplitude up to five pulses (FIG. 18). The
foregoing results reveal that in terms of rise and decay time
kinetics of Ca®* transients evoked by single action potentials
in vivo, R-CaMP2 is comparable to a previously reported
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green fluorescent calcium indicator protein such as
GCaMPo6f (Nature, 2013, 499, 295-300) or fast-GCaMP
(Nat. Commun., 2013, 4, 2170) having fast kinetics.

SEQUENCE LISTING FREE TEXT

SEQ ID NO: 1: Base sequence of a nucleotide sequence
encoding one coding derivative of a ckkap sequence (ckkap
a) derived from the o subunit of CaMKK.

SEQ ID NO: 2: Base sequence of a nucleotide sequence
encoding one coding derivative of a ckkap sequence (ckkap
) derived from the §§ subunit of CaMKK.

SEQ ID NO: 3: Base sequence of a nucleotide sequence
encoding one coding derivative of a ckkap sequence, ckkap-
WL.

SEQ ID NO: 4: Amino acid sequence of one coding
derivative of the ckkap sequence (ckkap o) derived from the
o subunit of CaMKK.

SEQ ID NO: 5: Amino acid sequence of one coding
derivative of the ckkap sequence (ckkap f3) derived from the
[ subunit of CaMKK.

SEQ ID NO: 6: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WL.

SEQ ID NO: 7: Base sequence of a nucleotide sequence
encoding a CaM sequence of R-CaMP2.

SEQ ID NO: 8: Base sequence of a nucleotide sequence
encoding a CaM sequence of R-GECO2L.

SEQ ID NO: 9: Amino acid sequence of the CaM
sequence of R-CaMP2.

SEQ ID NO: 10: Amino acid sequence of the CaM
sequence of R-GECO2L.

SEQ ID NO: 11: Amino acid sequence of R-CaMP2.

SEQ ID NO: 12: Base sequence of a nucleotide sequence
encoding R-CaMP2.

SEQ ID NO: 13: Amino acid sequence of R-GECO2L.

SEQ ID NO: 14: Base sequence of a nucleotide sequence
encoding R-GECO2L.

SEQ ID NO: 15: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WL2.

SEQ ID NO: 16: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WL3.

SEQ ID NO: 17: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WL4.

SEQ ID NO: 18: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WLS5.

SEQ ID NO: 19: Amino acid sequence of one coding
derivative of a ckkap sequence, ckkap-WL6.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 19
<210> SEQ ID NO 1

<211> LENGTH: 78

<212> TYPE: DNA

<213> ORGANISM: Rattus rattus

<400> SEQUENCE: 1

gtcaagctca tccccagetg gaccactgtyg atcctggtea agtetatget gagaaagegt

tcectttggaa acccattt

<210> SEQ ID NO 2

<211> LENGTH: 78

<212> TYPE: DNA

<213> ORGANISM: Rattus rattus

60

78
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-continued

20

<400> SEQUENCE: 2
gtcaaacaca ttcccagect ggcaactgtyg atcctagtga agaccatgat tcggaaacgg

tcttttggga acccattt

<210> SEQ ID NO 3

<211> LENGTH: 78

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: ckkap-WL

<400> SEQUENCE: 3
gtcaaacaca ttcccagect ggcaactgtyg atcctagtga agaccatgat tcggaaacgg

tcttttggga acccattt

<210> SEQ ID NO 4

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Rattus rattus

<400> SEQUENCE: 4

Val Lys Leu Ile Pro Ser Trp Thr Thr Val Ile Leu Val Lys Ser Met
1 5 10 15

Leu Arg Lys Arg Ser Phe Gly Asn Pro Phe
20 25

<210> SEQ ID NO 5

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Rattus rattus

<400> SEQUENCE: 5

Val Lys His Ile Pro Ser Leu Ala Thr Val Ile Leu Val Lys Thr Met
1 5 10 15

Ile Arg Lys Arg Ser Phe Gly Asn Pro Phe
20 25

<210> SEQ ID NO 6

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: ckkap-WL

<400> SEQUENCE: 6

Val Lys Leu Ile Pro Ser Leu Thr Thr Val Ile Leu Val Lys Ser Met
1 5 10 15

Leu Arg Lys Arg Ser Phe Gly Asn Pro Phe
20 25

<210> SEQ ID NO 7

<211> LENGTH: 441

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: CaM sequence of R-CaMP2

<400> SEQUENCE: 7
gaccaactga ctgaagagca gatcgcagaa tttaaagagg ctttctecct atttgacaag

