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Introduction

It is well known that calcium ions (Ca®) play important roles in cellular functions,
such as muscle contraction, secretion, and controlling enzyme activities and membrane
potentials. Hence, scientists have measured intracellular Ca* concentrations ([Ca™])
in cells. To date, several methods have been developed in order to measure [Ca™],
which include ion-selective electrodes, Ca®* indicator dyes, and biosensors. Amongst
them, it is now most popular to use Ca™ indicator dyes such as fura-2, which were
developed in the early 1980s (Tsien er al., 1982), because application of acetoxy
methy} forms of Ca® indicator dyes makes loading of the dyes to cells much easier,
and because Ca™ imaging is made possible by using Ca® indicator dyes. The
development of Ca® indicator dyes is indeed one of the big steps in biology. However,
these Ca** indicator dyes occasionally cannot satisfy some particular scieniific needs.
For example, it is not easy to target Ca’* indicator dyes to specific intracellular
organelles, or conversely, unexpected accumulations of the dyes to cells and organelles
are occasionally observed. In addition, Ca®* indicator dyes can be extruded from cells.
Finally, cell-type specific loadings of Ca™ indicator dyes are not possible, except for
some special cases.

Since green fluorescent protein (GFP) was cloned from the jellyfish Aeguorea
victoria (Prasher er al., 1992), it has been applied infensively in the biological field as
amarker or a reporter protein. In addition, it is now possible to make several different
types of Ca™ probes (biosensors) containing GFP. Because these Ca™ probes are
genetically encoded, it becomes possible to express the probes in specific ceils or
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Table 1.1.  Categories of geneticallym encoded Ca’s probes

1. Chemiluminescence group

Chemiluminescence probe acquerin

CRET probe GFP-zequorin fusion protein
2. Fluorescence group

FRET probe cameleon, FIP

Single-chromophore probe camgaroe, G-CaMP, pericam

specific organelles. Moreover, it is also possible to generate transgenic animals
expressing Ca® biosensors.

In this review, we will discuss the recent advances in genetically encoded Ca>
probes, as well as the advantages versus the disadvantages of each probe.

Chemiluminescence and fluorescence Ca** probes

Several kinds of genetically encoded Ca®* probes are currently available. They can be
categorized into two groups (Tuble {.1). The first group utilizes chemiluminescence.,
This type of probe is based on aequorin, which is a Ca® binding protein capable of
generating light by itself. Therefore, probes of this group require no excitation light
source for measurements. Within the group. the chemiluminescence probes, includ-
ing aequorin and its mutants, and the chemiluminescence resonance energy transfer
{CRET) probes, including GFP-aequorin fusion proteins, can be found.

The second group utilizes fluorescence of GFP, so that the excitation light source
is essential. So far, all probes within this group use calmodulin, which is a Ca?
binding protein, as a Ca™ sensor. This group can be subdivided into two types: the
fluorescent resonance energy transfer (FRET) probes, and the single-chromophore
probes. The FRET-type probes, that include cameleons and FIPs, were developed
first, followed by the development of the single-chromophore probes, in which
camgaroos, G-CaMP, and pericams are included. In the following sections, we will
describe the characteristics of each Ca® probe.

AEQUORIN

Aequorin, which is a chemiluminescence probe in itself, was the first indicator used
to monitor intracellular Ca™ changes within cells (Ridgway and Ashley, 1967). Since
then, aequorin has been studied extensively, and many applications have been
reported. Aequorin, which is isolated from the jellyfish Aequorea, is composed of a
21 kDa apoprotein (apoaequorin) and a prosthetic group, coelenterazine (Figure 1.1).
Apoaequorin consists of 189 amino-acid residues, and has three Ca® binding sites
(‘EF hands’). The ¢cDNA of apoaequorin was cloned more than 10 years after
aequorin was first used in a biological field (Inouye er al., 19835). Both apoaequorin
and coelenterazine are essential for function as a Ca*-sensing photoprotein.
Aequorin can be introduced into cells by either microinjection of aequorin protein
(Miller et al., 1994), or by its expression from cDNAs . Here, we will focus on the
cDNA expression methed. Introduction of cDNA can be achieved by conventional
methods, such as transfection. When the cDNA is expressed in the cells, apoacguorin
is synthesized rapidly in the cytosol. Aequorin can be reconstituted in the cells from
apoaequorin, oxygen, and coelenterazine, which is added extracellularly. Coelente-
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Figure 1.}.  Schematic mechanism of aequorin. Aequorin can be reconstituted in cells from apoaequorin,
the prosthetic group coelenterazine, and O,. When two of the three Ca’™ binding sites (EF hands) are
occupied, covalently bound coclenterazine, that is the chromophore, is dissociated from apoaequorin and
crnils blue light, The reaction is irreversible, and a single acquorin molecule emits a single photon only ence
because bound coelenterazine is consumed by the reaction with Ca®*.

razine incorporated into cells binds covalently to apoaequorin via a peroxide linker,
and is situated in the binding cavity located at the centre of the apoaequorin molecule
{Head et al., 2000). When two of the three Ca** binding sites are occupied (Tsuji et al.,
1986; Shimomura, 1995), aequorin is decomposed into apoaequorin, an active form
of coelenterazine and CO, (Figure 1.7). The active form of coelenterazine sub-
sequently emits blue light, of broad spectrum, with an emission peak at approximately
400 nm. Although pH has less effect on the luminescence, temperature, ionic strength,
and Mg* have some effects on the luminescence (Blinks et al., 1978).

