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Cellular signaling networks are composed of multiple pathways, often interconnected, that form complex networks with great potential for cross-talk. Signal decoding depends on the nature of the message as well as its
amplitude, temporal pattern, and spatial distribution. In addition, the existence of membrane-bound organelles,
which are both targets and generators of messages, add further complexity to the system. The availability of
sensors that can localize to specific compartments in live cells and monitor their targets with high spatial and
temporal resolution is thus crucial for a better understanding of cell pathophysiology. For this reason, over the
last four decades, a variety of strategies have been developed, not only to generate novel and more sensitive
probes for ions, metabolites, and enzymatic activity, but also to selectively deliver these sensors to specific intracellular compartments. In this review, we summarize the principles that have been used to target organic or
protein sensors to different cellular compartments and their application to cellular signaling.
Introduction

A unique characteristic of eukaryotes is the presence
of membrane-enclosed compartments that isolate the
content within their lumen from the rest of the cell
and whose membranes have a high concentration of
enzymes or structural proteins that are specific to the
function of each compartment. The majority of genetic material in eukaryotic cells is contained in the
nucleus, whereas oxidative phosphorylation occurs
within mitochondria, and the synthesis and posttranslational modification of membrane proteins or secretory products are performed in the ER, Golgi apparatus
(GA), and secretory vesicles. This subcellular heterogeneity relies on both the physical barrier created by
internal membranes and the specific localization/accumulation of proteins in distinct subcellular sites. For
example, in polarized epithelia, specific transport proteins can be found exclusively in the apical or basolateral membranes, thus ensuring vectorial transport
between the lumen and interstice (Mellman and Nelson, 2008). Similarly, signaling events (second messengers, protein phosphorylation, etc.) may occur in
specific subcellular compartments, thus creating functionally distinct micro- or macrodomains (Akiyama
and Kamiguchi, 2015).
For decades, the existence of spatially confined signaling units was supported mostly by theoretical and
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indirect experimental evidence. However, the development of sensors able to measure the dynamic changes
of molecules as different as ions, metabolites, and modified proteins in living cells dramatically increased our
understanding of cell pathophysiology. In addition,
these constructs have been targeted to various subcellular compartments, enabling the direct measure of spatially defined actions within living cells in real time.
Here, we review the principles underlying how organic
and protein sensors are targeted to different cellular
compartments. The purpose of this contribution is not
to provide a detailed description of all available sensors
or even those selectively localized to subcellular compartments. Rather, we aim to critically describe the general features of sensors used in living cells and the
principles of their selective localization to specific organelles or cellular regions. We highlight advantages
and drawbacks in the application of each strategy, and
by focusing on second messenger sensors, we discuss
some of the most unexpected findings of organelle-targeted sensors in the fields of Ca2+ and cAMP signaling.
General characteristics of intracellular sensors

A “typical” intracellular sensor is a molecule whose
physicochemical characteristics are modified by direct
binding of a ligand (e.g., an ion). The term sensor, however, can be applied to other molecules that only change
their location in the cell (e.g., translocate from cytosol
to the plasma membrane [PM]), are accumulated/released in/from a specific compartment (e.g., membrane potential–dependent accumulation), or undergo
a conformational change caused by a covalent modifica© 2017 Pendin et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under
a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 International
license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).
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tion triggered by the event investigated (e.g., cysteine
oxidation by H2O2 or phosphorylation by an activated
kinase). In all cases, the sensor properties (usually its
fluorescence intensity/spectrum or localization) monitored in living cells can provide a measure of the observed phenomena. In most cases, these changes are
reversible. As discussed in more detail below in this section, sensors can be chemically synthesized (organic
dyes) or be protein in nature (genetically encoded indicators [GEIs]).
Biosensors could be divided into four main classes:
biosensors based on modifications in the spectral properties or quantum yield of the chromophore (class I)
upon changes in ligand concentration, Förster resonance energy transfer (FRET)–based biosensors (class
II), biosensors based on translocation/accumulation of
fluorophores (class III), and nonfluorescent biosensors (class IV).
In the first class of probes, binding of the ligand results in a change of the sensor molecule itself that in
turn causes a modification of its excitation and/or emission intensity/spectrum (or both). The changes in the
indicator can be both conformational (usually in protein-based sensors) or in electronic distribution (commonly in organic dyes). This class I of sensors can be
further subdivided in two subgroups depending on
whether the chromophore spectral properties and/or
quantum yield modifications are achieved directly by
ligand binding, e.g., protonation/deprotonation (class
Ia), or indirectly (class Ib), thanks to the insertion in
the probe sequence of a sensing domain and its conformational change. The first subgroup includes mainly
probes sensitive to H+, where functional groups in organic dyes or mutated amino acids, in GFP mutants of
GEI, are sensitive to environmental pH. The second
subgroup of the first class includes many probes for ions
(i.e., Ca2+, Mg2+, K+, Na+, heavy metals, and Cl−). Generally, in this subtype, when the ion binds to the grafted
sensing domain, it induces a conformational change of
this domain that in turn causes modifications in spectral properties and/or in the quantum yield of the chromophore. Similarly to class Ia, chromophore property
modifications are caused by change in its protonation
state or in its electronic distribution. Unique cases are
represented by sensors, whose fluorescence changes are
induced not by ligand binding but by bond modification, e.g., oxidation of key cysteines in the sensor domain (for instance, H2O2 sensor [Lukyanov and
Belousov, 2014]), by the reorientation of the chromophore in the membrane plane (e.g., some membrane
potential dyes [St-Pierre et al., 2014]), or by a conformational change caused by membrane potential modifications (e.g., FlaSh [Siegel and Isacoff, 1997]). In
organic dyes, the sensing domain is covalently bounded
to the chromophore, whereas in GEIs, the “ligand-binding domain” can be inserted within or at the N/C ter2

mini of the fluorescent protein (FP) sequence, thanks
to the ability of FPs to tolerate the insertion of entire
proteins within their sequence (Baird et al., 1999). With
few exceptions (e.g., Camgaroo [Baird et al., 1999]),
GEIs that belongs to this second subclass have been
mainly generated exploiting circularly permuted FPs,
based on the idea that circular permutation makes the
fluorophore more accessible to protons and so more
susceptible to structural changes induced by conformational changes of the sensing domain.
Among this first class of fluorescent indicators, “intensity-based” and ratiometric sensors have been developed: upon changes in the ligand concentration, an
increase/decrease of fluorescence intensity is observed
in the first type (e.g., Fluo-4), whereas a shift of the excitation and/or emission peaks (e.g., Fura2, ratiometric
pHluorin) is detected in the second. The latter class has
important advantages over their single wavelength
counterparts: they can be more easily calibrated (e.g.,
independently of heterogeneity in dye loading, photobleaching, or dye leakage), and they can also correct for
changes in focal plane or movement artifacts.
Finally, among this first class of sensors, a specific case
is represented by chemiluminescence. In chemiluminescence, binding of the ligand to the chromophore
causes an intramolecular reaction in which the cofactor
(e.g., coelenterazine in the case of aequorin) is oxidized, leading to photon emission. The rate of photon
emission is proportional to the amount of bound ligand.
The second group of sensors takes advantage of another strategy, i.e., the change in FRET status between
two fluorescent molecules (most commonly two GFP
mutants) that are covalently linked to the sensing domain or domains. In these sensors, ligand binding or
their covalent modification (e.g., phosphorylation)
does not change the fluorescence characteristics of the
two chromophores, but rather their distance and/or
orientation and thus FRET efficiency. In living cells,
FRET modifications are usually expressed as changes in
the ratio between the intensity of the light emitted by
the donor and by the acceptor chromophore (upon excitation of the donor), and accordingly, these sensors
are intrinsically ratiometric. In a few cases, the efficiency
of FRET and its changes is monitored through the measurement of the lifetime of the acceptor or donor molecule using fluorescence lifetime imaging microscopy
(FLIM; see conclusion paragraph). FRET sensors can
be further divided in two subgroups: (1) intermolecular
FRET sensors, in which association and dissociation between two different proteins, one labeled with the
donor and the other with the acceptor fluorophore,
modulate the FRET signal (e.g., sensors for cAMP,
PKCa, and Rac1; reviewed in Miyawaki and Tsien
[2000]); (2) intramolecular FRET sensors, in which
donor and acceptor FPs are connected by a linker peptide that, upon ligand binding (or covalent modificaExploring cells with targeted biosensors | Pendin et al.

tions such as phosphorylation), undergoes a
conformational change, causing a change in FRET efficiency. The latter case presents the advantage that the
stoichiometry of fluorophores is intrinsic to the sensor’s
primary structure, whereas in intermolecular FRET, the
relative amount of each fluorescent molecule depends
on the efficiency of cotransfection/coexpression of
each part of the sensor. A variety of FRET-based sensors
capable of reporting changes in many different cellular
parameters (Ca2+ [Miyawaki et al., 1997], Zn2+ [Lindenburg et al., 2013a], Cl− [Kuner and Augustine, 2000],
Mg2+ [Lindenburg et al., 2013b], pH [Li and Tsien,
2012], pyruvate [San Martín et al., 2014], lactate [San
Martín et al., 2013], glutamate [Barros et al., 2013],
cAMP [reviewed in Paramonov et al., 2015], cGMP
[Russwurm et al., 2007], ATP [Berg et al., 2009; Tantama et al., 2013], reactive oxygen species [ROS; reviewed in Wang et al., 2013], InsP3 [Remus et al., 2006],
conformational changes in G proteins [Clister et al.,
2015], PKA activity [reviewed in Depry and Zhang,
2011], Ras and ERK activation [Harvey et al., 2008;
Komatsu et al., 2011], protein phosphorylation [Oldach and Zhang, 2014], etc.) have been generated in the
last two decades. For extensive recent reviews on this
topic, see Hochreiter et al. (2015), Mohsin et al. (2015),
and Germond et al. (2016). In a special case of resonance energy transfer termed bioluminescence resonance energy transfer (BRET), the donor chromophore
is a chemiluminescent protein, luciferase (or one of its
variants), and the acceptor is a YFP. The relatively low
intensity of BRET signals is an important limitation in
single cell analysis (for review see Salahpour et al.
[2012] and De et al. [2013]).
Recently, attempts have been made to exploit photoswitchable FPs (PSFPs) in class I and II FP-based biosensors. Specific wavelength irradiation induces a
change in the spectral properties of PSFPs that can be
reversible or irreversible, allowing signal visualization
with high spatial and temporal resolution. PSFPs can be
classified as photoactivatable (PA), if they increase in
their emission intensity upon stimulation, and photoconvertible (PC), if they change their emission spectrum upon irradiation. The possibility to activate/
convert a small subset of molecules makes PSFPs a very
interesting and innovative tool not only in the field of
super-resolution imaging, but also in pulse-chase experiments, organelle tracking, and the study of protein–
protein interaction (reviewed in Adam et al. [2014]).
Several PC Ca2+ sensors have been recently generated
(Hoi et al., 2013; Ai et al., 2015; Berlin et al., 2015). An
original application of PSFPs is a “calcium (Ca2+) integrator” sensor named “CaMPARI”; this construct undergoes an irreversible green to red conversion when UV
irradiated in the presence of an elevated intracellular
[Ca2+], allowing the identification of active cells (i.e.,
cells that undergo large increases in [Ca2+] in a given
JGP Vol. 149, No. 1

