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ABSTRACT: Metal ions have well-established catalytic and structural roles in
proteins. Much of the knowledge acquired about metalloenzymes has been
derived using spectroscopic techniques and X-ray crystallography, but these
methodologies are less effective for studying metal ions that are not tightly
bound to biomacromolecules. In order to prevent deleterious chemistry, cells
tightly regulate the uptake, distribution, and intracellular concentrations of
metal ions. Investigation into these homeostasis mechanisms has necessitated
the development of alternative ways to study metal ions. Photochemical tools
such as small molecule and protein-based fluorescent sensors as well as
photocaged complexes have provided insight into the homeostasis and
signaling mechanisms of Ca2+, Zn2+, and Cu+, but a comprehensive picture of
metal ions in biology will require additional development of these techniques,
which are reviewed in this Current Topics article.

For decades, research in bioinorganic chemistry focused
largely on metalloproteins and the few metal-based

pharmaceuticals like cisplatin. The need to understand the
coordination sphere and catalytic activity of Fe, Cu, Ni, and Co
sites embedded in proteins helped drive the development of
numerous techniques like electron paramagnetic resonance
(EPR), Mössbauer and Raman spectroscopy. While these
instrumental methods continue to be improved and expanded,
their use has greatly facilitated and accelerated research on
metal ions in biology.
The study of metal ion uptake and homeostasis occurred

concurrently with other areas of inquiry in bioinorganic
chemistry. With the exception of a few quintessential areas
like iron,1,2 metal ion homeostasis by proteins became a focal
point recently. Current efforts have revealed the complex
mechanisms that biology has evolved to handle metal ions.
Permeases, uniporters, symports, antiporters, and chaperones
act in concert to maintain cellular homeostasis (Figure 1).
Studying metal ion homeostasis often requires a different

experimental approach than those developed for metal-
loproteins. Early work in the field of homeostasis has focused
on the spectroscopically silent metal ions Ca2+ and Zn2+, which
eliminates the possibility of using many traditional instrumental
techniques. In addition, detecting the slight homeostasis
perturbations of a tightly regulated metal ion like Cu+, which
may be associated with disease states,3 requires sensitive
techniques. Over the past three decades, several approaches
have been developed to probe metal ion homeostasis and
signaling including small molecule sensors, protein-based
sensors, and photocaged complexes.

■ SMALL MOLECULE SENSORS
The first widely used fluorescent sensors for metal ions were
developed to monitor [Ca2+] associated with signal trans-
duction.4 Using the Ca2+ prototype, sensors for other
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Figure 1. Simplified picture of metal ion homeostasis in cells.
Emerging research indicates that cells maintain healthy levels of
essential metal ions using several classes of proteins including
permeases, uniporters, symporters, antiporters, and chaperones.
Most of these proteins have evolved to traffic a specific metal ion by
exploiting its unique inorganic chemistry.
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biologically important metal ions have been developed. An ideal
sensor should selectively bind the analyte of interest with a
dissociation constant near the median local concentration; in
addition, receptor binding kinetics should allow for real-time
monitoring of concentration fluctuations. The fluorophore
should be photostable, absorb and emit with visible light, and
exhibit significant changes in optical properties upon metal ion
binding. After three decades of research, fluorescent sensor
design has progressed from a trial and error approach to an
established canon.5 While challenges in sensor development
remain, such as overcoming the inherent emission quenching of
transition metal ions, the field can focus increasingly on
studying unresolved issues in metal ion signaling and
homeostasis.
Ca2+ Sensors. Calcium is involved in numerous processes

including neurotransmission, muscle contraction, gene ex-
pression, and cell death. Parathyroid hormone in conjunction
with Ca2+ pumps and channels regulate Ca2+ homeostasis.6,7