The stability of aequorin in cells depends on the presence of coelenterazine, such
that apoaequorin expressed in the cytosol is not stable, with a half-life of approxi-
mately 20 min (Badminton et al., 1993). Reconstitution of aequorin with coelenterazine
extends its half-life, with no significant decrease in stability observed over 6 hours.
Fusion of other molecules with aequorin also extends its half-life. For example,
luciferase—apoaequorin and nuclear-targeted apoaequorin (nucleoplasmin—
apoaequorin) have longer half-lives than apoaequorin of 80-90 minutes and 60
minutes, respectively (Badminton et af., 1995).

Recombinant aequorin can be targeted to intracellular organelles by fusion of a
signal sequence at the N-terminus of the aequorin protein. Aequorins targeted to the
nucleus, endoplasmic reticulum (BR), Golgi, plasma membrane, mitochondrial matrix,
mitochondrial intermembrane space, and mitochondrial outermembrane are carrently
available (Rizzuto et al., 1992, 1994; Brandenburger er af., 1999; Brini et al., 1999).
For measurement of high [Ca**] in ER or mitochondria, an aequorin which had fower
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Ca’ sensitivity (aequorin-119, apparent dissociation constant K 260 pM, which was
obtained from the calibration curve relating free Ca®* to hnht emxssmn) was con-
structed by introduction of a point mutation at a Ca™ binding site (D119A) (Kendalt
et al., 1992). In addition, the Ca* sensitivity of aequorin can be decreased by using
Sr, whach is known as the surrogate cation (Montero ef al., 1995), or by reconstitu-
tion with a modified coelenterazine analogue (Barrero ez al., 1997).

Advantages of aequorin

1} Aequorin has a wide dynamic range (107-10~ M). Therefore, it can respond to
large Ca* rises without saturation. 2) Aequorin has a steep Ca* response curve, such
that aequorin emits 1 times more photons when the [Ca®] changes from 107 M to
107 M. 3) Aequorin has a low Ca™ buffering capacity. In general, binding of Ca* to
a Ca™ probe (in this case, aequorin) possibly interferes with subsequent intracellular
processes. However, aequorin hardly interferes with the processes due to the large K,
for Ca* (13 uM) (Kendall et al., 1992). 4) Low background signal can be obtamed
from aequorin. Because autoluminescence, in contrast to autofluorescence, is absent
in most organisms, together with the steepness of the Ca™ response curve, small Ca2
changes can be detected easily, 5) Aequorin is not toxic. It does not interact with other
intracellular molecules. 6) There is no photodamage, because an excitation light
source is not required.

GFP-AEQUORIN FUSION PROTEINS

GFP-aequorin fusion proteins (Baubet er al., 2000), which belong to the CRET
probes, were constructed (Figure 1.2) in order to improve the low quantum yield of
aequorin. By fusion of GFP to the N-terminus of aequorin, the energy released from
aequorin upon Ca™ binding was radiationlessly transferred from the chromophore
(coelenterazine) to GFP (CRET), and the emission peak shifted from 460 nm
(aequorin alone) to 509 nm. The emission peak also became sharper with the
bandwidth (between low and high wavelengths at 50% values of the maximum
emission), decreasing from 108.3 + 20.1 nm to 56.0 = 3.3 nm (pG5A construct). For
targeting 10 the synaptic terminal, the full-length synaptotagmin I (SG5A), or its
transmembrane part (tSG5A), was fused to the N-terminus of the GFP-aequorin
fusion protein. SG5A was unexpectedly expressed, not only at the synaptic terminal,
but also in the plasma membrane. On the other hand, tSGSA was trapped in the Golgi
systen.

Advantages of GFP-aequorin fusion proteins

The same advantages described above for aequorin also apply to the GFP-aequorin
fusion proteins. In addition, there are three further advantages. The first is that the
GFP-aequorin fusion proteins emit much more light than acquorin: use of GFP-
aequorin fusion proteins will therefore facilitate the reduction of exposure times, and
thus achieve higher spatial resolution. The second advantage is that the expression
patterns can be followed by GFP fluorescence, which can be detected easily by
conventional fluorescent microscopes. The third advantage is that GFP-apoaequorin
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Figure 1.2. Schematic mechanism of GFP-aequorin fusion protein. In this protein, GFP is fused to the N-
terminus of aequorin. This fusion protein also needs reconstitution with coelenterazine. When Ca™ binds
to aequorin, encrgy released from coelenterazine is transferred to GFP (CRET), resuiting in the emission
of green, rather than blue, fluorescence. The reaction is also irreversible. The signal of this probe is much
larger than that from aequorin.

is suggested to have a longer half-life in the cytosol than apoaequorin alone. Although
Ca® sensitivity, half-life of the protein in the cytosol and the amplification rate in
light-emitting activity of the GFP—aequorin fuston proteins compared with aequorin
alone have not been analysed in detail, there is a possibility that the GFP-aequorin
fusion proteins replace aequorin.