gacggggatyg ggacaataac aaccaaggag ctggggacgg tgatgeggte tctggggeag

60

78

60

78

60

120
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-continued
aaccccacag aagcagagct gcaggacatg atcaatgaag tagatgccga cggtgatgge 180
acattcgact tccctgagtt cctgacaatg atggcaagaa aaatgagcta cagagacacce 240
gaagaagaaa ttagagaagc gttccgtgtg tttgataagg atggcaatgg ctacatcgge 300
gcagcagage ttcgecacgt gatgacagac cttggagaga agttaacaga tgaagaggtt 360
gatgaaatga tcagggtggce agacatcgat ggggatggtce aggtaaacta cgaagagttt 420
gtacaaatga tgacagcgaa g 441
<210> SEQ ID NO 8
<211> LENGTH: 441
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: CaM sequence of R-GECO2L
<400> SEQUENCE: 8
gaccaactga ctgaagagca gatcgcagaa tttaaagagg ctttctcect atttgacaag 60
gacggggatyg ggacgataac aaccaaggag ctggggacgg tgatgeggtce tctggggeag 120
aaccccacag aagcagagct gcaggacatg atcaatgaag tagatgccga cggtgacgge 180
acattcgact tccctgagtt cctgacgatg atggcaagaa aaatgagcta cagagacacce 240
gaagaagaaa ttagagaagc gttccgegtg tttgataagg acggcaatgg ctacatcgge 300
gcagcagage ttcgccacgt gatgacagac cttggagaga agttaacaga tgaggaggtt 360
gatgaaatga tcagggtagc agacatcgat ggggatggtce aggtaaacta cgaagagttt 420
gtacaaatga tgacagcgaa g 441

<210> SEQ ID NO 9
<211> LENGTH: 147

<212> TYPE:

PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: CaM sequence of R-CaMP2

<400> SEQUENCE: 9

Asp Gln Leu Thr Glu Glu Gln Ile

1

Leu Phe Asp

Thr Val Met

35

Asp Met Ile

50

Pro Glu Phe

65

5

Lys Asp Gly Asp Gly

20

Arg Ser Leu Gly Gln

40

Asn Glu Val Asp Ala

Leu Thr Met Met Ala

70

Glu Glu Glu Ile Arg Glu Ala Phe

Gly Tyr Ile

85

Gly Ala Ala Glu Leu

100

Glu Lys Leu Thr Asp Glu Glu Val

115

120

Ile Asp Gly Asp Gly Gln Val Asn

130

Thr Ala Lys

145

135

Ala Glu Phe
10

Thr Ile Thr
25

Asn Pro Thr

Asp Gly Asp

Arg Lys Met
75

Arg Val Phe
90

Arg His Val
105

Asp Glu Met

Tyr Glu Glu

Lys Glu Ala

Thr Lys Glu
30

Glu Ala Glu
45

Gly Thr Phe

Ser Tyr Arg

Asp Lys Asp

Met Thr Asp

110

Ile Arg Val
125

Phe Val Gln
140

Phe Ser
15

Leu Gly

Leu Gln

Asp Phe

Asp Thr

80
Gly Asn
95
Leu Gly

Ala Asp

Met Met
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-continued

<210> SEQ ID NO 10

<211> LENGTH: 147

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: CaM sequence of R-GECO2L

<400> SEQUENCE: 10

Asp Gln Leu Thr Glu Glu Gln Ile Ala Glu Phe Lys Glu Ala Phe Ser
1 5 10 15

Leu Phe Asp Lys Asp Gly Asp Gly Thr Ile Thr Thr Lys Glu Leu Gly
20 25 30

Thr Val Met Arg Ser Leu Gly Gln Asn Pro Thr Glu Ala Glu Leu Gln
35 40 45

Asp Met Ile Asn Glu Val Asp Ala Asp Gly Asp Gly Thr Phe Asp Phe
50 55 60

Pro Glu Phe Leu Thr Met Met Ala Arg Lys Met Ser Tyr Arg Asp Thr
65 70 75 80

Glu Glu Glu Ile Arg Glu Ala Phe Arg Val Phe Asp Lys Asp Gly Asn

Gly Tyr Ile Gly Ala Ala Glu Leu Arg His Val Met Thr Asp Leu Gly
100 105 110

Glu Lys Leu Thr Asp Glu Glu Val Asp Glu Met Ile Arg Val Ala Asp
115 120 125

Ile Asp Gly Asp Gly Gln Val Asn Tyr Glu Glu Phe Val Gln Met Met
130 135 140

Thr Ala Lys
145

<210> SEQ ID NO 11

<211> LENGTH: 492

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: R-CaMP2

<400> SEQUENCE: 11

Met Gly Ser His His His His His His Gly Met Ala Ser Met Thr Gly
1 5 10 15

Gly Gln Gln Met Gly Arg Asp Leu Tyr Asp Asp Asp Asp Lys Asp Leu
20 25 30

Ala Thr Met Val Asp Val Lys Leu Ile Pro Ser Leu Thr Thr Val Ile
35 40 45

Leu Val Lys Ser Met Leu Arg Lys Arg Ser Phe Gly Asn Pro Phe Pro
Val Val Ser Glu Arg Met Tyr Pro Glu Asp Gly Ala Leu Lys Ser Glu
65 70 75 80

Ile Lys Lys Gly Leu Arg Leu Lys Asp Gly Gly His Tyr Ala Ala Glu
85 90 95

Val Lys Thr Thr Tyr Lys Ala Lys Lys Pro Val Gln Leu Pro Gly Ala
100 105 110

Tyr Ile Val Asp Ile Lys Leu Asp Ile Val Ser His Asn Glu Asp Tyr
115 120 125

Thr Ile Val Glu Gln Cys Glu Arg Ala Glu Gly Arg His Ser Thr Gly
130 135 140

Gly Met Asp Glu Leu Tyr Lys Gly Gly Thr Gly Gly Ser Leu Val Ser
145 150 155 160
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Lys Gly Glu Glu Asp Asn Met Ala Ile Ile Lys Glu Phe Met Arg Phe
165 170 175