period of time) in vivo (Fosque et al., 2015). PSFPs have
also been used in FRET-based approaches such as of the
PA-TNXL construct, a modified Ca2+ sensor where the
donor is a PA-GFP and the acceptor a FRET quencher
(a dim variant of YFP; Matsuda et al., 2013). Interestingly, photoactivation can be achieved also with organic
dyes, using caging groups able to change their fluorescence characteristics. Based on this principle, a class of
membrane potential sensors called SPOTs (small-molecule PA optical sensors of membrane potential) was recently developed, combining classical voltage-sensitive
dyes with a caging group that allows the sensor to fluoresce only after UV irradiation (Grenier et al., 2015).
Despite their interesting features, PS-GEIs suffer from
some drawbacks: often their fluorescence is very dim
before photoactivation, making difficult the identification of expressing cells, particularly in vivo; they often
require UV irradiation to be photoactivated/converted;
green to red conversion covers an emission spectrum
that prevents or makes difficult two-color imaging.
Sensors belonging to class I and II that combine organic dyes and a genetically encoded protein (or peptide) have also been developed. For example, (a) the
tetracysteine/biarsenical system and its variants (FlAsH
and ReAsH), based on high-affinity interactions between trivalent arsenic compounds and a short peptide
sequence containing pairs of closely spaced thiols (Griffin et al., 1998); (b) fluorogen-activating proteins
(FAPs) derived from single-chain antibodies able to
bind an organic dye (Szent-Gyorgyi et al., 2008); (c)
SNAP-tag, Halo-tag, and CLIP-tag composed of a small
protein (such as hAGT and halogen dehalogenase) that
mediates the covalent binding between the genetically
encoded target and the fluorophore (Griffin et al.,
1998; Damoiseaux et al., 2001; Zhang et al., 2006;
Gautier et al., 2008). The use of these approaches to
detect physiological phenomena is still limited (i.e., G
protein–coupled receptor activation [Hoffmann et al.,
2005] and Ca2+ signaling [Bannwarth et al., 2009; Kamiya and Johnsson, 2010]).
A third class of sensors takes advantage of the translocation/accumulation of the probes between cellular
compartments. Thus, membrane potential–sensitive
probes accumulate within (or are excluded from) the
cytosol or mitochondria depending on the membrane
potential across their membranes (Nicholls, 2012);
weak bases accumulate within acidic organelles, driven
by ΔpH (Han and Burgess, 2010). Along the same lines,
FPs can translocate between two cellular compartments,
depending on the concentration of second messengers:
for example, isoforms of GFP-tagged protein kinase C
(or GFP-tagged domains from this enzyme) can translocate from the cytosol to the PM upon increases in diacylglycerol (DG) levels at the PM. A sensor based on this
principle was developed to monitor the increase in PM
of PIP3, by fusing a PIP3-binding domain to GFP (re3

viewed in Tavaré et al. [2001]). These “translocating
sensors” are generally used for qualitative measures as
their use for gaining quantitative information is difficult. More sensors of this type will be described below in
Targeting organic sensors to subcellular compartments
(PM and Mitochondrial matrix sections).
A fourth group of sensors does not take advantage of
changes in light absorption/emission to monitor
changes in the local environment. Examples include
(a) Ca2+ or Zn2+ sensors that change the NMR spectrum
upon ion binding (Smith et al., 1983); (b) the local
cAMP levels can be measured by the intensity of the cationic current activated in cells expressing (endogenously or upon transfection) cAMP-activated channels
(Rich et al., 2015); (c) similarly, local Ca2+ levels have
been monitored by measuring the ion current through
Ca2+-activated K+ or Cl− channels (Maruyama et al.,
1983; Osipchuk et al., 1990).
A schematic overview of fluorescent biosensors classes
and their sensing mechanism is presented in Fig. 1.
Finally, although strictly speaking not intracellular
sensors, important key cellular events can be measured
with some special biological sensors. One example is
the release of neurotransmitters into the extracellular
medium that can be measured by a patch pipette (in
the outside-in configuration; sniffer-patch) obtained
by removing a piece of PM from cells expressing a specific ligand-activated channel (Allen, 1997); in this
case, the current is activated in the patch by the molecule (e.g., acetylcholine) released in its proximity.
Similarly, sentinel cells (i.e., cells expressing a specific
receptor sensitive to a secreted signal), can be used to
monitor exocytosis. The changes (e.g., ion current,
[Ca2+]) in the sentinel cell reveal the release of the
molecule of interest (e.g., ATP [Hazama et al., 1998],
BDNF [Nakajima et al., 2008], acetylcholine [Nguyen
et al., 2010], glutamate, and GABA [Pasti et al., 2001;
Christensen et al., 2014]) in its surroundings. The
reader interested in this last group of sensors should
consult the cited references for more details, as they
will not be discussed further here.
Given the abundance of biosensors available, users
should carefully evaluate their biophysical properties to
select the probes that better match the experimental
needs. The most important parameters that should be
considered in the sensors selection are (a) the signal to
noise ratio that accounts for the ability of an indicator
to report changes in fluorescence caused by ligand
binding over the fluctuations registered by autofluorescence; (b) for two-color imaging applications, the spectral properties of the sensors should be analyzed to
avoid fluorophore cross-talk or bleed through; (c) for
in vivo experiments, red-shifted excitation wavelengths
are preferred because of their deep penetrance in the
tissue; (d) for optogenetic experiments, the sensor excitation/emission wavelength shouldn’t overlap with the
4

photostimulation wavelength of the used optogenetic
tools; (e) the dynamic range, which is the ratio between
the minimal and maximal values a sensor can detect; (f)
sensor kinetic properties, which indicate the rate of ligand binding/unbinding to the sensors defining the
ability or inability of a sensor to report fast kinetics; (g)
selectivity for the ligand, i.e., the specificity of binding
of the ligand over other molecules; (h) sensor affinity
for the ligand (Kd). As to the last parameter, although
for most sensors their ligand affinity in vitro is available,
it needs stressing that the environment in situ may significantly affect their Kd and thus any quantitative analy
sis in living cells. This problem applies to any sensor,
and in particular to targeted sensors that localize within
subcellular niches whose environment can be grossly
different in terms of pH, viscosity, heavy metal concentration, and binding to local proteins. Last, but not
least, addition of a targeting peptide may in and of itself
affect the properties of the sensor. An accurate measurement of the sensor Kd in situ is therefore essential if
any quantitative estimate is necessary. As mentioned
above, ratiometric sensors are more easily calibrated
than probes that only change signal intensity. In the latter case, the information is generally qualitative and
not quantitative.
Although initially sensors were designed to stay in
the cytosol, it was soon realized that the spatial complexity of eukaryotic cells and the presence of membrane-bound organelles required the development of
efficient strategies for selective sensor targeting. To this
end, two different strategies have been pursued, the
first exploiting organelle-specific features to target organic dyes, the second using targeting sequences extracted from native proteins specifically localized in the
compartment of interest. Plenty of excellent reviews on
FPs, ion or redox sensors, and the information obtained through their use on key physiological processes
have been published in recent years. This review is focused on the strategies adopted to target the different
sensors (organic dyes or GEIs) to specific intracellular
locations and the major advantages and pitfalls of each
approach. The basic information on the mechanisms
of selective protein targeting to different organelles are
also briefly summarized. Finally, we discuss some of the
most important information (in our biased opinion)
obtained with the use of targeted sensors in the field of
localized Ca2+ and cAMP signaling.
We apologize in advance to those colleagues whose
key contributions are not cited; given manuscript length
constraints and the enormous amount of literature
available, this is an unavoidable corollary.
Targeting organic sensors to subcellular compartments

Organic dyes are low–molecular weight dyes, and different strategies have been used to selectively target
them to cellular compartments. We here limit ourExploring cells with targeted biosensors | Pendin et al.

Figure 1. Fluorescent sensors classes. Class I: Ligand-binding sensors. This first class accounts for probes in which the binding of
the ligand results in changes of the physicochemical properties of the sensor such as: (A) FPs that intrinsically respond to a parameter
of interest, e.g., pH probes; (B) FPs, in which the binding domain is inserted in the sequence of an FP; (C) intramolecular reaction, as
in chemiluminescence, where binding of the ligand causes the oxidation of the cofactor and photon emission. Class II: FRET-based
JGP Vol. 149, No. 1
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selves to briefly discuss the basic principles used for
selective targeting and the most commonly used sensors for each compartment. In Table 1, the main strategies used to target organic dyes to different organelles
are summarized.
Mitochondrial matrix.The use of acetoxymethyl (AM)
esters to efficiently and easily trap fluorescent Ca2+ indicators within living cells (Tsien, 1981; Tsien et al., 1982)
has revolutionized our understanding of cellular Ca2+
homeostasis, and it is still the most popular method to
study Ca2+ signaling. The AM esters were intended to
allow the trapping of the hydrolyzed dye exclusively in
the cytosol of living cells as the concentration of the esterases capable of hydrolyzing the AM groups (thus preventing the release of the probe into the medium) were
found to be maximally concentrated in the cytosol.
From the beginning, however, it was observed that, at
least in part, the hydrolyzed dye was also contained
within other intracellular compartments. This extracytosolic localization is variable, often unpredictable,
and not organelle specific. The first AM ester designed
to be selectively targeted to a cellular subcompartment
is Rhod-2 (Fig. 2 A; Minta et al., 1989; Hajnóczky et al.,
1995). Rhod-2 localization in the mitochondrial matrix
depends on the delocalized positive charge that permits
a strong accumulation of the dye, driven by the very
negative potential across the inner mitochondrial membrane (IMM). It is still unclear whether the AM hydrolysis depends on the alkaline pH of the matrix (which
favors the spontaneous cleavage of the ester bond)
and/or on the existence of esterases inside mitochondria.
All other strategies developed to get dye accumulation into mitochondria take advantage of the high potential across the IMM (Yousif et al., 2009). Conjugation
to lipophilic cations such as triphenylphosphonium
(TPP) has been used and represents a valid strategy to
obtain a (relatively) specific mitochondrial targeting
(see examples of sensors for Zn2+ [Masanta et al., 2011;
Sreenath et al., 2011; Liu et al., 2012b; Chyan et al.,
2014], thiols [Lim et al., 2011], H2O2 [Dickinson and
Chang, 2008], pH [Sarkar et al., 2016], and superoxide
[Robinson et al., 2006]). Lipophilic fluorescent dyes
endowed with a delocalized positive charge have been
developed since the ‘70s to monitor mitochondrial
membrane potential in isolated organelles and live cells
(TMRM, TMRE, Rhodamine 123, JC-1; reviewed in
Nicholls [2012]). Accumulation of the dyes within the

matrix results in fluorescence quenching or metachromatic shifts that are somehow proportional to the mitochondrial membrane potential (see Nicholls [2012] for
more details). It should be mentioned that, when used
in intact live cells, the accumulation in the matrix of
membrane potential–sensitive dyes also depends on the
PM potential and on the efficacy of their extrusion into
the extracellular milieu by the multi-drug resistance
proteins. Accordingly, the quantification in absolute
terms of mitochondrial membrane potential as well as a
comparison among different cells is very hard to
achieve. An example of TMRM application is provided in Fig. 2 C.
Another approach proposed to target small molecules to the mitochondrial matrix is the conjugation via
a mitochondria-targeting peptide (for a recent example
see Si et al. [2015]).
Endo-SR.When added as AM esters, Ca2+ indicators are

often also trapped in the ER lumen, likely depending
on the presence in the lumen of esterases that cleave
the AM groups. For this reason, AM esters of low-affinity
Ca2+ indicators (Mag-Fura-2, Mag-Fluo-4, Fluo-5 N, MagIndo 1, and Fluo-4FF) have been used to measure [Ca2+]
changes within the ER lumen. In general, however, the
amount of dye trapped in the ER is much less than that
in the cytosol, and it is thus of no practical use. For this
reason, cell permeabilization is often required to ensure the dye release from the cytosol and thus to record
the fluorescence signal emitted only by the ER. An example of Mag-Fura2 application, in permeabilized cells,
is provided in Fig. 2 D. Different approaches have been
used to maximize ER trapping and/or reducing the cytosolic dye. The interested reader is referred to specific
papers for experimental details (see for example Hofer
et al. [1998] and Landolfi et al. [1998]; and for a review
see Landolfi et al. [1998]). One notable exception is
the transfection of cells with ER-targeted esterases (Rehberg et al., 2008). Although elegant, this approach has
not been used by many groups.
The aforementioned dyes and in particular non-ratiometric dyes are unsuitable to quantitatively evaluate
Ca2+ in the SR, the specialized ER of skeletal and cardiac muscles. The contraction of the muscle and the
unique architecture of this organelle requires the employment of ratiometric dyes. To overcome some of
these problems, an interesting approach, called SEER
(shifted excitation and emission ratioing), has been de-

sensors. Includes probes where ligand binding changes the FRET efficiency between the two chromophores. They are subdivided
into (A) intermolecular FRET sensors; (B) intramolecular FRET sensors; and (C) BRET, the donor chromophore is a chemiluminescent
protein and the acceptor is an FP. Class III: Translocation- or accumulation-based biosensors. (A) Translocation probe: the GFP-PKC
example. The GFP-tagged protein kinase C accumulates at the PM upon increases in DG levels at the PM. (B) Accumulation probe:
the TMRM example. This dye accumulates within mitochondria depending on their membrane potential. For other examples such as
PM potential dyes that reorient in the plane of the membrane after changes or nonfluorescent probes, see Targeting organic sensors
to subcellular compartments (PM section).
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Table 1.