Disadvantages of aequorin and GFP--aequorin fusion proteins

1) Aequorin and the GFP-aequorin fusion proteins require reconstitution with
coelenterazine. Although the reconstitution of normal aequorin with normal
coelenterazine in vitro takes 22 minutes for 50% regeneration (Shimomura et al.,
1993}, in vive this procedure takes at least [ hour. In addition, ER- or mitochondria-
targeted aequorin needs additional treatment with ionophores, or other agents, to
reduce the local [Ca®]. Moreover, the difficulty of reconstitution becomes a serious
limitation for in vive application. 2) Aequorin emits low-intensity light, because of
the fact that one aequorin molecule emits only one photon. In contrast, fluorescent
probes can emit many more photons from a single molecule, due to the ability of the
fluorescent probes to be re-excited. In addition, the quantum yield of aequorin is only
0.23 (Shimomura and Johnson, 1969, 1970), and contrasts with the value for GFP
(0.72). This is nota limitation for cell population study, but is for single cell study. The
GFP-aequorin fusion proteins will reduce this limitation. 3) Aequorin is consumed by
the reaction with Ca®. With native aequorin, most of the photoprotein is consumed
when [Ca®] rises above a micromolar level for more than a few seconds. Therefore,
the chemiluminescence probes are not ideal for long-term recording.

CAMELEQONS

In 1997, Miyawaki and colleagues developed Ca®* probes called cameleons (Mivawaki
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o
440 nm

Figure1.3. Schematic mechanism of yellow cameieon (YC). Cameleons befong to the FRET probes and
are composed of a donor GFP (ECFP for YC) and an acceptor GFP (EYFP for YC) connected with
cabmodulin (CaM) and the M 13 peptide. Without Ca*, the donor GFP abserbs 440 nm light and emits 480
nm blue fight. When Ca®" binds to calmodalin, the Ca**—calmodulin complex subsequently binds to the M3
peptide, resulting in a shortening of the distance between the two GFPs. Because FRET efficiency is
proportional to 1/, where r is the inter-chromophore distance, shortening of the inter-chromophore
distance increases FRET efficiency, so that fluorescence at 535 nm increases, and fluorescence at 480 nm
decreases. These processes arc reversible. When Ca® dissociates from calmodulin, the fluorescence signal
at 535 nm decreases, and the fluorescence at 480 nm increases.

er al., 1997), which use FRET technology. Cameleons have two GFP variants with
different colours; for example, one is a donor GFP, which emits blue Hght (CFP), and
the other is an acceptor GFP, which is excited by the blue light and emits yellow light
(YFP). An important thing about the GFP pair is that the emission wavelength of the
donor GFP should overlap with the excitation wavelength of the acceptor GFP, so that
FRET takes place. These GFPs are connected to each other with calmodulin and the
M13 peptide of myosin light chain kinase to make a single molecule (Figure 1.3).
When Ca™ binds to calmodulin, Ca®*~calmodulin subsequently binds to the M13
peptide, which has a binding capability to calmodulin. This interaction changes the
distance and geometry between the two GFP variants, resulting in increase of the
FRET efficiency, so that the energy acquired by the donor GFP (CFP for yellow
cameleon, YC} is not emitted as blue fluorescence, but instead it is transferred
efficiently to the acceptor GFP (YFP for YC) to emit yellow fluorescence. These
processes are reversible; therefore, when Ca® is released from calmodulin, the change
of the distance and geometry between two GFP variants decreases the FRET effi-
ciency, resulting in an increase of the blue fluorescence and a corresponding decrease
of the yellow fluorescence. Hence, this probe forms a single excitation-dual emission
probe as indo-1, and ratiometric analysis is possible. The original cameleon has a
biphasic Ca’* binding curve with K s of 80 nM and 2 1M: it can therefore cover a wide
range of Ca™ changes. Two mutations of the Ca®™ binding sites in calmodulin - E31Q
or E104Q) - reduce Ca® sensitivities of cameleons, such that the K, of cameleon 3,
possessing the mutation E104Q, is 4.4 uM, and the K s of cameleon 4, having the
mutation E31Q, are 83 nM and 700 pM. By using these cameleons having different
K s, the measurement of [Ca®™] in ER and mitochondria becomes possible.
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Afterthe original report of cameleons, several improvements were carried out. One
of the improvements concerned the pH sensitivity of the original cameleons. Because
fluorescence of many GFP mutants is pH sensitive in such a way that the flucrescence
hecomes hrighter at higher pH, pH changes also affect the emission ratio of cameleon:
yellow cameleon (YC) is particularly pH sensitive (with a pK of 6.9 and a Hiil
coefficient of 1.0). This pH sensitivity was improved in YC2.1 (Miyawaki et al.,
1999), in which the pH-sensitive enhanced YFP (EYFP) was replaced by an EYFP
mutant having a reduced pH sensitivity (pK 6.1, Hill coefficient 0.9). Although this
EYFP mutant (EYFP V68L/Q69K) improved the pH sensitivity of YC, it became
poorly fluorescent at 37°C. To improve the folding efficiency of EYFP VO8L/Q69K,
Y(C2.12 (Nagai et al., 2002} was constructed where EYFP V68L/Q69K was replaced
with a fast-maturation mutant of EYFP known as “Venus’. The relative fluorescence
intensity at 37°C of Venus was about 30 timnes brighter than that of EYFP. Using
Venus, Ca™ signals from cameleon 2.12 were recorded from brain slices incubated for
only 4 hours after introduction of the ¢cDNA by a particle gun. In addition, Venus
revealed not only fast maturation, but also lower sensitivities to CI" {K, for Cl- >10"
mM) and pH (pK_ 6.0). To improve the pH sensitivity of YC, another EYFP mutant
Citrine (pK_5.7, see the camgaroos section below) was also used for the construction
of YC2.3 and YC3.3: these were more resistant to both pH and Cl- than YC2.1
(Griesbeck ef al., 2001).