Impaired regulation of intracellular Ca2+ ([Ca2+]i) can cause
disease. Low levels of [Ca2+]i contribute to heart failure while
high [Ca2+]i leads to cell death.8 Fluorescent Ca2+ probes have
been reviewed extensively,4 so discussion will focus on recent
advances.
Fluo-4 (log K = 6.5, Kd = 345 nM)9 and the ratiometric

probes Fura-2 (log K = 6.8, Kd = 145 nM) and Indo-1 (log K =
6.6, Kd = 230 nM)10 have been used extensively to study Ca2+

signaling in many different cells (Figure 2). Ratiometric probes,

where the apo- and metal-bound sensor absorb and/or emit at
different wavelengths, allow for internal calibration of sensor
concentration and distribution. These sensors utilize the high
affinity Ca2+ chelator 1,2-bis(o-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid (BAPTA). In addition to satisfactory
selectivity and fluorescence properties, these probes are
commercially available so they have become the sensors of
choice. Compartmentalization and the inability to target
specific cell organelles limit the application of these probes;
however, these sensors, and structural congeners, can be
modified to address specific issues of Ca2+ homeostasis and
signaling.
Dextran-sensor conjugates modified with a localization

peptide have been used to monitor Ca2+ dynamics in the
nucleus;11 however, membrane permeability issues require
invasive techniques for cell introduction. Polystyrene micro-
spheres enter cells passively and target the cytosol, which limits
sequesterization issues. The Indo-1-microsphere probe exhibits
enhanced cell permeability and does not require ester
hydrolysis like the acetoxymethyl Ca2+ probes.12 The sensor-
microsphere dyad binds Ca2+ with log K = 6.6 (Kd = 226 nM)
and a λmax emission shift from 470 nm (apo) to 400 nm
(complex). Since the attachment of the small molecule to the
microsphere does not change the Ca2+-binding or fluorescence
properties significantly, adopting this strategy with other
existing sensors would provide tools capable of monitoring a
wider range of [Ca2+]i, which exemplifies the opportunities for
advancing the understanding of Ca2+ biochemistry through
probe development.
SNAP-tag technology provides an alternative to micro-

spheres for controlling sensor localization. SNAP-tag, a mutant
of the DNA repair protein O6-alkylguanine-DNA alkyltransfer-
ase, reacts with a BG (O6-benzylguanine) functionalized
fluorophore to covalently label specific cellular compartments
(Figure 3).13,14 BOCA-1-BG incorporates the BG moiety with a
BODIPY-based (boron-dipyrromethene) Ca2+ sensor.15 The
corresponding BOCA-1-SNAP Ca2+ probe exhibits a 180-fold
fluorescence increase upon Ca2+ binding with log K = 6.7 (Kd =
200 nM). BOCA-1-SNAP can detect Ca2+ changes in the nuclei
but with limited emission enhancement (<5-fold). When
utilizing a ratiometric component, SNAP-3-Indo-1 exhibits a
log K = 6.6 (Kd = 228 nM), and a λmax emission shift from 469
nm (apo) to 420 nm (complex) in vitro, which are nearly
identical to the parent sensor.16,17 SNAP-3-Indo-1 shows that
[Ca2+] in an isolated resting muscle cells of mice is
approximately 50 nM. Like microspheres, SNAP-tag methods
are readily adaptable and further probe development could
rapidly advance the fields of Ca2+ homeostasis and signaling.

Figure 2. Structure of common fluorescent sensors for Ca2+. In Indo-1
the fluorophore and BAPTA are conjugated via an aryl group, whereas
in Fura-2 an aryl group from the BAPTA chelator is also part of the
benzofuran fluorophore. Both constructs provide a ratiometric probe.
Indo-1 exhibits ratiometric emission, whereas Fura-2 has ratiometric
excitation. Fluo-4 has an electronically isolated BAPTA receptor and
fluorophore, which provides an off-on fluorescence response.

Figure 3. General construct in SNAP-tag Ca2+ sensing systems. A small molecule sensor linked to a BG group (red) can be attached to a protein
containing the SNAP-tag.
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Many Ca2+ sensors require near-UV excitation light that can
cause cellular photodamage. Excitation at visible wavelengths is
less harmful, but can still stimulate autofluorescence from
endogenous fluorophores, which interferes with measurements.
Near-infrared excitation overcomes these problems and can
generate images of events occurring several hundred micro-
meters deep in tissues. KFCA utilizes the Keio Fluor-5
fluorophore and a BAPTA receptor (Figure 4).18,19 KFCA