Targeting of organic biosensors to organelles: Strategies and most used presently available sensors

Organelle or
compartment
Nucleus
ER

Targeting strategy
NLS, nuclear
microinjection
Hydrophobicity, alkyl
chain

PM inner surface

Hydrophobic tail

Mitochondrial matrix

Membrane potential

Acidic compartments

pH gradient, endocytosis

Measured parameters
Ca2+ (Allbritton et al., 1994)
Ca2+ (Hofer et al., 1998; Landolfi et al., 1998)
pH (Reddy G et al., 2015)
Cu2+ (Lee et al., 2014)
Ca2+ (Vorndran et al., 1995)
membrane potential (González and Tsien, 1995; Peterka et al., 2011; St-Pierre et al., 2015)
Ca2+ (Hajnóczky et al., 1995)
Zn2+ (Masanta et al., 2011; Sreenath et al., 2011; Liu et al., 2012b; Chyan et al., 2014)
thiols (Lim et al., 2011)
H2O2 (Dickinson and Chang, 2008)
pH (Sarkar et al., 2016)
superoxide (Robinson et al., 2006)
membrane potential (Nicholls, 2012)
pH (Zhu et al., 2012; Miao et al., 2013; Lv et al., 2014; Chen et al., 2015; Wang et al., 2015; Yapici et al.,
2015)
thiols (Kand et al., 2015)
Ca2+ (Gilroy and Jones, 1992; Schlatterer et al., 1992)
vesicle recycling (Gaffield and Betz, 2007; Li et al., 2009)
neurotransmitter release (Gubernator et al., 2009)

veloped to measure [Ca2+] in the SR of live muscles.
Based on the spectral properties of some fluorescent
dyes, such as mag-indo-1 and indo-1, this method exploits the dual spectral shifts caused by Ca2+ binding,
allowing the generation of ratiometric probes with increased accuracy, dynamic range, and sensitivity (Launikonis et al., 2005). SEER can be applied more broadly,
and it has already found application to pH (Morgan et
al., 2009) and PM voltage measurements (Manno
et al., 2013a).
Another approach used to target organic dyes to ER
and in general to the secretory pathway is the addition
of an alkyl chain (see Lee et al. [2015] as an example
of an ER membrane fluidity sensor). These dyes permeate the PM and, depending on the length and saturation of the alkyl chains appended, also distribute to
the membranes of ER, GA, and endosomal/lysosomal
compartments. Although interesting, this approach
does not guarantee a specific ER targeting, usually also
resulting in staining of the PM and other membranous compartments.
An important parameter to assess along the secretory
pathway is pH. Indeed, pH within the individual organelles of the secretory pathway is crucial for their biosynthetic activity and other physiological functions (e.g.,
accumulation of neurotransmitters), and the precise
measurement of the pH in these compartments is essential. Recently, the generation of a FRET-based, ERlocalized probe for pH was reported (Reddy G et al.,
2015). Although this and other ER-localized probes
(i.e., a probe for Cu2+ [Lee et al., 2014]) do not contain
a clearly identifiable ER-targeting motif and are probably targeted to ER because of their hydrophobicity, understanding the principles that favor localization of
JGP Vol. 149, No. 1

these dyes in the ER would prove valuable for the development of novel ER-targeted sensors. An interesting
example in this direction is reported in Meinig et al.
(2015), where the structure of a known interactor of the
ER-resident protein p97 allowed the design of a novel
analogue of the fluorophore rhodol that uniquely accumulates in the ER of mammalian cells.
PM. Theoretical models predict that Ca2+ hot spots

should be generated on the inner side of the PM in the
proximity of open Ca2+ channels. Various attempts have
been made to quantitatively measure such hot spots.
Near-PM versions of tetracarboxylate Ca2+ indicators
have been created by adding a lipophilic anchor that
tethers the dye to the PM inner leaflet (see for example
Vorndran et al. [1995]). Because of the limited specificity of PM binding, this approach has been rarely used
in recent years.
A series of membrane potential–sensitive dyes have
been available since the ‘70s. These dyes are lipophilic
cations (carbocyanines) or anions (bis-oxonol) that
move from the aqueous extracellular medium to the
cell interior/membrane (or vice versa) in response to
changes in PM potential, typically displaying a substantial increase in fluorescence inside the cells. A problem
with such probes is that although the signal changes are
large, the response time is slow, as the dye has to redistribute across the PM.
Another group (i.e., merocyanine dyes) are incorporated in the PM, and changes in the electric field cause
the dye to flip from an orientation perpendicular to the
cell surface to an orientation where its long axis is parallel to the surface, producing a change in the spectral
properties. This mechanism can be very fast, but the
7

Figure 2. Targeted synthetic sensors. (A) Transmission of [Ca2+]c changes into the mitochondrial matrix of single hepatocytes challenged with a maximal dose of vasopressin (VP). [Ca2+]m was monitored with dihydro-Rhod 2-AM, and [Ca2+]c was measured with Fura
2-AM. The inset shows cell population mean responses for [Ca2+]c and [Ca2+]m. The figure is modified from Hajnóczky et al. (1995)
with permission from Elsevier. (B) PM potential measured using the FRET-based sensor. (left) Scheme of the voltage-sensitive FRET
mechanism. At resting negative membrane potential (top), the permeable oxonols have a high concentration at the extracellular surface of the PM, and energy transfer from the extracellularly bound FL-WGA (acceptor molecule) is favored. FRET is symbolized as the
8
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fluorescent changes are small, and repetitive measurements are needed to obtain a good record of action
potentials (for recent reviews see Peterka et al. [2011]
and St-Pierre et al. [2015]). To overcome these limitations, efforts led to the development of potentiometric
dyes called hemicyanine or steryl dyes (for a recent review see Loew [2015]), characterized by rapid absorbance and florescence responses to membrane
potential. They are based on the electrochromic mechanism of voltage sensitivity. In brief, charge redistribution in steryl dyes causes a spectral shift of the excited
dye. Another interesting approach exploited intermolecular FRET to develop a sensor for PM potential that
is fast, but with relatively large fluorescence changes. In
this system, a fluorophore (a fluorescently labeled lectin) is attached to the outer leaflet of the PM, while a
hydrophobic fluorescent (or quencher) anion is incorporated into the membrane. The anion transfers from
one side to the other of the PM in response to changes
in the transmembrane potential, allowing FRET to happen or not between the two molecules (Fig. 2 B;
González and Tsien, 1995). The substitution of the
membrane-anchored fluorophore with a variant of GFP
formed the first hybrid voltage sensor (hVoS; Chanda et
al., 2005), which outperformed existing fully genetically encoded voltage indicators (GEVIs), in particular
because of its very fast (sub-millisecond) kinetics.
Acidic compartments.There is a simple method to tar-

get, although nonspecifically, cellular compartments
with a low luminal pH (pH 4.0–6.0). It consists of incubating cells with fluorescent weakly basic amines that
are strongly accumulated in acidic vesicles. With some
of these amines, neutral red, acridine orange, and LysoTracker, a strong accumulation of the dye results in a
“metachromatic shift” and fluorescence emission
changes from green to red, permitting an easy identification of highly acidic compartments (Han and Burgess, 2010; Pierzyńska-Mach et al., 2014). Release of the
accumulated dye into the extracellular medium has
been used to monitor secretion in different cellular
models. Neutralization of the luminal pH by drugs (e.g.,

monensin) or inhibitors of the H+ pumps can be simply
measured by the decrease in the fluorescence signal
(reviewed in Han and Burgess [2010]). More recently,
efforts are ongoing to create new and more selectively
targeted probes, with better spectral characteristics, to
monitor pH (Zhu et al., 2012; Miao et al., 2013; Lv et al.,
2014; Chen et al., 2015; Wang et al., 2015; Yapici et al.,
2015) and thiols (Kand et al., 2015).
A special case is that of synaptic vesicles that can be
visualized using FM1-43, an amphiphilic membraneimpermeable fluorescent dye that inserts into the
outer leaflet of the PM, increasing its fluorescence,
and is internalized within synaptic vesicles in active
neurons during endocytosis (Gaffield and Betz, 2007;
Li et al., 2009). FM1-43 has been extensively used to
study synaptic vesicle release or recycling. Another
class of targeted organic dyes called fluorescent false
neurotransmitters (FFNs) have been developed to
image neurotransmitter release (Fig. 2 E; Gubernator
et al., 2009). As an example, FFN102 is a coumarin dye
that accumulates in the secretory granule transported
by the vesicular monoamine transporter 2 (VMAT2)
that has been used for the measurement of dopamine
release (Rodriguez et al., 2013).
Ca2+ in endosomes has been instead measured by allowing endocytosis of dextran-bound fluorescent dyes,
such as calcium green (Gilroy and Jones, 1992) and
fura-2 (Schlatterer et al., 1992). The interpretation of
the results is, however, still debated (see Targeting GEIs
to organelles, Acidic compartments section).
Nucleus. Nuclear pores are permeable to solutes with
molecular mass up to ≅50 kD, and accordingly, any cytosolic dye freely diffuses into the nucleoplasm. The nucleoplasm environment, however, can modify the
fluorescence characteristics of the probes (experimentally verified with some Ca2+ indicators [Thomas et al.,
2000]). In addition, two other problems plague the
measurement of nuclear Ca2+ levels: (1) the nucleus is
generally much brighter than the rest of the cytoplasm
simply because of the thickness of the nuclear region,
and with non-ratiometric dyes, this can be erroneously

straight arrow from lectin to oxonol. Upon membrane depolarization (bottom), the anions diffuse inside the cell and energy transfer
is greatly reduced. (right) Confocal image of a voltage-clamped astrocytoma cell at −70 (A) and 50 mV (B), stained with FLOX6 (from
González and Tsien [1995] with permission from Elsevier). (C) Mitochondrial membrane potential measured using TMRM. Cerebellar
granule neurons loaded with TMRM (left) were exposed to the uncoupler FCCP and monitored over 60 min using TMRM in both
the quenched (100 nM, middle) and nonquenched (30 nM, right) mode (from Ward et al. [2007] with permission from the Society
for Neuroscience). (D) [Ca2+]ER measured with Mag-Fura2. (left) Pseudo-color ratio image of permeabilized BHK-21 cells loaded with
mag-Fura2. (middle) Same cell of left panel after stimulation with InsP3, causing release of Ca2+ from the ER. (right) Representative
kinetic of mag-Fura2 ratio collected from selected areas of the cell (from Hofer et al. [1995] with permission from the Federation of
American Societies for Experimental Biology). (E) Exocytosis from large dense core vesicles (LDCVs) measured using FFN511. (left)
Chemical structure of FFN511. (middle) Multiphoton image of a chromaffin cell shows distribution of FFN511 in LDCVs. Bar, 5 µm.
(right) FFN511 exocytosis from an LDCV observed with total internal reflection fluorescence microscopy (TIRFM) images. The upper
row shows consecutive images of a single vesicle. Orthogonal section through this vesicle and its integrated intensity are in the
middle and bottom panels. The dotted line indicates stimulation by high potassium (from Gubernator et al. [2009] with permission
from The American Association for the Advancement of Science).
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interpreted as evidence for a nucleus/cytoplasm Ca2+
gradient; (2) trapping of the dyes within the lumen of
the nuclear membrane (continuous with the ER) and/
or its invaginations into the nucleus (Echevarría et al.,
2003) can be erroneously interpreted as evidence for
localized high [Ca2+] in the nucleus. Specific localization of biosensors in the nucleus was achieved either by
nuclear microinjection of dextran-bound Ca2+ indicators (too large to pass the nuclear pores) or by nuclear
localization signals bound to the dextran particles containing the dye (Allbritton et al., 1994). Using this technique (and see also Targeting GEIs to organelles,
Nucleus section for FP probes), it has been demonstrated that nuclear Ca2+ levels rapidly equilibrate with
the cytosol, with delays of a few hundred of milliseconds.
In conclusion, selective targeting of organic biosensors are now available for several organelles (summarized in Table 1); however, they are mainly limited to
probes for Ca2+, membrane potential, vesicle recycling,
and pH, and they all suffer from some kind of limitation.
Targeting GEIs to organelles