Increasing the dynamic range of the fluorescence emission ratio represents another
important improvement of the Ca® probe, By using a fragment from calmodulin-
dependent kinase instead of the M13 peptide, the dynamic range of fluorescence
emission ratio of YC6.1 {Truong et al., 2001) becomes ¢. twice that of YC2.1 (at least
in vitro).

In addition, ‘Splir YC2.1" is another cameleon, which also has a large dynamic
range. Split YC2.1 is composed of two proteins, ECFP-calmodulin and M 13-EYFP
(Miyawaki er al., 1999). Without Ca™, these two molecules dissociate completely.
With Ca®, ECFP-calmodulin binds to MI3-EYFP, resukting in an increase of the
FRET efficiency. The dynamic range of Split YC2.1 is ~4 in vitro; however, it is
reduced to ~2.5 in vive, because of interactions with native calmodulin and the M13
peptide. Although distribution of cameleon was homogeneous in the cytosol, M13-
EYFP and ECFP-calmodulin of Splir YC2.1 distributed unevenly, and migration of
ECFP—almodulin was observed when [Ca™] increased.

Although both the BFP-GFP and the CFP-YFP pairs were first used for the
construction of cameleons, thus far it has been the ECFP-EYFP combination (for YO)
which has been the most extensively studied, since it is this pair which emits bright
fluorescence with the longer wavelength. Hence, several donor-acceptor GFP
combinations for YC are currently available (Table 1.2). Using the same strategy, red
cameleons were constructed (Mizuno et al., 2001), after red fluorescent proteins
(RFPs) had been cloned (Matz er al., 1999), In red cameleons, DsRed, which is an
RFP, is used as an acceptor and EYFP V68L/Q69K (YRC2), ECFP (CRC2) or
Sapphire (SapRC2) is used as a donor. Although these cameleons have K s for Ca** of
0.2-0.4 uM due to the intact caimodulin, SapRC2 seems to be more useful than the
other two cameleons. Because DsRed has a broad absorption spectrum, excitation
light at wavelengths of approximately 440 nm (for CRC2) or 488 nm (for YRC2) both
excited DsRed to some extent. By contrast, light at approximately 400 nm, which
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Table 1.2.  Characteristics of geneticatly enceded Ca® probes

Probe Probe name GFP used Excitation and K, and {parentheses) References
emission Hill coefficient
wavelength  values for Ca™
(nm)
Aequorin - Aeguorin - — 460 13 M Kendall, 1992
aequorin-119 — — 460 260 pM Kendall, 1992
GFP-
aequorin GSA EGFP - 509 13 e Baubet, 2000

Cameleon cameleon 1  BFP-GFP® 370, 440/510 70 nM (1.8), 11 uM (1.0) Miyawaki, 1997
cameleon 2 EBFP-EGFP  370; 440/510 70 nM (1.8), 1T uM (1.0} Miyawaki, 1997

cameleon3 EBFP-EGFP  370; 440/510 4.4 pM (0.76) Miyawaki, {997
cameleond EBFP-EGFP  370; 440/510 83 nM (1.5), 700 uM (0.87) Miyawaki, 1997
YC2 ECFP-EYFP  440;480/535 700M (1.8), 11 uM (1.0} Miyawaki, 1997
YC2.1 ECFP-EYFP  440; 480/535 100 nM {1.8), 4.3 uM {0.6) Miyawaki, 1999
YC3.1 ECFP-EYFP 440, 480/535 15 uM (L. Miyawaki, 1999
Y212 ECFP-Venus  440; 480/533 (00 oM (1.8), 4.3 uM (0.63¢  Nagai, 2002
YC2.3 ECFP-Citrine  440; 476/528 100 nM (1.8}, 4.3 uM (0.6)° Griesbeck, 2001
YC33 ECFP-Citrine  440; 476/528 1.5 pM {1.1)¢ Griesbeck, 2001
Y61 ECFP-EYFP  440; 48(/535 110 nM Trueng, 2001
YRC2 EYFP-RFP 480; 535/565 0.2-0.4 pM Mizuno, 2001
CRCZ2 ECFP-RFP 440; 480/565  0.2-0.4 uM Mizuno, 2001
SapRC2 Sapphire-RFP  400; 510/565 0.2-04 pM Mizuno, 2001
FIP FIP-CB,,,  BGFP-RGFP 380; 440/505 1.5 uM (3.9) Romoser, 1997
FiP-CA, BGFP-RGFP  380; 440/505 100 =M {1.8) Persechini, 1997
FIP-CA, BGFP-RGFP  380; 440/505 280 nM (2.1} Persechini, 1997
Campgaroc camgaroo-1 EYFP® 480: 515 7 uM Baird, 1999
camgaroo-2  Citrine 516; 529 33 pM {12y Griesbeck, 2001
G-CaMP  G-CaMP EGFP* 488; 509 235nM (3.3) Nakai, 2001
Pericam  flash-pericam EYFP® 490; 514 0.7 uM (0.7} Nagai, 2001
inverse-
pericam EYFP 490; 514 0.2uM (1.0 Nagat, 2001
ratiometric-
pericam EYFP 418/494; 514 1.7 pM (1.1) Nagazi, 2001

A, was eslimated from asquorin.