Lys Val His Met Glu Gly Ser Val Asn Gly His Glu Phe Glu Ile Glu
180 185 190

Gly Glu Gly Glu Gly Arg Pro Tyr Glu Ala Phe Gln Thr Ala Lys Leu
195 200 205

Val Val Val Lys Gly Gly Pro Leu Pro Phe Ala Trp Asp Ile Leu Ser
210 215 220

Pro Gln Phe Met Tyr Gly Ser Lys Ala Tyr Ile Lys His Pro Ala Asp
225 230 235 240

Ile Pro Asp Tyr Phe Lys Leu Ser Phe Pro Glu Gly Phe Arg Trp Glu
245 250 255

Arg Val Met Asn Phe Glu Asp Gly Gly Ile Ile His Val Asn Gln Asp
260 265 270

Ser Ser Leu Gln Asp Gly Val Phe Ile Tyr Lys Val Lys Leu Arg Gly
275 280 285

Thr Asn Phe Pro Pro Asp Gly Pro Val Met Gln Lys Lys Thr Met Gly
290 295 300

Trp Glu Ala Thr Arg Asp Gln Leu Thr Glu Glu Gln Ile Ala Glu Phe
305 310 315 320

Lys Glu Ala Phe Ser Leu Phe Asp Lys Asp Gly Asp Gly Thr Ile Thr
325 330 335

Thr Lys Glu Leu Gly Thr Val Met Arg Ser Leu Gly Gln Asn Pro Thr
340 345 350

Glu Ala Glu Leu Gln Asp Met Ile Asn Glu Val Asp Ala Asp Gly Asp
355 360 365

Gly Thr Phe Asp Phe Pro Glu Phe Leu Thr Met Met Ala Arg Lys Met
370 375 380

Ser Tyr Arg Asp Thr Glu Glu Glu Ile Arg Glu Ala Phe Arg Val Phe
385 390 395 400

Asp Lys Asp Gly Asn Gly Tyr Ile Gly Ala Ala Glu Leu Arg His Val
405 410 415

Met Thr Asp Leu Gly Glu Lys Leu Thr Asp Glu Glu Val Asp Glu Met
420 425 430

Ile Arg Val Ala Asp Ile Asp Gly Asp Gly Gln Val Asn Tyr Glu Glu
435 440 445

Phe Val Gln Met Met Thr Ala Lys Gly Gly Gly Thr Gly Gly Ser Gly
450 455 460

Gly Gly Gly Gly Gly Glu Phe Pro Val Lys Gln Thr Leu Asn Phe Asp
465 470 475 480

Leu Leu Lys Leu Ala Gly Asp Val Glu Ser Asn Pro
485 490

<210> SEQ ID NO 12

<211> LENGTH: 1479

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: R-CaMP2

<400> SEQUENCE: 12
atgggttete atcatcatca tcatcatggt atggetagea tgactggtgg acagcaaatg 60
ggtcgggate tgtacgacga tgacgataag gatctcgeca ccatggtcega cgtcaagetce 120

atccccagece tgaccactgt gatcctggte aagtctatge tgagaaageg ttectttgga 180
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-continued
aacccattte ccgtggtttc cgagcggatg taccccgagyg acggcgcecect gaagagcgag 240
atcaagaagg ggctgaggct gaaggacggce ggccactacyg ccgecgaggt caagaccace 300
tacaaggcca agaagcccgt gcagctgecce ggegectaca tegtggacat caagttggac 360
atcgtgtcece acaacgagga ctacaccatc gtggaacagt gcgaacgcege cgagggecge 420
cactccaccg gceggcatgga cgagctgtac aagggcggta ceggagggag cctggtgage 480
aagggcgagg aggacaacat ggccatcatc aaggagttca tgcgettcaa ggtgcacatg 540
gagggcteeyg tgaacggcca cgagttcgag atcgagggeyg agggcgaggg ccegeccctac 600
gaggcecttte agaccgctaa gettgtegte gttaagggtg gtectetgec cttegectgg 660
gacatcctgt ccectcagtt catgtacgge tccaaggect acattaagca cccagccgac 720
atccecgact acttcaagcet gtecttecce gagggcttea ggtgggageyg cgtgatgaac 780
ttcgaggacyg gcggcattat tcacgttaac caggactcct ccectgcaaga cggegtgtte 840
atctacaagg tgaagctgcg cggcaccaac ttccccceeg acggeccegt aatgcagaag 900
aagaccatgg gctgggaggce cacccgegac caactgactyg aagagcagat cgcagaattt 960
aaagaggctt tctcecctatt tgacaaggac ggggatggga caataacaac caaggagctg 1020
gggacggtga tgcggtctcet ggggcagaac cccacagaag cagagctgca ggacatgatce 1080
aatgaagtag atgccgacgg tgatggcaca ttcgacttcce ctgagttcct gacaatgatg 1140
gcaagaaaaa tgagctacag agacaccgaa gaagaaatta gagaagcgtt ccgtgtgttt 1200
gataaggatg gcaatggcta catcggcgca gcagagcttce gccacgtgat gacagacctt 1260
ggagagaagt taacagatga agaggttgat gaaatgatca gggtggcaga catcgatggg 1320
gatggtcagg taaactacga agagtttgta caaatgatga cagcgaaggg cggagggact 1380
ggaggcagtyg gtggtggtgg tggtggtgaa ttcccggtga aacagacttt gaattttgac 1440
cttctcaagt tggcgggaga cgtggagtcce aacccatag 1479

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 13
H: 422
PRT

<213> ORGANISM: Artificial Sequence

<220> FEATU

RE:

<223> OTHER INFORMATION: R-GECO2L

<400> SEQUENCE: 13

Met Val Asp
1

Lys Ser Met

Ser Glu Arg
35

Lys Gly Leu
50

Thr Thr Tyr
65

Val Asp Ile

Val Glu Gln

Asp Glu Leu

115

Glu Glu Asp

Val Lys Leu Ile Pro

5

Leu Arg Lys Arg Ser

20

Met Tyr Pro Glu Asp

40

Arg Leu Lys Asp Gly

55

Lys Ala Lys Lys Pro

70

Lys Leu Asp Ile Val

85

Cys Glu Arg Ala Glu

100

Tyr Lys Gly Gly Thr

120

Asn Met Ala Ile Ile

Ser

Phe

25

Gly

Gly

Val

Ser

Gly
105

Gly

Lys

Leu

10

Gly

Ala

His

Gln

His

90

Arg

Gly

Glu

Thr

Asn

Leu

Tyr

Leu

75

Asn

His

Ser

Phe

Thr Val Ile

Pro Phe Pro
30

Lys Ser Glu
45

Ala Ala Glu
60

Pro Gly Ala

Glu Asp Tyr

Ser Thr Gly

110

Leu Val Ser
125

Met Arg Phe

Leu Val
15

Val Val

Ile Lys

Val Lys

Tyr Ile
80

Thr Ile
95
Gly Met

Lys Gly

Lys Val
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130

His Met Glu
145

Gly Glu Gly

Thr Lys Gly

Phe Met Tyr

195

Asp Tyr Phe
210

Met Asn Phe
225

Leu Gln Asp

Phe Pro Pro

Ala Gly Arg

275

Ala Phe Ser
290

Glu Leu Gly
305

Glu Leu Gln

Phe Asp Phe

Arg Asp Thr

355

Asp Gly Asn
370

Asp Leu Gly
385

Val Ala Asp

Gln Met Met

<210> SEQ I
<211> LENGT.
<212> TYPE:

135

Gly Ser Val Asn Gly
150

Arg Pro Tyr Glu Ala

165

Gly Pro Leu Pro Phe

180

Gly Ser Lys Ala Tyr

200

Lys Leu Ser Phe Pro

215

Glu Asp Gly Gly Ile
230

Gly Val Phe Ile Tyr

245

Asp Gly Pro Val Met

260

Asp Gln Leu Thr Glu

280

Leu Phe Asp Lys Asp

295

Thr Val Met Arg Ser
310

Asp Met Ile Asn Glu

325

Pro Glu Phe Leu Thr

340

Glu Glu Glu Ile Arg

360

Gly Tyr Ile Gly Ala

375

Glu Lys Leu Thr Asp
390

Ile Asp Gly Asp Gly

405

Thr Ala Lys

420

D NO 14
H: 1269
DNA

His

Phe

Ala

185

Ile

Glu

Ile

Lys

Gln

265

Glu

Gly

Leu

Val

Met

345

Glu

Ala

Glu

Gln

<213> ORGANISM: Artificial Sequence

<220> FEATU

RE:

<223> OTHER INFORMATION: R-GECO2L

<400> SEQUENCE: 14

atggtcgacyg

agaaagcgtt

ggcgcectga

gecgaggtcea

gtggacatca

gaacgcgecyg

ggegggagte

tcaagctcat

cctttggaaa

agagcgagat

agaccaccta

agttggacat

agggcegeca

tggtgagcaa

ccccagecty

cccatttecee

caagaagggyg

caaggccaag

cgtgteccac

ctccaccgge

dggcgaggag

Glu

Gln

170

Trp

Lys

Gly

His

Val

250

Lys

Gln

Asp

Gly

Asp

330

Met

Ala

Glu

Glu

Val
410

Phe

155

Thr

Asp

His

Phe

Val

235

Lys

Lys

Ile

Gly

Gln

315

Ala

Ala

Phe

Leu

Val

395

Asn

accactgtga

gtggtttecy

ctgaggctga

aagccegtge

aacgaggact

ggcatggacg

gataacatgg

140

Glu

Ala

Ile

Pro

Arg

220

Asn

Leu

Thr

Ala

Thr

300

Asn

Asp

Arg

Arg

Arg

380

Asp

Tyr

Ile

Lys

Leu

Ala

205

Trp

Gln

Arg

Met

Glu

285

Ile

Pro

Gly

Lys

Val

365

His

Glu

Glu

Glu

Leu

Ser

190

Asp

Glu

Asp

Gly

Gly

270

Phe

Thr

Thr

Asp

Met

350

Phe

Val

Met

Glu

tcctggtceaa

agcggatgta

aggacggegy

agctgecegyg

acaccatcgt

agctgtacaa

ccatcatcaa

Gly Glu
160

Lys Val
175

Pro Gln

Ile Pro

Arg Val

Ser Ser
240

Thr Asn
255

Trp Glu

Lys Glu

Thr Lys

Glu Ala
320

Gly Thr
335

Ser Tyr

Asp Lys

Met Thr

Ile Arg
400

Phe Val
415

gtctatgetg
cccegaggac
ccactacgee
cgectacate
ggaacagtgce
gggaggtaca

ggagttcatg

60

120

180

240

300

360

420
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cgcttcaagg tgcacatgga gggceteegtg aacggecacg agttcgagat

ggcgagggee geccctacga ggcectttcag accgctaage tgaaggtgac

ccectgeect tegectggga catcctgtece cctcagttea tgtacggete

attaagcacc cagccgacat ccccgactac ttcaagetgt ccettecccga

tgggagcgeg tgatgaactt cgaggacgge ggcattattce acgttaacca

ctgcaggacg gcgtattcat ctacaaggtg aagetgegeg gcaccaactt

ggcccegtaa tgcagaagaa gaccatggge tgggaggeeg gecgtgacca

gagcagatcg cagaatttaa agaggcttte tcectatttg acaaggacgg

ataacaacca aggagctggg gacggtgatg cggtctetgg ggcagaaccce

gagctgcagg acatgatcaa tgaagtagat gccgacggtg acggcacatt

gagttcctga cgatgatggce aagaaaaatg agctacagag acaccgaaga

gaagcgttcee gegtgtttga taaggacgge aatggctaca teggegeage

cacgtgatga cagaccttgg agagaagtta acagatgagg aggttgatga

gtagcagaca tcgatgggga tggtcaggta aactacgaag agtttgtaca

gcgaagtag

<210> SEQ ID NO 15

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: ckkap-WL2

<400> SEQUENCE: 15

Val Lys His Ile Pro Ser Trp Thr Thr
1 5

Leu Arg Lys Arg Ser Phe Gly Asn Pro
20 25

<210> SEQ ID NO 16

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: ckkap-WL3

<400> SEQUENCE: 16

Val Lys His Ile Pro Ser Leu Thr Thr
1 5

Leu Arg Lys Arg Ser Phe Gly Asn Pro
20 25

<210> SEQ ID NO 17

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: ckkap-WL4

<400> SEQUENCE: 17

Val Lys His Ile Pro Ser Trp Ala Thr
1 5

Leu Arg Lys Arg Ser Phe Gly Asn Pro
20 25

cgagggcgag
caagggtgge
caaggcctac
gggcttcagg
ggactcctee
ccecececcgac
actgactgaa
ggatgggacg
cacagaagca
cgacttcect
agaaattaga
agagcttege
aatgatcagg

aatgatgaca

Val Ile Leu Val Lys Ser Met

10

Phe

15

Val Ile Leu Val Lys Ser Met

10

Phe

15

Val Ile Leu Val Lys Ser Met

10

Phe

15

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1269
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34

-continued

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 18

LENGTH: 26

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: ckkap-WL5

<400> SEQUENCE: 18

Val Lys Leu Ile Pro Ser Leu Ala Thr
1 5 10
Leu Arg Lys Arg Ser Phe Gly Asn Pro Phe

20 25

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 19

LENGTH: 26

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: ckkap-WLé

<400> SEQUENCE: 19

Val Lys Leu Ile Pro Ser Trp Ala Thr
1 5 10
Leu Arg Lys Arg Ser Phe Gly Asn Pro Phe
20 25

Val Ile Leu Val Lys Ser Met

15

Val Ile Leu Val Lys Ser Met

15

What is claimed is:

1. A DNA comprising:

a first nucleotide sequence encoding a calmodulin-bind-
ing sequence (ckkap sequence) of calcium/calmodulin-
dependent protein kinase kinase, wherein the ckkap
sequence is the amino acid sequence set forth in SEQ
ID NO: 6; and

a second nucleotide sequence encoding a calcium-binding
sequence (CaM sequence) of calmodulin,

wherein one of the first or second nucleotide sequence is
linked to a 5' end of a nucleotide sequence encoding a
fluorescent protein, and the other of the first or second
nucleotide sequence is linked to a 3' end of the nucleo-
tide sequence encoding the fluorescent protein.

2. The DNA according to claim 1, wherein

the first nucleotide sequence and the second nucleotide
sequence are each linked to the nucleotide sequence
encoding the fluorescent protein via a nucleotide
sequence encoding an amino acid linker.

3. The DNA according to claim 2, wherein

the first nucleotide sequence is linked to the 5' end of the
nucleotide sequence encoding the fluorescent protein,
and the second nucleotide sequence is linked to the 3'
end of the nucleotide sequence encoding the fluorescent
protein,

the first nucleotide sequence and the nucleotide sequence
encoding the fluorescent protein are linked via a
nucleotide sequence encoding an amino acid linker A,
and

the nucleotide sequence encoding the fluorescent protein
and the second nucleotide sequence are linked via a
nucleotide sequence encoding an amino acid linker B,
and wherein

the amino acid linker A is (-Pro-Val-) and the amino acid
linker is B (-Thr-Arg-).

4. A vector comprising the DNA according to claim 1.

30

35

40

45

50

55

60

65

5. A protein comprising:

a first polypeptide sequence comprising a calmodulin-
binding sequence (ckkap sequence) of calcium/calmo-
dulin-dependent protein kinase kinase, wherein the
ckkap sequence is the amino acid sequence set forth in
SEQ ID NO: 6; and

a second polypeptide sequence comprising a calcium-
binding sequence (CaM sequence) of calmodulin,

wherein one of the first or second polypeptide sequence is
linked to an N-terminus of a polypeptide sequence
comprising a fluorescent protein, and the other of the
first or second polypeptide sequence is linked to a
C-terminus of the polypeptide sequence comprising the
fluorescent protein.

6. The protein according to claim 5, wherein

the first polypeptide sequence and the second polypeptide
sequence are each linked to the polypeptide sequence
comprising the fluorescent protein via an amino acid
linker.

7. The protein according to claim 6, wherein

the first polypeptide sequence is linked to the N-terminus
of the polypeptide sequence comprising the fluorescent
protein, and the second polypeptide sequence is linked
to the C-terminus of the polypeptide sequence com-
prising the fluorescent protein,

the first polypeptide sequence and the polypeptide
sequence comprising the fluorescent protein are linked
via an amino acid linker A, and

the polypeptide sequence comprising the fluorescent pro-
tein and the second polypeptide sequence are linked via
an amino acid linker B, and wherein

the amino acid linker A is (-Pro-Val-) and the amino acid
linker B is (-Thr-Arg-).

8. A calcium indicator reagent for measuring an action
potential in a cell and/or imaging a calcium ion in a cell, the
reagent comprising:

(1) a DNA comprising a first nucleotide sequence encod-

ing a calmodulin-binding sequence (ckkap sequence)
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of calcium/calmodulin-dependent protein kinase
kinase, wherein the ckkap sequence is the amino acid
sequence set forth in SEQ ID NO: 6, and a second
nucleotide sequence encoding a calcium-binding
sequence (CaM sequence) of calmodulin, wherein one 5
of the first or second nucleotide sequence is linked to a
5" end of a nucleotide sequence encoding a fluorescent
protein, and the other of the first or second nucleotide
sequence is linked to a 3' end of the nucleotide
sequence encoding the fluorescent protein, 10

or (ii) a vector comprising the DNA of ().

9. The reagent according to claim 8, wherein the cell is a

neuron.
10. A vector comprising the DNA according to claim 2.
11. A vector comprising the DNA according to claim 3. 15
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