In 1999, Gunter Blobel was awarded the Nobel Prize
for the discovery (Blobel and Dobberstein, 1975a,b)
that newly synthesized proteins destined to the secretory pathway are endowed with unique signal sequences
that allow their insertion into the ER. In the same period, G. Schatz and co-workers together with other
groups demonstrated that most mitochondrial proteins
translocate into mitochondria posttranscriptionally because of the presence of a specific targeting signal
(Roise and Schatz, 1988; Hartl et al., 1989; Omura,
1998). Decades of research have revealed how proteins
are targeted to the correct cellular location and transported across one or more organelle membrane to the
compartment where they function. The known targeting strategies involve interactions between a peptide
sequence in the protein, localization factors, and various membrane-embedded translocation/retention machineries. The initially identified targeting sequence
for the ER, usually composed of a stretch of 3–70 amino
acid residues often, but not always, located at the N terminus of the protein, have been flanked by other sequences designated for targeting, found distributed
along the polypeptide chain, usually called signal
patches (for a review see Dudek et al. [2015]). Despite
the number of studies dedicated to unravel the mechanisms governing protein targeting to the different cellular locations, even today not all targeting strategies
are known, and the mechanism of localization of many
proteins remains unidentified.
In general, proteins can reach the appropriate destination during or after the translation process. Co-translational translocation is typical for secreted,
membrane-bound proteins or proteins located in the
ER, GA, and endosomes. Posttranslational transloca10

tion occurs for some proteins translated in the cytosol
and destined to ER, secretory vesicles, or PM. In some
cases, posttranslational modifications, such as glycosylation, can work as additional targeting/retention signals.
Similarly, proteins targeted to mitochondria, nucleus,
or peroxisomes follow specific posttranslational transport pathways, which will be briefly discussed in the corresponding paragraphs.
To the best of our knowledge, the localization of a
protein in the cytosol depends on the absence of any
signal sequence. Although the targeting mechanism of
some specific organellar proteins is still elusive, the general concept is that signal sequences are necessary and
sufficient for the selective localization of all (but not cytosolic) proteins within the cell. Appending such signals even to a foreign protein (and thus to protein-based
sensors) results in most cases in the selective localization of this chimeric artificial protein into the compartment specified by the targeting sequence. The first
example of a selectively targeted GEI is that of mitochondrial aequorin (Rizzuto et al., 1992), and this construct is the prototype of all targeted sensors generated
later on. In a few cases, usually because the targeting
mechanism to the desired compartment is unknown,
selective targeting has been achieved by appending to
the sensor either a binding site for a protein localized in
the compartment of interest or by fusing the sensor to a
protein (or part of it) that is itself selectively localized,
through yet incompletely characterized mechanisms.
The key advantage of GEI and of this targeting strategy
over organic dyes is that localization is, in most cases,
highly specific and predicted. Below we briefly describe
the targeting strategies for different cellular subcompartments that have been used to selectively localize
GEIs (summarized in Fig. 9). Moreover, we provide an
overview of the most commonly used targeted biosensors (summarized in Table 2).
IMM and outer mitochondrial membrane (OMM) and
matrix. Mitochondria are double membrane-bound or-

ganelles forming a dynamic tubular network in the cytosol. The IMM and the OMM define an intermembrane
space (IMS). Infoldings of the IMM form the cristae
and shape the mitochondrial matrix. The precise targeting to each mitochondrial subcompartment is
achieved thanks to the presence of unique signals that
mediate the recognition of the protein by specific translocases. With a few exceptions (primarily for proteins
localized on the OMM), the mitochondrial signal sequence binds the OMM translocase (TOM) that actively
transports the protein across the membrane. The imported protein then binds to the translocase of the IMM
(TIM). The mitochondrial matrix targeting or localization signal (MTS) is usually composed by an amphipathic α-helix of 10–70 amino acids fused to the N terminus
of the protein with a net positive charge. The positive
Exploring cells with targeted biosensors | Pendin et al.

Table 2.

Summary of some of the most used organelle-targeted indicators

GEI

Organelle targeted
PM

Nucleus

ER/SR

GA

Mitochondria

ATP:ADP

Pellegatti et al., 2005

Imamura et al., 2009

Vishnu et al., 2014

Calcium

Marsault et al., 1997;
Mao et al., 2008

Brini et al., 1993;
Bengtson et al., 2010;
Giacomello et al.,
2010; Simonetti et
al., 2013

Kendall et al., 1992;
Palmer et al., 2004;
Tang et al., 2011;
Kipanyula et al., 2012;
de la Fuente et al.,
2013; RodriguezGarcia et al., 2014;
Suzuki et al., 2014;
Henderson et al., 2015;
Rodríguez-Prados et
al., 2015; WaldeckWeiermair et al., 2015;
Navas-Navarro et al.,
2016

Pinton et al., 1998;
Lissandron et al.,
2010; Wong et al.,
2013; Aulestia et al.,
2015; RodríguezPrados et al., 2015

cAMP

DiPilato et al., 2004;
Dyachok et al., 2006;
Terrin et al., 2006

DiPilato et al., 2004

DG

Sato et al., 2006

Sato et al., 2006

Sato et al., 2006

Gajewski et al., 2003;
Imamura et al., 2009;
Nakano et al., 2011;
Lefkimmiatis et al.,
2013
Rizzuto et al., 1992,
1994; Arnaudeau et
al., 2001; Griesbeck
et al., 2001; Nagai
et al., 2001; Rapizzi
et al., 2002; Filippin
et al., 2003, 2005;
Palmer et al., 2006;
Giacomello et al.,
2010; Park et al.,
2010; Alam et al.,
2012; Jean-Quartier
et al., 2012; Loro et
al., 2012; Akerboom
et al., 2013
DiPilato et al., 2004;
Terrin et al., 2006;
Di Benedetto et al.,
2013; Lefkimmiatis
et al., 2013
Sato et al., 2006

Sato, 2014

Belousov et al., 2006;
Malinouski et al.,
2011; Ermakova et
al., 2014
Sato, 2014

ERK activity

Harvey et al., 2008

Glucose

Fehr et al., 2004

Fehr et al., 2005

Hydrogen Peroxide
(H2O2)

Malinouski et al., 2011

Merksamer et al., 2008

Ananthanarayanan et
al., 2005
Sato et al., 2005;
Kapoor et al., 2014
Barros et al., 2013

Sato, 2014

Phosphoinositides
(PI3P2, PI3P3)
InsP3

Sato, 2014

Lactate
Mg2+

Lindenburg et al.,
2013b
Zhao et al., 2011

NADH-NAD+

pH

Mukhtarov et al., 2013

PKA

Allen and Zhang, 2006; Allen and Zhang, 2006 Liu et al., 2011
Depry et al., 2011

PKC

Gallegos et al., 2006

Redox state/ROS

Voltage

Gallegos et al., 2006

Hung et al., 2011;
Zhao et al., 2011;
Bilan et al., 2014
Llopis et al., 1998;
Kneen et al., 1998;
Miesenböck et al.,
Llopis et al., 1998;
1998; Wu et al., 2000 Abad et al., 2004;
Porcelli et al., 2005;
Azarias and Chatton,
2011; Poburko et al.,
2011; Tantama et
al., 2011
Allen and Zhang,
2006; Lefkimmiatis
et al., 2013
Gallegos et al., 2006 Gallegos et al., 2006

van Lith et al., 2011

Acidic
compartments

Peroxisomes

Mitchell et al., 2001; Drago et al., 2008;
Shen et al., 2012;
Lasorsa et al., 2008
McCue et al., 2013;
Albrecht et al., 2015;
Ronco et al., 2015

Malinouski et al.,
2011

Miesenböck et
al., 1998; OharaImaizumi et al.,
2002; Zhu et al.,
2009; Li and Tsien,
2012

Hanson et al., 2004;
Gutscher et al., 2008;
Liu et al., 2012a;
Albrecht et al., 2014

Jankowski et al.,
2001; Lasorsa et al.,
2008

Yano et al., 2010

Storace et al., 2016

Zn2+

Qin et al., 2011

Qin et al., 2011

Dittmer et al., 2009;
Miranda et al., 2012

Vinkenborg et al.,
2009

References are provided for original works or reviews. For most of these sensors, the cytosolic forms are available and are not included in this table. Sensors for
glutamate (Marvin et al., 2013), pyruvate (San Martín et al., 2014), G protein activation (van Unen et al., 2016), cGMP (Russwurm et al., 2007), and phosphate (Gu
et al., 2006) are currently available only in the form localized in the cytosol.
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charge is essential as import of the proteins into the matrix is fueled by the negative membrane potential of the
IMM. A complex associated with TIM, called PAM
(presequence translocase-associated motor), actively
transports the protein into the matrix, where a mitochondrial matrix peptidase cleaves the MTS. Proteins
targeted to the IMS cross OMM thanks to TOM as hairpin loops and then they can follow the same route of
matrix proteins, staying in the IMS thanks to the presence of a hydrophobic sequence, or they are recognized
and modified by the IMS assembly machinery, called
the MIA (mitochondrial IMS assembly machinery)
pathway. A few proteins are localized in mitochondria
because of yet unknown targeting sequences. For a general review on mitochondria targeting of proteins, see
Harbauer et al. (2014).
Most of the available mitochondrial GEI have been
localized in the matrix using the targeting sequence of
cytochrome c oxidase (COX) subunits. Our group and
others used the 36 amino acids of N-terminal sequence
of human subunit VIII (COX8; Rizzuto et al., 1992) or
the 12 amino acids of subunit IV of yeast COX (COX4;
Nagai et al., 2001). More rarely, other targeting sequences have been used to localize probes in the mitochondrial matrix (Hanson et al., 2004; Zhao et al., 2011;
Liu et al., 2012a). Appending a single copy of these targeting peptides appears sufficient for an effective localization of relatively small sensors in the matrix (GFP or
its mutants, monomeric RFPs, or aequorins). However,
it has been observed that in order to achieve an efficient targeting of some molecules (such as Cameleons
or cAMP sensors), multiple copies of the signal peptides
(from two to eight copies, most commonly four) are required. It is advisable to include an efficient cleavage
site downstream the targeting signal because inappropriate cleavage of it could affect the properties of the
probes. Indeed, Filippin et al. (2005) showed that if uncleaved, the leader peptide impaired both the Ca2+ affinity and the dynamic range of Pericam. The authors
speculated that the uncleaved N-terminal segment affects the Ca2+-dependent M13-calmodulin interaction
either directly, e.g., causing differences in the probe
conformation of these N-terminal tails, or indirectly,
e.g., causing “undesired” interaction with other proteins (Filippin et al., 2005).
Different strategies have been used to localize sensors on the outer surface of the OMM, i.e., fusion of
the sensors to a fragment of an endogenous OMM localized protein (Allen and Zhang, 2006; Giacomello et
al., 2010). As for targeting to the IMS, sensors have
been fused to full proteins or domains anchoring to
the IMM (Rizzuto et al., 1998; Porcelli et al., 2005; Malinouski et al., 2011).
Mitochondria are involved in many different cellular
processes: (a) ATP synthesis, (b) Ca2+ homeostasis, (c)
ROS production, (d) cellular death program regula12

tion, and (e) “pro-survival programs” such as autophagy
and mitophagy, only to mention the best known. Given
this variety of mitochondrial functions, many mitochondria-targeted sensors are available nowadays. The parameters that can now be measured with these sensors
include pH, Ca2+, ATP, cAMP, ROS, PKA activity (all
these sensors are reviewed in De Michele et al. [2014]),
and mitophagy (Dolman et al., 2013). Although practically all the mitochondrial functions are directly or indirectly dependent on the maintenance of membrane
potential across the IMM, GEIs for quantitative measurement of mitochondrial membrane potential are
still missing. Other parameters that still lack specific biosensors include Na+, K+, and respiratory chain activity.
A schematic overview of mitochondria-targeting strategies and of the available sensors is provided in Fig. 3 A.
ER membrane and lumen.All proteins processed by the