“Fhese probes are poorly expressed at 37°C.

& and Hill coefficient were estimated from YC2.1.
47 and Hilt coefficient were estimated from YC3.1.

most effectively excites Sapphire, does rot excite DsRed. Moreover, SapRC?2, which
uses a Sapphire-DsRed pair, is pH resistant, because both Sapphire (pK, 5.5} and
DsRed are pH resistant (Miyawaki and Tsien, 2000).

FIPS

FIPs are another type of FRET probe. These probes also use two GFP variants, which
have different colours. FIPs are excited at 380 nm light, and fluorescence is observed
at 440 nm and 505 nm. In contrast to cameleon, there is only the M13 peptide
connected between the two GFP variants (Figure 1.4a,b). One of the probes, FIP-
CB,,, (Figure 1.4a), does not have calmodulin (Romoser ez al., 1997). Hence, it uses
native calmodulin in the cytosol. On the other hand, FIP-CA, and FIP-CA, (Figure
1.4b) have a modified calmodulin at the C-termini of the probes (Persechini er al.,
1997). Whether or not they have calmodulin in their molecules, they use calmodulin—
M13 interaction for detection of Ca™. When calmodulin binds to the M13 peptide, the
distance between two GFP molecules becomes longer so that the FRET efficiency



Probing calcium ions with biosensors Bi

(b)
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Figure 1.4, Schematic mechanisms of FIPs. FIPs are ancther FRET probe. Like cameleons, they also
have two GFP variants with different colours (BGFP and RGFP), and use the interaction betweea the M13
peptide and calmedulin for Ca’* detection. Two GFPs are connected with only the M13 peptide. There are
two types of FIPs that have been constructed. One of the probes (FIP-CB_, ) does not include calmodulin,
so that It interacts with aative calmodulin inside cells (). By contrast, the other probes (FIP-AC, and FIP-
CA,) have a modified calmodulin molecule at the C-termini of the probes (b). Without Ca™, FIPs are excited
by 380 nm light and emit 505 nm light due to FRET. Whether calmodulin is included in the probes or not,
binding of Ca* to calmodulin makes the Ca**—calmoduiin complex interact with the M 13 peptide, resulting
in an increase of the distance between two GFPs. This decreases FRET efficiency, and FIPs emit 440 nm
light. These processes are reversible.

decreases, resulting in decrease of the fluorescence ratio F,/F, . FIP-CA hasa K,
for Ca* of 100 nM and FIP-CA,, in which point mutations have been introduced at a
Ca™ binding site, has K, of 280 nM. From stopped-flow experiments, the dissociation
kinetics of FIPs have been shown to be biphasic. and the & values for FIP-CA | and
FIP-CA, (saturated by Ca™) have been showntobe 0.63 and 7.6 s and 1.4 and 34.4
s\, respectively. Association kinetics are also biphasic: the rate-limiting fluorescent

transitions appear to be much slower than 50 s (Persechini et al., 1997). The pH
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dependence of FIP-CA, and FIP-CA, was tested over the pH range from 6.5 to 7.4.
Fluorescence ratio changes induced by changing pH are mostly observed at low Ca?
concentrations. Although pH affects the flucrescence ratios of the probes, the K s for
Ca™ are not significantly affected (Persechini er al., 1997). The Cl- sensitivity of FIPs
has not yet been reported.

Advantages of cameleons and FIPs

1) The fluorescence is much brighter than that from single-chromophore Ca** probes.
2) Ratiometric measurement allows us to estimate [Ca® ] imore accurately than single-
wavelength measarement.

Disadvantages of cameleons and FIPs

1) Fluorescent ratio changes of the FRET probes are relatively sinaller than those for
the single-chromophore Ca’* probes. However, new probes such as YC6.1 have large
fluorescence ratio changes. 2} FRET probes use two GFPs (for example, CFP and
YFP). By contrast, the single-chromophore probes use only one GFP. Therefore,
more probes can be used in cells simultaneously by using the single-chromophore
approach. 3) Some of the probes have pH and/or Cl- sensitivities.

CAMGAROOS

Camgaroo-1 is the first Ca™ probe to be developed which is compesed of a single
chromophore (YFP), GFP has a chromophore surrounded by 11 [ strands which
create a B-can structure. Instead of connecting caimodulin to the N- or C-terminus of
YFP, in camgaroo-1, calmedulin is inserted into the amine-acid sequence that resides
in the B-can structure of EYFP {Figure 1.5). The mechanism of this type of Ca2* probe
is as foliows: the binding of Ca™ to calmodutin changes the conformation of the 8-can
structure of EYFP, which resuits in a shift from the non-fluorescent to the fluorescent
chromophore form. Hence, camgaroo-1 is a single-wavelength Ca® probe, which is
excited by light at approximately 490 nm, and which emits fluorescence at approxi-
mately 530 nm. The most attractive feature of this probe is the size of the maximum
fluorescence enhancement (~7-fold), which is much larger than that of FRET-type
Ca’ probes {only ~2—4-fold). Because camgaroo-1 does not have a calmodulin-
binding peptide, such as the M13 peptide, in the molecule, the apparent molar
dissociation constant K for Ca™ is rather mild (7 uM), and its Hill coefficient is 1.6.
Interestingly, pH dependence of camgaroo-1 is different from that of the parental
EYFP V68L/Q69K. Its pK_ is shifted from 6.1 to 8.9, or 10.1 in the presence or
absence of Ca™, respectively.