binds Ca2+ with log K = 6.3 (Kd = 500 nM) and exhibits a 120-
fold fluorescence enhancement at 670 nm. Employing HeLa
cells, KFCA detects cytoplasmic Ca2+ changes following ATP
stimulation. Similarly, CaSiR-1 incorporates a Si-rhodamine
fluorophore with BAPTA.20 CaSiR-1 binds Ca2+ with log K =
6.2 (Kd = 580 nM) and exhibits an approximately 1370-fold
fluorescence enhancement at 39 μM Ca2+. The cell
impermeable CaSiR-1 and the cell permeable CaSiR-1AM
were used to visualize action-potential-mediated Ca2+ in mouse
hippocampal CAI pyramidal cells through current stimulation.
Near-IR probes can be combined with visible-light emitting
probes to monitor different aspects of cellular Ca2+ dynamics
through multicolor signaling.
While SNAP-tag technology achieves cell localization, near-

IR probes have superior optical properties. The combination of
these two advances expands the scope of studies possible with
Ca2+ sensors; however, neither is ideal. SNAP-tag sensors
would be improved with more dramatic emission enhancement,
and the current near-IR probes bind more weakly than
traditional Ca2+ sensors. In addition to improving these
technologies independently, combining SNAP-tag targeting
with near-IR fluorophores would provide powerful tools that
address both photophysical and localizations issues encoun-
tered with simple sensors.
K+ Sensors. Potassium and sodium are the most abundant

cellular metal ions. Both ions play important roles including
membrane polarization during neurotransmission of electrical
impulses, maintenance of osmotic pressure and fluid trans-
port.21,22 The importance of K+ homeostasis is exemplified by
the correlation between breakdowns in K+ regulation with
epileptic seizures,23 hypertension,24 and stroke.25

Selectively detecting K+ over Na+, or the inverse, remains the
most difficult aspect of monovalent metal ion sensor design
because of physiological concentrations coupled with similar
coordination chemistry. The extracellular [Na+] and intra-
cellular [K+] exceed 100 mM, while intracellular [Na+] and
extracellular [K+] are maintained at approximately 5−10 mM.
PBFP, the first biological K+ probe, is comprised of two
benzofuran-phthalate dyads linked by a 1,10-diaza-4,7,13,16-
tretraoxacyclooctadecane receptor (Figure 5).26 PBFP binds K+

with a log K = 1.1 (Kd = 70 mM) and exhibits a 16-fold
fluorescence enhancement; however the Na+ affinity of log K =
0.58 (Kd = 260 mM) limits its applications.

Cryptand receptors have been explored as an alternative to
macrocyclic crown ethers to enhance the selectivity and
sensitivity of K+ probes. The first practical probe incorporated
a TAC receptor (2-triazacryptand[2,2.3]-1-(2-methoxyethoxy)-
benzene) and a 4-aminonaphthalimide fluorophore on a solid
polymer support.27 While this construct improved K+

selectivity, only a modest 5.8% fluorescence enhancement was
observed in the presence of 2−10 mM K+. TAC-Red
substitutes the napthalimide fluorophore of the first generation
probe with a 3,6-bis(dimethylamino)xanthylium fluorophore
(Figure 5). TAC-Red exhibits an improved 23-fold emission
enhancement over 0−200 mM K+. The K+ over Na+ selectivity
(approximately 37-fold) and rapid fluorescence response (<1
ms) enable TAC-Red to image K+ waves in living mice brain
cortex.28 TAC-Crimson29 and TAC-Limedex

30 subsequently
expanded the scope of K+-sensitive sensors using the same
receptor. TAC-Limedex utilizes a brighter BODIPY fluorophore
and exhibits a 50% fluorescence increase at lower K+ levels (0−
2 mM). The enhanced sensitivity of TAC-Limedex allowed the
identification of electroneutral K+/Cl− cotransporter activity in
human cervical cancer cells and Ca2+-activated K+ channels in
HT-29 cells involved in K+ efflux.30

Lanthanide-based emission remains underdeveloped in
luminescent sensors for metal ions, but Tb-1 demonstrates
the potential advantages of these probes.31 The Tb3+-based
detection system contains azaxanthone as a sensitizer, a
macrocyclic Tb3+ complex as the reporting group and a A2O4
(1,10-diaza-4,7,13,16-tretraoxacyclooctadecane) receptor for K+