ER, whether destined to be retained in this compartment or to enter the secretory or lysosomal pathways,
are synthesized in the cytosol. Nascent proteins are targeted to and translocated across the membrane of the
ER through the binding of the cytosolic signal recognition particle (SRP) to N-terminal signal peptide emerging from the ribosome. This complex then interacts
with the ER-localized SRP receptor, targeting the nascent protein toward the Sec61 translocon channel.
Through this channel, the nascent chain can be directly
conveyed into the lumen of the ER, where it can then
fold into its final conformation. Transmembrane proteins are inserted into the membrane by translocation
through the Sec61 complex, where membrane-spanning stretches enter the lipid bilayer laterally. A few proteins are targeted to and inserted into the ER membrane
only after their synthesis is complete (for a review on ER
targeting see Dudek et al. [2015]).
Based on this information, the classical approach
used for targeting of exogenous proteins (including biosensors) to the ER lumen is achieved by appending an
ER-targeting sequence to the N-terminal end of the indicator’s sequence. The addition of specific C-terminal
sequences ensures retrieval from post-ER compartments by virtue of retrograde transport mechanisms.
The most frequently used retrieval sequences are lysine–aspartic acid–glutamic acid–leucine (KDEL) for
luminal proteins and lysine-lysine-X-X (KKXX) for
membrane proteins. Sensors targeted to ER lumen have
been developed mainly following this strategy to measure Ca2+ (Cameleons [Palmer et al., 2004; Sztretye et
al., 2011; Kipanyula et al., 2012; Waldeck-Weiermair et
al., 2015; Greotti et al., 2016], GCamPer [Henderson et
al., 2015], CatchER [Tang et al., 2011], G-CEPIA1er
[Suzuki et al., 2014], er-GAPs [Rodriguez-Garcia et al.,
2014; Rodríguez-Prados et al., 2015; Navas-Navarro et
al., 2016]), redox state (roGFP1-iL–KDEL [van Lith et
al., 2011]), pH (AV–KDEL plus Flubida [Wu et al.,
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Figure 3. Schematic representation of targeting strategies. Targeting strategies used to achieve selective mitochondriatargeted biosensors (A), ER-targeted probes (B), Golgi-targeted sensors (C), and nuclear-targeted sensors (D) and localization of the
available sensors.

2000]), and ATP (ERAT4.01 [Vishnu et al., 2014]).
Noteworthy, the most used aequorin-based ER sensors
have been developed using a different retention stratJGP Vol. 149, No. 1

egy, i.e., the insertion of N-terminal domain that specifically binds to the ER-resident protein Bip (Montero et
al., 1995, 1997; de la Fuente et al., 2013). This strategy
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was adopted because the C-terminal modification of aequorin results in a major modification of the chemiluminescent characteristics of the protein that prevents
its use in the high Ca2+ environment typical of the ER
lumen. Similarly, to specifically target a Ca2+ sensor to
the SR, the SR-resident protein calsequestrin was fused
to the N terminus of Cameleon variant D4cpv probe
(Sztretye et al., 2011).
The ER is the site of folding of membrane and secreted
proteins, and it is known that physiological or pathological processes that disturb this process cause ER stress
and activate the signaling pathway of the unfolded protein response (UPR). A limited number of fluorescenceor luminescence-based sensors have been developed to
dynamically measure this phenomenon. In this case, the
design strategy does not imply the traditional targeting
by fusion at the N terminus of a signal peptide. Instead,
ER stress–dependent splicing of the transcriptional activator XBP1 has been used to develop fluorescent reporter constructs by fusing XBP1 sequence to a GFP
variant. Under normal conditions, the mRNA of the
fusion gene is not spliced. However, during ER stress,
splicing leads to a frame shift of the chimeric XBP1-FP
mRNA, and a fusion protein is translated, allowing the
detection of cells experiencing ER stress by monitoring
fluorescence. Examples of ER stress sensors are ERAI
(Iwawaki et al., 2004), NanoLuc (Hikiji et al., 2015), and
the dual-luciferase UPR reporter system (Fang et al., 2015).
As a general consideration, when generating ERtargeted FP-based sensors, the characteristic features of
both ER and FPs need to be considered, namely the ER
oxidizing environment and glycosylation ability and FP
oligomerization tendency. Indeed, expressing FPs in
the ER oxidizing environment can impair folding, generating nonfluorescent disulfide-linked oligomers,
leading to severely decreased fluorescence. Moreover,
proteins can be glycosylated, a modification that can interfere with correct protein folding, mobility, retention,
and half-life. Lastly, and especially critical for outer surface ER-targeted sensors, FPs need to be monomeric.
When targeted to ER membrane, the weakly dimerizing
EGFP causes a reorganization of the ER tubular network with the formation of stacked cisternal membranes
and sinusoidal and crystalloid membranes (Snapp et
al., 2003). To overcome these obstacles, the highly efficient folding capability of monomeric superfolder GFP
(sfGFP) has been exploited, generating a very stable
and bright FP when targeted to the lumen or the surface of ER (Pédelacq et al., 2006; Aronson et al., 2011;
Hoseki et al., 2016; Summerville et al., 2016).
A schematic overview of ER targeting strategies and of
the available sensors is provided in Fig. 3 B, with the exception of UPR sensors.
Golgi compartments.Once inside the ER lumen or

membrane, proteins can proceed to the secretory path14

way through vesicular transport. The first stop is the
GA, which serves as the major protein sorting hub, receiving de novo synthesized proteins from the ER that
are destined for secretion, for the endocytic compartments, the lysosomes, or the PM. In most eukaryotes,
the GA is made up of a series of cisternae that, based on
their morphology, function, and unique set of resident
proteins, have been categorized in cis-, medial-, and
trans-Golgi network (TGN). The GA faces the unique
challenge of maintaining its protein composition (and
the distinct properties of its subcompartments) while
dealing with a constant influx and efflux of proteins.
Targeting and retention in the GA rely on many different mechanisms, in particular protein–protein interactions, composition, and length of the transmembrane
domain, the cytosolic tail, and luminal region (Borgese,
2016). The strategies used for targeting GEIs implicate
the fusion of the sensors with specific resident proteins
(or their targeting sequence), most frequently the
N-terminal fusion to cytosolic tail and transmembrane
domain of glycosylation enzymes. To the best of our
knowledge, GA-targeted sensors have been generated
for Ca2+ (Aequorins [Pinton et al., 1998; Aulestia et al.,
2015], Cameleons [Lissandron et al., 2010; Wong et al.,
2013], GAP [Rodríguez-Prados et al., 2015]), pH (GTEGFP and variants [Llopis et al., 1998] and pHluorin
(Miesenböck et al., 1998]), a targeted biotin plus fluorescent avidin (Wu et al., 2000), Zn2+ (Qin et al., 2011),
and Akt/protein kinase B (Sasaki et al., 2003).
A schematic overview of GA-targeting strategies and
of the available sensors is provided in Fig. 3 C.
Nucleus.The import of soluble cargos into the nucleus
has been extensively studied in many eukaryotic systems
(Goldfarb et al., 1986). Although small molecules can
enter the nucleus without regulation, macromolecules
such as proteins larger than ≅50 kD require a nuclear
localization sequence (NLS), typically composed of a
few basic amino acid residues, essentially lysines or arginines that appear either in the form of a single stretch
or as two smaller clusters separated by about a dozen
amino acid residues. These sequences are recognized
by a class of karyopherins called importins, which mediates the translocation through the nuclear pore complexes (NPCs) via interactions with NPC proteins
nucleoporins. Once in the nucleus, the dissociation of
the cargo from the karyopherin relies on the small
GTPase Ran (Ras-related nuclear protein) that allows
the directionality of transport. NLSs are not cleaved
from these nuclear proteins.
Targeting of Ca2+ sensors to the nucleoplasm was
achieved by fusing (in general at the N terminus of the
probe) an NLS derived from classical nuclear proteins.
Some constructs also contain a DNA-binding domain to
prevent back diffusion of the probe into the cytosol.
Sensors have been developed for Ca2+ (Aequorin [Brini
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et al., 1993], Cameleon [Giacomello et al., 2010],
GCamPs [Bengtson et al., 2010], and TN-XXL [Simonetti et al., 2013]), ATP (Imamura et al., 2009), H2O2
(Malinouski et al., 2011), and phosphoinositides (Ananthanarayanan et al., 2005).
A schematic overview of nuclear targeting strategies
and of the available sensors is provided in Fig. 3 D.
Outer and inner PM.For targeting to the PM, proteins

use two mechanisms, namely sequence domains and
lipid modifications. Selection and movement along
the secretory pathway to the PM of membrane proteins inserted into the ER depends on organellar targeting motifs within the proteins themselves, as well as
on interactions with adaptors. Many other proteins
that require membrane attachment to perform their
biological activity need a hydrophobic posttranslational lipid modification to bind to the PM. Four major
types of lipid modifications have been identified
among proteins destined for PM: acylation by saturated fatty acids, prenylation by polyunsaturated isoprenoid groups, esterification by cholesterol, and
conjugation by glycosylphosphatidylinositol (GPI).
GPI modification is most common in proteins that attach to the exterior of the cell membrane. In contrast,
proteins that reside at the inner leaflet of the PM frequently use acyl and prenyl modifications for membrane binding. Targeting of GEI to the PM has been
obtained most commonly by introducing prenylation
“CAAX” boxes or palmitoylation motifs in the sequence of the protein of interest. Frequently, a sequence of 12–16 amino acids is used to incorporate
more lipidation motifs to ensure effective retention at
the membrane. Another strategy applied to target sensors to the inner leaflet of PM consists in fusing the
sensor to the domain facing the cytosol of a known integral or peripheral PM protein.
Sensors have been targeted to the external side of
PM, e.g., ATP (Pellegatti et al., 2005), and the sub-plasmalemmal rim (for Ca2+ [Marsault et al., 1997; Mao et
al., 2008], Cl−/pH [Mukhtarov et al., 2013], PKC activity [Violin et al., 2003], and endocytosis [Galperin and
Sorkin, 2003]). Also, different types of GEI sensitive to
PM potential have been developed, mainly by fusing an
FP variant with a voltage-sensitive domain that resides in
the PM (for a review see Storace et al. [2016]).
A subtype of PM-targeted probes was developed to
study the transient PM nanodomains known as lipid
rafts (recently reviewed in Carquin et al. [2016]). Interesting examples of lipid raft–targeted GEIs are FRETbased sensors generated to study protein segregation in
this PM subdomain. These sensors were generated by
fusing CFP or YFP to different lipid anchors, such as
MyrPalm (myristoylated and palmitoylated), GerGer
(geranylgeranylated), PalmPalm (tandemly palmitoylated), and caveolin (full-length bovine caveolin-1, triJGP Vol. 149, No. 1