There is no doubt that the development of camgaroo-1 represented a big step for
making biosensors. Unfortunately, camgaroo-1 (Baird er al., 1999), which uses
EYFP V6BL/QA9K, is poorly expressed at 37°C, and cannot be targeted to organelles
such as mitochondria. In addition, circularly permutated EYFP V63L/Q69K
becomes fluorescent only at 20°C or below. To improve on these problems, random
mutations of camgaroo-1 were performed, and camgaroo-2 {Griesbeck er af., 2001)
was found, with a K, of 5.3 uM, a Hill coefficient of 1.24, and a fluorescent
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Figure 1.5, Schematic model of camgarcos. Camgaroos are single-chromophore probes based on EYFP,
and incorporate calmodulin, which is cennected to the outer shell of EYFP (-can) instead of the N-or C-
terminus of EYFP. Whea Ca™ bind to calmodulin, a conformation change of Ca*-—<calmodulin induces a
subsequent conformation change of YFP, resulting in fluorescence increase. These processes are reversible.

enhancement of ~7-fold. Citrire, which was a YFP variant found in camgaroo-2, had
one additional mutation (Q69M} into EYFP V68L/Q69K. With this mutation,
excitation and emission peaks of Citrine did not change much (816 nm and 529 nm,
respectively, which are comparable to those of other YFPs). Instead, Citrine, and
circularly permutated Citrine, became fluorescent at 37°C. The merits of Citrine are
not only the expression at 37°C, but also proper targeting of camgaroo-2 {o organelles
such as mitochondrial matrix. In addition, the pK of Citrine was shifted to the left
{5.7), and Citrine became less halide sensitive.

Advantages of camgaroos

1} Camgaroos produce large fluorescent changes. 2) Camgaroo-2 is stable at 37°C. 3)
Camgaroo-2 is less pH sensitive. 4) Camgaroo-2 is CI” resistant.

Disadvantage of canigaroos

Ca¥ sensitivities are mild (between ~5.3 and 7.0 uM). Therefore, they are not ideal for
measurement of sub-micromolar range concentrations of Ca™.

G-CAMP

G-CaMP (Nakai ef al., 2001) is another single-chromophore Ca** probe. This was the
first Ca™ probe in which a single, circularly permutated enhanced GFP (cpEGFP) was
used. In this probe, calmodulin and the M13 peptide from myosin light chain kinase
are connected to the new N- and the C-terminal ends of cpEGFEP (Figure 1.6). Circular
permutation of GFP does not change the fluorescence spectra of GFP. So, G-CaMP
has excitation and emission peaks at 488 nm and 509 nm, respectively. The Ca®-
sensing mechanism of G-CaMP is similar to those of camgaroos, except that it uses
the M 13 peptide. Without Ca™, calimodulin and the M13 peptide are dissociated from
each other, and the chromophore emits a weak fluorescence. When Ca® ions bind to
calmodulin, Ca**—calmodulin produces conformation changes of the B-can structure
of cpEGFP, which make the chromophore more fluorescent by a factor of up to 4.5
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Linker

C

Figure 1.6.  Schematic model of G-CaMP and pericam. G-CaMP and pericam are single-chromophore
probes, which use circularly permutated GFPs (cpG¥FPs). The major difference of G-CaMP and pericam is
the colour. G-CaMP is based on EGFP, whereas pericam is based on EYFP. In cpGFPs, the origizal N-and
C-termini are connected with a short linker sequence. Both probes have the M13 peptide and calmoduiin
at the newly-made N- and C-termiai of the cpGFPs. Binding of Ca* to calmodulin makes the Ca~
calmadulin complex interact with the M13 peptide. This interaction changes the conformation of cpGFPs,
resuiting in changes of fluorescence intensity. These processes are reversible.

times. Hence, G-CaMP is a Ca’ probe for single-wavelength measurement. Ca®
sensitivity of G-CaMP is high enough for measurement of [Ca™] (K, for Ca™ is 235
nM). Because the Ca™ response curve of G-CaMP is steep (Hill coefficient is 3.3),
large fluorescent changes are expected at [Ca®] corresponding to the K. Although G-
CaMP does not have Cl- sensitivity, G-CaMP is pH sensitive; its pK, values are 7.1
and 8.1 with and without Ca’, respectively. Like EGFP, the fluorescence of G-CaMP
becomes brighter at high pH. In addition to pH sensitivity, fluorescence of G-CaMP
is temperature sensitive, and it is hardly fluorescent at 37°C. It becomes fluorescent at
tower temperature, such as ~28-30°C. When the incubation temperature is lowered
from 37 to 28°C, G-CaMP gradually becomes fluorescent. Once G-CaMP becomes
fluorescent at lower temperatuare, it maintains its fluorescence even at 37°C for at Jeast
24 hours.

Like other genetically encoded Ca’ probes, targeted G-CaMPs have also been
censtructed. Thus far, G-CaMPs targeted to the plasma membrane and nucleus have
become available. An example of the plasma-membrane-targeted G-CaMP expressed
in a human embryonic kidney (HEK) 293 cell is shown in Figure 1.7, The plasma-
membrane-targeted G-CaMP was specifically expressed to the plasma membrane
(Figure 1.7a), and it responded to the application of carbachol, which induced a Ca*
increase in the HEK 293 cell {Figure 1.75). Under the conditions close to the plasma
membrane, where calcium ion channels are expressed, fast [Ca™] changes can take
place. To assess whether the probe can respond to rapid [Ca™] change, the reaction
kinetics of G-CaMP was measured. The time constants for the association of Ca®*
were dependent on [Ca*']: they were found to be 2 ms at 1 uM [Ca®] and ~200 ms at
200 nM [Ca™]. The time constant for dissociation of Ca® was ~200 ms, and was found
to be independent of [Ca™].