(Figure 6). Upon binding K+, the aryl ether locks the antenna
close to the Tb3+ center, which enhances energy transfer. K+

coordination results in a 22-fold luminescence enhancement at
λmax 545 nm at 10 mM K+. Tb-1 binds K+ with a log K = 6.4
(Kd = 0.33 μM) and exhibits a 93-fold selectivity over Na+.
Since Tb-1 has limited aqueous solubility, Eu-KPhen that uses
the same A2O4 receptor, a phenanthridine antenna and a
macrocyclic europium complex were developed.32 While
aqueous solubility was improved, the lower binding affinity
(log K = 4.6, Kd = 26 μM) and decreased luminescence
enhancement (2-fold) nullify the advantages of Eu-KPhen over
Tb-1. While the early work on lanthanide probes is promising,
additional improvements in sensor properties and additional
biological studies will need to be conducted to fully evaluate
their potential.

Zinc Sensors. Since Zn2+, like Ca2+, is not redox active
under physiological conditions, early transport models assumed
that proteins acquired Zn2+ from a labile cytosolic pool. Recent
studies suggest however that cells maintain tight Zn2+

homeostasis using metalloregulatory proteins similar to its

Figure 4. Structures of near-IR Ca2+ sensors KFCA and CaSiR-1. Both
probes utilize the BAPTA (Figure 2) receptor utilized by traditional
Ca2+ sensors.

Figure 5. Structure PBFP and TAC-Red showing the binding site for
K+. Coordination of K+ modulates the fluorescence properties. The
TAC receptor (green) in TAC-Red is identical to the ligand used in
TAC-Lime and TAC-Crimson, which use different reporting groups.
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redox active d-block congeners.33 While [Zn2+] and transport
are regulated tightly, Zn2+ released from neurons may be
involved in signal transduction and excess Zn2+ is cytotoxic.33,34

FluoZin-3 has been used extensively to image Zn2+ since it is
commercially available.35 The photophysical properties and
preliminary biological imaging studies for numerous Zn2+

sensors have been reviewed,36−40 so the current discussion
will highlight recent representative examples.
Over the past decade, Zinpyr sensors have been increasingly

popular for studying Zn2+ signaling and homeostasis (Figure
7).41,42 While the first generation compound possesses
nanomolar affinity, the second generation ZP1B and ZP3B
have micromolar binding affinity and are less sensitive to pH
changes.43 ZPP1, which contains one pyridine and one pyrazine
at each Zn2+-binding site, forms a 2:1 M/L complex with log K1
= 11.2 (Kd1 = 6.5 pM) and log K2 = 8.0 (Kd2 = 9 nM) and
exhibits a 13-fold fluorescence enhancement.44 ZPP1 can detect

Zn2+ released from Min6 cells after stimulation with K+ and
glucose. Like the early Ca2+ sensors however, many Zn2+

sensors suffer from compartmentalization and heterogeneous
distribution in cells. Also like Ca2+ sensors, the simple
fluorophores can be modified with targeting groups to expand
the scope of addressable Zn2+ homeostasis questions.
Golgi (pGolgi-AGT) and mitochondria (pMito-AGT) are

organelle specific Zn2+ probes constructed with a combination
of ZP1 and BG like the Ca2+ SNAP-tags.45 SZn-Mito targets the
mitochondria utilizing triphenylphosphonium (TPP).46 SZn-
Mito exhibits a slightly improved enhancement of fluorescence
compared to pMito-AGT (7- vs 2-fold) and two photon
absorption with log K = 8.5 (Kd = 3.1 nM). In studies with rat
hippocampal tissue, Zn2+ was imaged at a depth of 100−200
μm; however, the response was measured using stimulated Zn2+

release. Other targeting strategies have been reported,47 but all
these systems are limited by the properties of the parent
sensors. Incorporation of fluorescent sensors with improved
binding and fluorescence properties that also include targeting
moieties, as well as demonstrated efficacy in imaging Zn2+-
based signaling and homeostasis mechanisms, are needed.