ply palmitoylated with a putative membrane-embedded
hairpin loop; Zacharias et al., 2002).
It is important to stress that in a few cases, PM-targeted GEIs can be mistargeted or form intracellular aggregates. Trafficking strategies (such as the introduction
of GA trafficking signals or ER export motifs) are
needed to favor their transport along the secretory
pathway to the cell surface (Mutoh et al., 2011).
A schematic overview of fundamental PM targeting
strategies and of the available sensors is provided in
Fig. 4 A.
Among PM-targeted GEIs, it is possible to classify a distinct subclass of constructs targeted to cilia. These sensory organelles, composed of microtubules and
projected from the apical surface of numerous cell types,
can be distinguished in primary and motile cilia. Cilia
are involved in the mechanosensation of different stimuli on specialized structure, for instance, blood on vasculature or urine on nephron (reviewed in Prasad et al.
[2014]). To the best of our knowledge, sensors targeted
to cilia have been developed to measure Ca2+ (Su et al.,
2013; Delling et al., 2016) and cAMP (Mukherjee et al.,
2016). The latter probe was expressed in sperm cells by
placing the cAMP sensor under the control of protamine-1 promoter and allowing measurement in motile
cilia, whereas Ca2+ GEIs have been targeted specifically
to primary cilia by linking such indictor to ciliary targeting signals (CTSs), a sequence element recognized by
the ciliar sorting machinery (reviewed in Nachury
et al. [2010]).
Acidic compartments.Acidic compartments are a group
of organelles characterized by a luminal pH <7, usually
from 6 to 4. Imaging intracellular acidic compartments
is becoming an important topic in biology, given the
physiological role of these organelles in autophagy, removal of cytotoxic macromolecules, receptor recycling,
and internalization. Moreover, acidic compartments are
emerging as important players in pathologies such as
neurodegenerative diseases, inflammation, lysosomal
disease accumulation, and cancer. Internal pH is an important issue to address because it is the main parameter that affects the properties of a chromophore.
Endosomes. Endosomes are characterized by a mild
acidic pH (∼6.0); they arise from the PM-containing
molecules or ligands destined to the GA or to lysosomes
for degradation. Endosomes can also originate from
the TGN, directed to lysosomes and PM. Immediately
after their formation, endosomes become part of a dynamic vesicular-tubular network classified as early endosomes (EEs). Their homotypic fusion generates larger
vesicles called multi-vesicular bodies (MVBs) or late endosomes (LEs) that can be degraded through the fusion with lysosomes or recycled, generating recycling
endosomes (REs). Along this path, endosomes undergo
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Figure 4. Schematic representation of targeting strategies. Targeting strategies used to generate probes selectively targeted
to PM (A), endosomes (B), lysosomes (C), secretory granules/synaptic vesicles (D), and peroxisomes (E) and localization of the
available probes.

acidification through the activity of V-ATPase (for a general review see Villaseñor et al. [2016]). Generally, EEs
are visualized by fusing the C terminus of FPs to Rab4,
Rab5, and RhoB, whereas LEs are visualized by fusion
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with Rab7. Proteins of the Rab superfamily are guanosine nucleotide–dependent proteins located on the cytosolic surface of EEs that regulate budding, delivery,
tethering, and fusion of the vesicle membrane with that
Exploring cells with targeted biosensors | Pendin et al.

of the target compartment (Wandinger-Ness and Zerial,
2014). Rab proteins have been used to generate FRET
sensors to monitor Rab activity (Galperin and Sorkin,
2003). To the best of our knowledge, the only sensors
targeted to the luminal side of endosomes have been
developed using the C terminus of TiVAMP to generate
a Ca2+ sensor (Albrecht et al., 2015).
The role of endosomes in receptor signaling and recycling contributes to the spatio-temporal complexity
of subcellular signaling. Despite the importance of
these organelles in cell physiology, their fast maturation and the acidic pH have prevented the generation
of a broad spectrum of biosensors. Moreover, the biosensors available are mainly able to detect changes on
the cytosolic face of endosomes, thus precluding the
possibility to investigate luminal phenomena. However, the emerging importance of these subcompartments in determining cell functions and pathologies
calls for further efforts to explore the “luminal side
of endosomes.”
A schematic overview of acidic compartment–targeting strategies and of the available sensors is provided in Fig. 4 B.
Lysosomes. Lysosomes are well known for containing
hydrolytic enzymes (hydrolases) deputed to breaking
down biomolecules of intra- and extracellular origin.
Hydrolases are inactive, and their activation depends
on processes, such as fusion or kiss-and-run contacts
with LEs, generating endolysosomes. Lysosomes are key
players in phagocytosis, endocytosis, and autophagy,
but they are also involved in homeostatic processes such
as secretion, PM repair, cell signaling, and energy metabolism. Indeed, the classical definition of lysosome as
“suicide bags” of the cell is no longer used (Ballabio,
2016). The acidic (pH ∼4.5) lysosomal matrix is optimal for its enzymes. These proteins are encoded by nuclear genes, synthesized in rough ER, and released from
the GA thanks to the presence of a specific lysosomal
tag (mannose 6-phosphate [M6P]), ensuring their delivery to endosomes that finally undergo internal acidification leading to maturation into full lysosomes.
There are also enzymes and structural proteins that follow an M6P-independent pathway, usually recognized
by the lysosomal integral membrane protein LIMP-2 or
sortilin. Sorting of cargo receptors and lysosomal transmembrane proteins is ensured by di-leucine–based motifs and tyrosine-based motifs that act as sorting signals.
These domains are able to interact with components of
clathrin coats or adaptor protein complexes that ultimately fuse to endosomes (reviewed in Braulke and
Bonifacino [2009]).
Also, vesicles that bud from the trans-GA and are part
of the constitutive secretory pathway are equipped with
specific membrane proteins, and their localization depends on the same pathways described for lysosomes
JGP Vol. 149, No. 1

(Gadila and Kim, 2016). We are not aware of GEIs specifically targeted to the lumen of these organelles.
Lysosome localization can be achieved by fusing the
lysosomal-resident membrane protein LAMP1 to the
probe, allowing the development of sensors able to report changes in the cytosolic face of these organelles.
This strategy has been used to generate sensors for Ca2+
(Shen et al., 2012; McCue et al., 2013; Ronco et al.,
2015), mTORC1 activity (Zhou et al., 2015), and AMPK
(Miyamoto et al., 2015).
A schematic overview of acidic compartment–targeting strategies and of the available sensors is provided in Fig. 4 C.
Secretory vesicles.Secretory granules (pH ∼5.8) contain products to be released into the extracellular medium, such as insulin in β cells, histamine in mast cells,
or digestive enzymes in pancreatic acinar cells. They
originate from the trans-GA and can fuse with the PM
constitutively or in a regulated manner (for a general
review see Martin-Urdiroz et al. [2016]). The targeting
signal for the secretory pathway is usually formed by
5–30 hydrophobic amino acids that form an α-helical
structure at the N terminus of the protein. Sequences
from proteins physiologically located in these organelles (e.g., phogrin, plasminogen activator [tPA]) have
been used to target GEIs; examples include sensors for
Ca2+ (phogrin-Ycam2 [Emmanouilidou et al., 1999 and
D1-SG [Dickson et al., 2012]) and pH (phogrin-pHluorin [Ohara-Imaizumi et al., 2002]). Targeting of aequorin to insulin granules in β cells was achieved by
fusing at the N terminus of aequorin the sequence of
VAMP-2 (synaptobrevin; Mitchell et al., 2001).
A unique type of secretory organelle is represented by
synaptic vesicles. They are much smaller than classical
secretory granules, are expressed almost exclusively in
neurons, and they store and release neurotransmitters
essential for neuronal functionality. Selective targeting
of GEIs to synaptic vesicles can be achieved by using sequences derived from VAMP-3 (cellulobrevin) and synaptophysin. The latter can tolerate insertion of
sequences, e.g., biosensors, between its transmembrane
domains. Using these strategies, different sensors have
been generated for pH (Zhu et al., 2009) and secretion
(Miesenböck et al., 1998). Moreover, a new red indicator
for synaptic vesicle labeling was developed to facilitate
multicolor imaging and integration with optogenetic
actuators to study regulated secretion (Li and Tsien,
2012). Finally, a new optogenetic tool to monitor and
control pH within secretory vesicles, called pHoenix,
was recently developed. It was obtained by inserting
within the fourth synaptophysin helix: the pH-sensitive
GFP pHluorin (located in the luminal side of the vesicles); the proton pump Archaerhodopsin-3 (Arch3)
fused to mKate, an FP variant; the transmembrane helix
of the rat gastric H+/K+ ATPase β-subunit fused before
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the fourth helix of synaptophysin, to maintain the correct transmembrane topology of Arch3 (Rost et al., 2015).
A schematic overview of acidic compartment–targeting strategies and of the available sensors is provided in Fig. 4 D.
Peroxisomes. Peroxisomes are membrane-bound organelles involved in specific metabolism pathways,
such as hydrogen peroxide conversion to water, β-oxidation, synthesis of bile acid, and plasmalogens. They
are at the crossroads between inflammation, lipid metabolism, and redox signaling (reviewed in Tripathi
and Walker [2016]).
Proteins destined to peroxisomes can reach these organelles because of the presence of peroxisome-targeting signals (PTS). Two types of PTS have been identified:
PTS1, located at the protein’s C terminus, usually composed by the tripeptide serine-lysine-leucine (SKL);
PTS2, a nonapeptide located at the N terminus (Gould
et al., 1989). Both of these sequences can be fused to
biosensors to achieve their targeting and have been exploited to generate GEIs to measure pH (Jankowski et
al., 2001; Lasorsa et al., 2008), Ca2+ (Drago et al., 2008;
Lasorsa et al., 2008), and redox state (Yano et al., 2010).
It was also shown that addition of the sequence KVK
between the sensor and the SKL sequence improved
peroxisomal targeting (Drago et al., 2008). PTS1 targeting sequences have been conjugated also to organic
dyes to generate peptide probes (Dansen et al., 2000;
Pap et al., 2001). To tether sensors at the peroxisomal
membrane, the C terminus of PEX16 was used to develop a GFP-based sensor for peroxisome maturation
(Kim et al., 2006).
Although we are beginning to understand the peroxisomal complexity, it is becoming increasingly clear that
the development of pH-insensitive and multicolor
probes will be crucial for dissecting the cross-talk not
only within peroxisomes but also between peroxisomes
and other organelles.
A schematic overview of peroxisomal targeting strategies and available sensors is provided in Fig. 4 E.
What have we learned from targeted sensors?