Recently, an improved version of G-CaMP, called G-CaMP? .6, has been developed
(Ohkura er al., manuscript in preparation). This new probe includes mutations for
stabilizing protein folding, so that G-CaMP1.6 becomes approximately 40 times
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Figure 1.7, Expression of the plasma-membrane-targeted G-CaMP in 2 human embryonic kidney
(HEK) 293 ccll. Plasma-membrane-targeted G-CaMP was constructed by connecting the targeting signal
from nevromodulin to the N-terminus of G-CaMP. (a) The probe was specifically expressed to the ptasma
membrane. This image was taken by using a confocal microscope. Bar 4 um. (b) Fluorescence intensity
changes of the probe were recorded upon bath application of 100 M carbachol.

brighter than the original signal from G-CaMP. Although, unfortunately, G-CaMP1.6
is hardly fluorescent at 37°C, it rapidly becomes fluorescent at lower temperature,
such that fluorescence can be recognized within 10 minutes at room temperature.
Moreover, another new Ca* probe, which is based on CFP (therefore, it is called C-
CaMP), was recently developed (Figure 1.8) (Ohkura ¢t al., manuscript in preparation).
1t 15 fluorescent at 37°C, and emits blue light.

Advantages of G-CaMP

1) High sensitivity to Ca® and a steep Ca®™ response curve represent the major
advantages of this probe. 2) Fluorescent changes are large. 3) G-CaMP is Cl resistant.
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Figure1.8. Fluorescence responses recorded from a HeLa cell expressing C-CaMP, which is a Ca®* probe
based on a single CFP. Like inverse-pericam, C-CaMP is the inverse type Ca® probe, such that the
fluorescence signal becomes weaker upon Ca®* binding. This probe was stable at 37°C. 100 uM histamine
(His) and 5 pM joromyein (1), with and without 2 mM Ca®, were applied in the bath.

Disadvantages of G-CaMP

1) Fluorescence of G-CaMP is temperature sensitive. 2) G-CaMP is pH sensitive.
This pH sensitivity is slightly improved in G-CaMP1.6. 3) The original G-CaMP
emits low fluorescence. This was improved in G-CaMP1.6.

PERICAMS

Pericam (Nagai ef al., 2001} is also the single-chromophore Ca®* probe which is based
on YFP. The structure of pericam is almost the same as that of G-CaMP, which uses
calmodulin and the M13 peptide (Figure 1.6). Therefore, the molecular mechanism
for Ca’™ detection is almost the same as that of G-CaMP. The major difference in these
probes is the colour of GFP. Pericam is based on the YFP variant, EYFP V68L/Q69K,
while G-CaMP is based on EGFP. Three types of pericam have been developed; these
are flash-pericam, inverse-pericam, and ratiometric-pericam. Flash-pericam, of which
excitation and emission peaks are around 490 nm and 514 nim, respectively, becomes
brighter upon Ca™ binding (K, for Ca* 0.7 pM, Hill coefficient 0.7). By contrast.
inverse-pericam, which is excited at 490--503 nm light and emits 515 mmn fluores-
cence, becomes dimmer upon Ca** binding (K, for Ca™ 1.7 pM, Hill coefficient 1.1).
Both flash-pericam and inverse-pericam are Ca’ probes for single-wavelength-
measurement. Whilst ratiometric-pericam (K for Ca™ 0.2 uM, Hill coefficient 1.0) is
unique, such that it shifts the excitation peak from 415 nm to 495 nm upon Ca**
binding without a shift of its emission peak (al ~515 nm), so that the ratiometric-
pericam is a dual excitation ratiometric indicator. The maximum ratio change values
for these probes are the largest of all the single-chromophore probes (~7-10-fold).
Although inverse-pericam and ratiometric-pericain are stable at 37°C, flash-pericam
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is stable at 28-30°C. Like other single-chromophore probes, these pericams are pH
sensitive. Interestingly, the pH dependence of flash- and inverse-pericam are biphasic.
At high pH (>9--10), the fluorescent intensities of Ca**-bound flash- and inverse-
pericam become dimmer, suggesting the collapse of the B-can structure. Slight Cl-
sensitivities are also expected for pericams, since EYFP V68L/Q69K, used for the
construction of pericams, has been reported to have a slight CI™sensitivity (Griesbeck
et al., 2001). So far, ratiometric-pericams targeted to the nucieus and mitochondrial
matrix are available. Since ratiometric-pericam is a raliometric probe and has a large
maximum fluorescence enhancement, it will be a very useful tool for Ca™ measurement.

Advantages of pericams

1) Fluorescence changes are large. 2) Ratiometric-pericam allows us to estimate
[Ca®*] more accurately. 3} The cells expressing inverse-pericam are easily identified
due to the bright fluorescence in the resting condition.

Disadvantages of pericams

1) Pericams are pH sensitive. 2} Flash-pericam has temperature sensitivity and is only
poorly fluorescent at 37°C.

Commaon disadvantages of the fluorescence-group probes

13 It is possible that the functional domain such as calmodulin interacts with
intracellular molecules, and interferes with physiological functions. 2) Association
and dissociation kinetics of the fluorescence-group biosensors are not as fast as
those of Ca* indicator dyes. For example, the reaction kinetics of fura-2 yield a k  of
6.02 x 10° M's”' and a k(w. of 96.7 57! (Kao and Tsien, 1988) and the reaction kin-
etics of fluo-3 yieldak >10"M"s"andak between 550 and 200 5! (Eberhard and
Erne, 1989). By contrast, the k, and k_ vatues for cameleon have been reported to be
2.4 % 10° M's7 and 12.9 7', respectively. The rate constants for association of FiP-
CA, and FIP-CA, have been reported to be 151 and 1.3 s™' and 189 and 1.8 s
respectively, at 150uM CaCl,. The time constant for association of G-CaMP is 2 ms
{(at 1 pM) to >200 ms (at <200 nM), depending on [Ca™]. The time constant for
dissociation of G-CaMP is ~200 ms. 3) If they are expressed at high concentration,
they may have some toxicity as a Ca® buffer. 4) The excitation light source is
essential.

Choice of Ca* biosensors

Table 1.3 summarizes the advantages versus the disadvantages of the genetically
enceded Ca* probes. Probes within the chemiluminescence group have a very wide
dynamic range, as well as a high Ca*" sensitivity. Therefore, they are good for
measurement of both small and large Ca** changes. In addition, there is almost ro
photodamage, and almost no interaction with other molecules. Because incorporation
of coelenterazine into cells is more efficient at the tissue surface, the surface culture
system is ideal for these kinds of probes. On the other hand, probes within the
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Table 1.3, Advantages and disadvantages of genetically encoded Ca™ probes

Category Probe type Advantages Disadvantages
Chemiluminescence  Chemiluminescence 1) Wide dynamic range 1} Need reconstitution with
group and CRET probes (10710 M} 2) Stecp coelenterazine. The probes
Ca™ response curve 3) targeted to ER and
Low background signal mitochendria need

4) No requirement for an  additional reatment for
excitation light source 5) reconstitution 2) Weak

No photodamage 6) There  signal due to a low quantum
is no interaction between vield 3) Not ideal for long-

probes and intraceiiular time recording due to the
moelecuies consumption of acquorin
Fluorescence FRET probes 1) Bright fluorescence 2) 1) Fluorescent changes are
group Ratiometric measurement  relatively smal 2) Need
enables us more accurate two GFPs 3} Some probes
estimation of [Ca™] are pH andfor CI- sensitive
Single-chromophore 1) Big flucrescence 1) pH and/or CI” sensitive
probes changes 2) Some probes are poorly

fluorescent at 37°C

fluorescence group are good for long time-lapse measurements and organelle-
specific measurements, such as in ER or mitochondria. They are also ideal for in vivo
experiments. These probes have different Ca** sensitivities (as represented by the K,
and Hill coefficient). Therefore, choice depends on the particular experimental
condition ([Ca’™] and the size of the response). Phototoxicity by the excitation light,
and interaction with other molecules, may sometimes become a problem with these
types of probe.

Application of this technology

The most remarkable advantage of the genetically encoded Ca® probes is the
availability of tissue-specific and cell-type-specific expression of the probes.
Introducing Ca’™ probe cDNA into cells or animals can be performed by standard
methods such as transfection, microinjection, electroporation, virus infection, and
particle gun.

In addition, the genetically encoded Ca®* probes can be expressed in specific
organclles. Table 1.4 summarizes organelle-targeted probes which are currently
available. With the targeting sequence to the organelles, they can be expressed in the
nucleus, ER, mitochondria, Golgi, and plasma membrane. For such a purpose, Ca™
indicator dyes such as fura-2 are not ideal. Ca™ indicator dyes usually exist in the
cytosol, because the esterase activity, which cleaves acetoxy methyl group from the
indicators, is mainly in the cytosol.

Conclusien

In this review, we have described recent advances of the genetically encoded Ca*
probes. These probes are categorized into two groups; chemiluminescence probes,
and fluorescence probes. The choice of the probes depends on the experimental



Probing calcium ions with biosensors 19

Table 1.4. Targeted Ca™ probes

Probe Target

acquorin cytosol, nucleus, ER. plasma membrane, Golgh, mitochondria (matrix,
outer membrane, intermembrane space)

GFP-aequorin cytosol, synaptic terminal {plasma membrane)

cameleon cylosel, nucleus. ER, mitochondria (matrix)

FIP cytesol

Camgaron cytosol, mitechondria (matrix)

G-CaMP cytosol, nucleus. plasma membrane

pericam cytosol, nucleus, mitochondria (matrix)

situation. The main advantage of these probes is the cell-type-specific and organelle-
specific expression. Therefore, the probes have great potential for transgenic systems.

There are still several remaining drawbacks, such as reconstitution with
coelenterazine, weak signal, temperature sensitivity. pH and CI- sensitivities, or slow
reaction kinetics, It is expected that seme of these drawbacks of the current probes
will be improved shortly.

In addition to GFP and RFP, many other fluorescent proteins have been cloned
from marine organisms, Using these new fluorescent proteins, new Ca®* probes will
be constructed. With those probes, which have different colours, mulii-colour recording
with the Ca™ probe and other biosensors, such as the cAMP probe, will become
possible in the near future.
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