After more than 25 yr of judicious use of targeted sensors, the information accrued about cellular spatial
complexity is so vast that it is impossible to summarize it
in a single paper. We are now able to directly and quantitatively monitor the dynamics of ions and second messenger levels in living cells within a tissue or even intact
animals; we can directly measure the movement of a
protein from one compartment to another in real time;
we can measure the dynamics of metabolites or the fusion of single vesicles with the PM; we can monitor the
phosphorylation/dephosphorylation of kinase/phosphatase targets or the conformational change in some
proteins. A major general concept has emerged from all
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these data: the key characteristic of living cells is the
spatial and temporal heterogeneity of signaling molecules or protein and metabolite concentration/distribution. Such a heterogeneity in space and time had
been postulated on the basis of indirect evidence, but in
some cases, their discovery was largely unexpected.
Below we will provide a few examples in which the use
of selectively targeted sensors produced the most unexpected results, focusing solely on the most commonly
used Ca2+ and cAMP sensors.
Ca2+ sensors.The spatial heterogeneity of Ca2+ levels

among cellular compartments was predicted long before the advent of targeted sensors. It was, in fact, well
known that organelles such as the ER/SR are endowed
with Ca2+ pumps that allow Ca2+ accumulation in their
lumen (at the expense of ATP hydrolysis) and Ca2+ release channels (IP3 and Ryanodine receptors) activated upon stimulation. Targeted sensors have allowed
the confirmation of the hypothesized Ca2+ spatial heterogeneity but have also led to a dynamic measurement of the kinetics of the process in living cells and to
its quantification (see Fig. 5 for some examples of organellar Ca2+).
For other cellular organelles, such as GA, secretory
granules, endosomes, or peroxisomes, the available indirect evidence before the use of targeted Ca2+ sensors
was fragmentary or simply nonexistent. Selectively targeting Ca2+ GEIs to the different GA subcompartments
revealed that this organelle is endowed with an unexpected intra-organelle Ca2+ handling complexity, with
the cis-GA very similar to the ER, the trans-GA with
unique Ca2+ uptake and release characteristics, and the
intermediate GA with a mixture of the two (Fig. 6; Lissandron et al., 2010; Wong et al., 2013).
Secretory granules largely resemble the trans-GA,
whereas peroxisomes appear to be in rapid equilibrium
with Ca2+ levels in the cytosol. The latter point is still
subject to debate because Ca2+ signaling in peroxisomes
has just started to be investigated. Indeed, although our
group found similar resting Ca2+ level in cytosol and
peroxisomes and passive Ca2+ diffusion into peroxisomes upon rises in cytosolic [Ca2+] (Fig. 7; Drago et al.,
2008; Costa et al., 2010), an aequorin-based study
showed higher [Ca2+] in peroxisomes at resting level
and the ability of these organelles to actively take up
Ca2+ upon Ca2+ release from the intracellular stores
(Lasorsa et al., 2008).
There has been a long debate about the possible existence of Ca2+ gradients between the cytosol and nucleus,
but over the last years the general consensus appears to
be that the two compartments are in rapid equilibrium,
with a small delay in the nuclear Ca2+ increase caused by
the diffusion of the ion across the nuclear pores
(Fig. 5 A; Brini et al., 1993; Miyawaki et al., 1997; Manjarrés et al., 2008). On the contrary, the mechanism of
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Figure 5. Ca2+ dynamics in different cellular compartments. (A) Cytosolic and nuclear Ca2+ dynamics evaluated using cytosolic
green aequorin (CytGA) and nuclear red aequorin (NucRA). (A, inset) CytGA and NucRA localization in HEK293T cells. Bar, 10 µm. (A)
Representative kinetics of [Ca2+]C and [Ca2+]N (from Manjarrés et al. [2008] with permission from Springer). (B) Microscopic SR calcium
release, the so-called Ca2+ sparks, evaluated using Fluo-3 (from Cannell and Kong [2012] with permission from Elsevier). (C) Measurements of nuclear and ER Ca2+dynamics using the D3 and D4 Cameleons variants, respectively. (inset) D4ER fluorescence (green). Bar,
10 µm. Representative kinetics of nuclear (gray) and ER (black) fluorescent signals in a single BHK cell coexpressing H2B-D3cpv and
D4ER and stimulated with bradykinin (BK) and the SERCA inhibitor, cyclopiazonic acid (CPA), in a Ca2+-free medium (from Greotti et
al. [2016] with permission from MDPI AG). (D) SR Ca2+ release and cytosolic Ca2+ increase in flexor digitorum brevis (FDB) monitored
using the FRET-based D4cpv-Casq1 SR sensor and the cytosolic dye X-rhod-1. FDB was voltage-clamped and subjected to depolarization as indicated. (left, top) Normalized line scan of fluorescence of X-rhod-1 (cytosolic signal). (bottom) FRET ratio (R(x,t)) of
D4cpv-Casq1 (SR signal). (right) Plot of the line averages (from Manno et al. [2013b] with permission from The Physiological Society).

Ca2+ uptake and release in the endosome/lysosome
compartment is still highly debated (recently reviewed
in Morgan [2016]). This is because of significant limitations caused by the very acidic environment (that
strongly affects both the fluorescence and Ca2+ affinity
of the probes) and the difficulties in identifying optimal
targeting strategies.
Heterogeneity in Ca2+ levels is also found in different
strategic regions of the cytosol, e.g., in the proximity of
PM or ER/SR Ca2+ channels. Indeed, upon channel
opening, Ca2+ flows from an area with a high cation concentration, such as the extracellular space or the ER,
into an area with a much lower [Ca2+], the cytosol. The
JGP Vol. 149, No. 1

generated Ca2+ gradient is modulated by different cellular players, such as Ca2+ buffers and pumps/exchanger,
and by the frequency and the temporal extent of the
channels opening, allowing the formation of the socalled microdomains. Their role in cell physiology had
been predicted a long time before they could be experimentally addressed.
Of special interest are the localized microdomains in
the active zones of the presynaptic membrane and the
local microdomains close to open PM Ca2+ channels
(see for example Augustine and Neher [1992]; Deisseroth et al. [1996]; Marsault et al. [1997]; Nakahashi et
al. [1997]; Dolmetsch et al. [2001]; Kornhauser et al.
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Figure 6. The heterogeneity of GA in Ca2+ handling. (A) [Ca2+] and molecular toolkit along the secretory pathway. The GA can be divided in three distinct
subcompartments: the cis-Golgi, with a luminal [Ca2+]
around 250 µM, the medial Golgi, with a luminal
[Ca2+] lower compared with that of the cis-Golgi (i.e.,
∼150–200 µM), and trans-Golgi, with a luminal [Ca2+]
around 130 µM. The efflux and influx Ca2+ toolkit is
also shown. TGN, trans-Golgi network; SV, secretory
vesicles (from Pizzo et al. [2011] with permission from
Elsevier). (B–E) Ca2+ handling by medial Golgi in intact cells monitored with a targeted Cameleon probe:
(B) the fluorescence microscope image of a medialGo-D1cpv–expressing SH-SY5Y cell. Bar, 10 µm. (C–E)
SHSY-5Y cells were incubated in medium supplemented or not with 1 mM CaCl2 or 300 µM EGTA and
challenged with the indicated stimuli: (C) bradykinin
(BK), demonstrating the presence of an IP3 sensitive
pool; (D) cyclopiazonic acid (CPA), demonstrating the
presence of the SERCA pump; (E) ionomycin (Iono),
a ionophore demonstrating the presence of another
molecular component besides IP3Rs and SERCA, such
as SPCA1 (from Wong et al. [2013] with permission
from Oxford University Press). (F–H) Ca2+ handling
by trans-Golgi in single intact cells monitored with a
targeted Cameleon probe: (F) confocal microscopy
image of a cardiomyocyte cell expressing transGo-D1cpv and the mRFP-Zasp construct (red). Bar, 10
µm. (G and H) HeLa cells (G) and cardiac myocytes
(H) were exposed to different stimuli demonstrating
that this compartment is enriched of SPCA1 (ionomycin-sensitive pool) and RyRs (caffeine-sensitive pool),
but neither SERCA (CPA-sensitive pool) nor IP3Rs (histamine-sensitive pool) are present (from Lissandron
et al. [2010] with permission from the National Academy of Sciences).

[2002]). One of the most unexpected results regarding
high Ca2+ cytosolic microdomains, however, came from
the application of Ca2+ sensors to mitochondria. The
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ability of these organelles to accumulate large amounts
of Ca2+ was known since the ‘60s, but until the use of
mitochondrial aequorin, the consensus was that, given
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Figure 7. Peroxisomal Ca2+ dynamics. Peroxisomal Ca2+ dynamics explored using a targeted Cameleon. (A) Colocalization of transiently expressed D3cpv-SKL and the peroxisome marker catalase in HeLa cells. Bar, 10 µm. (B and C) Increases in [Ca2+]c are followed
by a slow rise in intraperoxisomal [Ca2+]. Fluorescence changes of GH3 cells transiently expressing D3cpv-KVK-SKL selectively within
peroxisomes (two cells, dashed and dotted traces), mistargeted to the cytosol (continuous trace; B), or loaded with fura-2 (C). Where
indicated, 30 mM KCl and 2 mM EGTA were added. (D) Cells permeabilized with digitonin. The experiment shows that no driving
force supplied by ATP is needed for Ca2+ to enter peroxisomes (from Drago et al. [2008] with permission from The American Society
for Biochemistry and Molecular Biology).

the low affinity of their Ca2+ uptake mechanism, mitochondria in live cells played only a minor role in cellular Ca2+ homeostasis. Matrix-localized aequorin showed
that, instead, mitochondria in living cells take up Ca2+
very rapidly and efficiently (Rizzuto et al., 1992, 1993).
This paradox was solved by the demonstration that mitochondria are specifically located in close proximity to
Ca2+ channels (ER/SR or PM) where they are transiently exposed to the microdomains of high Ca2+ generated close to the channel mouths (Fig. 8; Rizzuto et
al., 1998; Giacomello et al., 2010; for review see Rizzuto
and Pozzan [2006]).
This discovery has revolutionized our understanding of mitochondrial pathophysiology, and this field
has become one of the most active in the recent years.
Other examples of localized cytosolic domains of Ca2+
are represented by acinar cells from the pancreas
(Tinel et al., 1999) and by leukocytes such as cytotoxic
T lymphocytes or granulocytes (see for example Poenie et al. [1987]; Tsai et al. [2014]). In these latter
cases, localized cytosolic [Ca2+] increases depend on a
high local concentration of IP3Rs or on a combination
of local activation of PM Ca2+ extrusion and localization of the IP3Rs.
A schematic overview of cellular [Ca2+] heterogeneity
among compartments is presented in Fig. 9 along with
a schematic overview of the method to target GEIs to
different organelles.
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cAMP sensors.In the late ‘70s, several studies were published demonstrating that similar levels of cAMP (as
measured by classical radio immunoassays from cell extracts) can induce drastically different functional outcomes, depending on the agonist that elicited its
production (Hayes et al., 1979, 1980). The proposed
explanation was that the distinct functional responses
to cAMP were caused by the subcellular heterogeneity
of the second messenger levels, dependent on the signaling pathway activated. Although significant efforts
were made using biochemical and electrophysiological
approaches, the precise topology of intracellular cAMP
levels in the live cells could not be unveiled. Nevertheless, evidence supporting the existence of local cAMP
microdomains was provided by the measurement of the
cation current through cAMP activated channels (Rich
et al., 2000). Indirect, strong evidence in favor of the
existence of cAMP microdomains has been obtained by
Jurevicius and Fischmeister (1996) in adult cardiac cells.
The existence of cAMP microdomains was consolidated when direct measurement of cAMP levels, in living cells, became eventually possible through the use of
cAMP-sensitive GEIs. First, using recombinant PKA labeled in vitro with organic dyes and microinjected (Bacskai et al., 1993) and later using GFP-tagged PKA to
transfect cells (Zaccolo et al., 2000; Zaccolo and Pozzan,
2002). These sensors, when expressed in neonatal rat
ventricular myocytes (NRVMs), appeared localized in
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Figure 8. Mitochondrial [Ca2+] hotspots. Pixel by
pixel correlation showing the presence of Ca2+ microdomains on mitochondrial outer membrane (OMM)
upon stimulation. HeLa cells cotransfected with nuclear
(H2BD1cpv)- and OMM (N33D1cpv)-targeted Cameleons were treated with 100 µM histamine where indicated by the arrow in A. (A) The average [Ca2+] rises,
expressed as ΔR/R0, of nucleus (green trace) and OMM
(blue trace) are very similar. (B) The number and intensity of single pixels, expressed as ΔRmax/ΔR0 of single
pixels, of the nucleus (green) or OMM (blue) reached
during the first 4 s after histamine stimulation were plotted. The Gaussian fit of the nuclear (green) and OMM
(red) pixel distribution highlights the right tail caused
by hot-spot formation on OMM upon cellular stimulation. (C) Yellow to red color representation of ΔRmax/R0
spatial distribution of pixels in 2D (left) and 3D (right),
superimposed to YFP fluorescence image. Only pixels
that during the 4 s after the histamine challenge have
a ΔRmax/R0 exceeding by 125% the ΔR/R0 of the whole
compartment were color coded. Bar, 5 µm (from Giacomello et al. [2010] with permission from Elsevier).

specific cellular structures corresponding to the sarcomeric Z lines (Zaccolo and Pozzan, 2002). Interestingly,
cAMP elevations in response to β-adrenergic agonists
were significantly higher at the level of Z-lines (T-tubule/SR) than in the bulk cytosol. Importantly, these
differences were abrogated when phosphodiesterases
(PDEs) were inhibited, suggesting both the existence of
cAMP microdomains and the crucial role of PDEs in
their formation. Additional evidence supporting the existence of highly localized microdomains in adult cardiac cells was subsequently provided by an elegant study
by Nikolaev et al. (2010) (Fig. 10, A–C). These authors
showed that the local cAMP increases elicited by β-adrenergic stimulation differ substantially in the proximity
of β1 or β2 adrenergic receptors. Along the same line,
Röder et al. (2010) showed that, in vivo in mouse skeletal muscles, local cAMP microdomains are generated by
activation of calcitonin gene-related peptide (CGRP)
receptors in the postsynaptic neuromuscular junction.
The ability of different PKA regulatory subunits to localize to specific subcellular compartments was further
exploited with PKA-based sensors targeted to different
subcellular compartments and later on with targeted,
EPAC-based, cAMP FRET sensors (Mongillo et al., 2004;
Di Benedetto et al., 2008; Terrin et al., 2012). These
constructs provided further evidence that around specific PKA subtypes intracellular cAMP signals are spatially restricted and distinctly regulated (Di Benedetto
et al., 2008). A step beyond these seminal studies was
recently taken with the generation of a transgenic animal model expressing a targeted cAMP FRET sensor.
Using this transgenic animal in combination with a disease model, the authors were able to study how disease
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affects cAMP signaling within specific microdomains
(Sprenger et al., 2015).
It is noteworthy that originally it was thought that
cAMP concentration increases rather uniformly within
the cytosol, so the hypothesis of cAMP microdomains
initially was not very popular. Moreover, the existence of
cAMP microdomains was in contrast with the accepted
notion that cAMP diffusion within the cell was very
rapid (diffusion coefficient of ∼500 µm2 s−1 [Dworkin
and Keller, 1977]) and the cAMP buffering capacity relatively modest, at least in comparison with that of Ca2+.
More recent data, however, have demonstrated that
the cAMP diffusion rate in adult cardiac myocytes is significantly slower than previously measured (i.e., ∼35
µm2 s−1; Fig. 10, D and E; Richards et al., 2016); this
latter value is in agreement with that calculated for a
fluorescently tagged cAMP analogue (∼10 µm2 s−1) in
the same cell model using a different approach (Agarwal et al., 2016). Although both studies agree on slow
diffusing cAMP, they propose different underlying
mechanisms. Agarwal et al. (2016) propose that cAMP
buffering at the level of the OMM is the primary reason
for slow cAMP diffusion, whereas Richards et al. (2016)
provide evidence that intracellular tortuosity is the
main cause for slow diffusion.
Targeted degradation of cAMP by PDEs is considered
the most relevant among the molecular mechanisms
that allow the formation of cAMP microdomains. However, mathematical models predict that even with slow
diffusing cAMP (∼10–35 µm2 s−1) the sole PDE action is
not sufficient to generate microdomains (Yang et al.,
2016). These data would suggest that the formation of
cAMP microdomains is likely to be a multi-parametric
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Figure 9. Intracellular resting [Ca2+] and GEI-targeted mechanism. In resting conditions, cells maintain a [Ca2+] gradient between
the cytosol ([Ca2+] ∼100 nM) and the extracellular medium ([Ca2+] ∼1.5–2 mM) and some organelles. The [Ca2+] of each compartment
is color coded (bar on the right). The figure also includes a schematic representation illustrating the targeting mechanisms used to
target GEIs to the different cell compartments.

phenomenon where more than one mechanism such as
enrichment in selected subcellular compartments of
different types of adenylyl cyclases (ACs) and effectors,
physical barriers (Richards et al., 2016), and cAMP buffering (Agarwal et al., 2016) that limit cAMP diffusion,
along with specific localization of PDEs and PKA coJGP Vol. 149, No. 1

occur to ensure the existence of distinct cAMP events
within the cell. Interested readers are referred to a recent review for a more detailed discussion of this topic
(Feinstein et al., 2012; Saucerman et al., 2014).
The levels and dynamics of cAMP in organelles have
been, on the contrary, scarcely investigated until re23

Figure 10. cAMP signaling. (A–C) Localized increases of cAMP. (A) Scanning ion conductance microscopy image and corresponding cAMP level obtained in cardiomyocytes expressing Epac1-cAMP sensor upon local β2-adrenergic receptors (β2AR) stimulation
in the cell crest (B) and in the T-tubule (C). Cells were stimulated with a β2AR agonist (ISO and CGP) in the presence of a β1AR antagonist, showing β2-cAMP signals only in T-tubules, whereas no cAMP signal was detected in cell crest (from Nikolaev et al. [2010]
with permission from The American Association for the Advancement of Science). (D and E) cAMP diffusion is low in the cytoplasm
of adult rat ventricular myocytes. GEI for cAMP EpacSH187 (from Klarenbeek et al. [2015] with permission from PLOS) was expressed
in myocytes stimulated with β-adrenoceptor agonist and antagonist to investigate cAMP diffusion. (D) Time course of FRET ratio
in proximal and distal ROIs (top) and pseudocolor representative image (bottom); (E) longitudinal profile of FRET ratio, relative
to boundary position, measured under resting conditions (light gray squares), during the last 10 s of β-agonist and β-antagonist
additions (black circles) to one end of the cell, and during the last 10 s of uniform exposure to β-agonist (dark gray triangles). The
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cently. The first attempts to use targeted FRET-based
sensors to measure cAMP in the mitochondrial matrix
led to the conclusion that cAMP from the cytosol could
freely diffuse into the mitochondrial matrix (DiPilato
et al., 2004). However, when a different set of cAMP
FRET sensors very selectively targeted to the mitochondrial matrix was used, it was unambiguously
demonstrated that cAMP produced outside mitochondria cannot reach the matrix. These studies also
demonstrated that cAMP can be produced in situ
within the mitochondrial matrix by a soluble AC (sAC)
opening the possibility of an independent cAMP signaling cascade within this compartment (Fig. 10, F–H;
Di Benedetto et al., 2013; Lefkimmiatis et al., 2013).
Similarly to PM-bound ACs, which are controlled by
Ca2+ (Halls and Cooper, 2011), matrix sAC is activated
by mitochondrial Ca2+ uptake in synergy with the other
well-known sAC activator HCO3−. When FRET-based
sensors able to measure PKA activity were targeted to
the mitochondrial matrix and to the OMM, it became
obvious that the cAMP/PKA axes present within these
two subregions are drastically different. A matrix-targeted construct, sensitive to PKA-dependent phosphorylation, was unable to detect any PKA activity in
this compartment (Lefkimmiatis et al., 2013). In
agreement with this finding, it was recently shown that
EPAC1, the other major cAMP effector, may be responsible for the effects of matrix-generated cAMP (Wang
et al., 2016). On the contrary, a PKA sensor targeted to
the cytosolic surface of the OMM demonstrated that
this region contains high levels of PKA activity, but it
also showed that the kinetics of cAMP-dependent
phosphorylation decay (upon decrease of cAMP) are
clearly distinct (much slower) from those occurring in
the cytosol (Lefkimmiatis et al., 2013).
As to the functional consequences of cAMP increase
in mitochondria, it has been clearly demonstrated that
phosphorylation of OMM-localized PKA targets results
in modification of the organelle shape and inhibition of
apoptosis (Harada et al., 1999; Chang and Blackstone,
2007; Cribbs and Strack, 2007; Kim et al., 2011); as to
the role of cAMP in the matrix, recent evidence suggests that it may regulate O2 consumption, ATP production, and aldosterone production (the latter in adrenal

medulla cells), although the molecular nature of the
mitochondrial cAMP effector is still debated.
In conclusion, similarly to Ca2+, plenty of direct and
indirect evidence supports the notion that cAMP microdomains are generated in living cells with different amplitudes, rising and decay kinetics. These problems are,
however, still incompletely investigated, and more sensitive and sophisticated tools are needed for a detailed
understanding of this fascinating topic.
Conclusions and future perspectives

In the last two decades, the cumulative knowledge about
the physiological mechanisms of protein import and
targeting, paralleled by the development of new fluorescent indicators and dyes, have expanded the palette
of available organelle-targeted sensors and allowed the
discovery of unexpected physiological features about
subcellular compartments. Further expanding our
knowledge of endogenous organelle-targeting mechanisms could be not only useful for generating better
sensors for cell biology studies, but also fundamentally
important for other scientifically relevant tasks including development of new strategies for drug delivery.
Despite the existence of different targeted biosensors, many challenges are still unsolved. Concerning
synthetic indicators, further efforts should be devoted
to generate pH-insensitive biosensors and organic dyes
able to specifically accumulate in organelles. As far as
GEIs are concerned, the generation of PAFPs could
help in the visualization of microdomain dynamics and
in coupling super-resolution techniques with dynamic
imaging. Recently, the development of red-shifted sensors, improving tissue penetration while decreasing
phototoxicity, opened up the possibility of dual- or multicolor imaging and the concomitant use of optogenetic
tools (Oheim et al., 2014). However, despite the potential interest of these probes, they have been exploited
only limitedly yet.
Besides the most commonly used intensity/FRETbased imaging, FLIM has found interesting applications
in cell physiology. FLIM is intrinsically quantitative, allowing measurements independent of fluorophore concentration, excitation intensity fluctuations, sample
thickness, and photobleaching. Moreover, lifetime mea-

experiment shows the low cAMP diffusion in the cytoplasm of adult ventricular myocyte (from Richards et al. [2016] with permission
from Oxford University Press). (F–H) Kinetics of cAMP levels and cAMP-dependent phosphorylation in the cytosol and on the OMM.
(F) cAMP and mitochondria. Representative kinetics of intramitochondrial cAMP levels (expressed as ΔR/R0 changes) in control cells
or in cells overexpressing MCU (mitochondrial Ca2+ uniporter). Where indicated, the cells were stimulated with an IP3-generating
agonist (ATP) and a SERCA pump inhibitor (tert-Butylhydroquinone [TBHQ]) to induce a massive Ca2+ accumulation within the mitochondrial matrix. The data demonstrate that the amplitude of the cAMP increase in the mitochondria depends on the amplitude
of the Ca2+ increase within the matrix (from Di Benedetto et al. [2013] with permission from Elsevier). (G) Kinetics of cAMP-dependent phosphorylation of the sensor AKAR4 localized in the cytosol or on the OMM; (H) kinetics of the cAMP increase with sensors
localized in the cytosol or on the OMM. The data demonstrate that the kinetics of the sensor phosphorylation is very different in
the cytosol and OMM (G), whereas the amplitude and kinetics of cAMP levels in the two compartments are very similar (H; from
Lefkimmiatis et al. [2013] with permission from The Rockefeller University Press).
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surements can differentiate fluorophores presenting
juxtaposition in their emission spectra, allowing the
possibility of directly visualizing several probes at the
same time to monitor the interplay among different organelles or signaling events (Niehörster et al., 2016).
Until now, FLIM has not been extensively used in the
study of live cell signaling, largely because of the low
temporal resolution that prevents the analysis of rapid
dynamic events. Only recently has this major limitation
been overcome through the use of the so-called single
image frequency-domain FLIM, siFLIM. This novel approach has been used to measure Ca2+ and cAMP dynamics in living cells at rest and upon stimulation using
specific GEIs with a time resolution down to 50 ms
(Raspe et al., 2016).
The field of dynamic measurement of cellular processes is developing very rapidly, and the challenge for
the near future is that of more extensive application of
the tools and methodologies described here (in particular of subcellular targeted sensors) to the most integrated models, i.e., living and freely moving animals.
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