Copper Sensors. The reducing environment of the cell
renders Cu+ the predominant form of intracellular copper.
While biology exploits Cu redox chemistry to execute
important tasks, losing homeostasis has severe consequences.
Defects in the metallochaperones that deliver Cu+ to
intracellular targets are hallmarks of Wilson’s48 and Menkes
disease,49 and redox cycling with unregulated Cu+/Cu2+ may be
involved in the pathology of neurodegenerative disorders like
Parkinson’s and prion disease.50−52 In addition to deleterious
effects, recent investigations suggest Cu+ may have signaling
functions like Ca2+ and Zn2+.53,54

Intracellular Cu+ can be imaged with techniques like X-ray
fluorescence microscopy (XRFM),55−57 but like measurements
of Zn2+, these methods do not differentiate between labile and
protein-bound metal ions. Unlike closed shell metal ions, the
redox activity of Cu+ introduces significant obstacles to
designing a probe with fluorescence enhancement. Calibrating
fluorophore and receptor electronics can circumvent the
inherent quenching nature of Cu+.58,59 Thioether ligands
increase the reduction potential of the bound Cu+ and inhibit
electron transfer to the excited fluorophore, which also can be
fine-tuned to energetically isolate the chromophore frontier
orbitals from the Cu+ d electrons.60

CTAP-1, the first practical membrane-permeable Cu+-
selective fluorescent sensor integrates a pyrazoline fluorophore
and a (1,4,7,10-tetrathia-13-aza)-15-crown-5 receptor (Figure
8).60 Cu+-binding enhances fluorescence at λmax 480 nm (4.6-
fold). The probe forms a 1:1 metal complex with log K = 10.4
(Kd = 39 pM). Although less sensitive to basal Cu+, studies
using fibroblast cells show that the labile Cu+ pool
predominantly localizes in the mitochondria and GA. Imaging
studies with ACu1 confirm the Cu+ organelle localization.
ACu1 is a two photon fluorescent probe composed of a 2-
methylamino-6-acetylnaphthalene fluorophore and BETA
receptor (bis{2-[2-(2-ethylthio)ethylthio]ethyl}amine).61

ACu1 exhibits a 4-fold two photon excited fluorescence
enhancement and a log K = 10.7 (Kd = 20 pM). In addition
to detecting Cu+ in isolated cells, the probe can also image Cu+

in hippocampal slices at 90−220 μm depth. CTAP-2, a higher
affinity probe with log K = 11.4 (Kd = 4 pM), exhibits 65-fold
fluorescence enhancement.62 CTAP-2 extracts Cu+ from the
chaperone protein Atox1 since the metal site is accessible, but

Figure 6. K+ sensors utilizing lanthanide emission. Both systems utilize
an identical macrocyclic K+ receptor and lanthanide binding group, but
different sensitizers (purple) that are tuned to the electronic
requirements of Tb3+ and Eu3+ respectively.

Figure 7. Structure of several Zinpyr sensors and organelle targeted
Zn2+ probes. The strategy to target Zinpyr sensors to organelles is
analogous to the SNAP-tag methodology for Ca2+.

Biochemistry Current Topic

dx.doi.org/10.1021/bi3001769 | Biochemistry 2012, 51, 7212−72247215



does not remove Cu+ from active sites embedded with a protein
matrix. Intracellular studies have not been reported.
The membrane permeable CS1 composed of a bis{2-[2-(2-

ethylthio)ethylthio]ethyl}amine Cu+ chelator and a BODIPY
reporting group produces a 10-fold fluorescent enhancement
and log K = 11.4 (Kd = 3.6 pM).63 CS1 has a limited ability to
detect Cu pools at sub-picomolar basal levels. To overcome this
limitation, CS3, which displays a 75-fold fluorescence enhance-
ment and log K = 13.1 (Kd = 89 fM), was designed.54 The
probe was used in conjunction with XRFM to observe
translocation of Cu+ from neuronal cell bodies to the periphery.
A ratiometric version of CS1 also has been reported.64 Recent
studies raise concerns about lipophilic probes like CS1 and
CTAP-1 forming colloidal particles in aqueous solution,62

which necessitates additional studies to confirm biological
observations and development of new probes less susceptible to
these issues.
Like Ca2+ and Zn2+ fluorescence sensors, the biodistribution

of analogous Cu+ probes cannot be controlled, which presents
difficulties in mapping homeostasis pathways. To facilitate
studies at the organelle level, Mito-CS1, which integrates CS1

with a TPP moiety that targets mitochondria, was developed.65

A comparative study on cells and patient fibroblasts suggests
that while mitochondria are important reservoirs for Cu+,
homeostasis is still controlled at the cellular level. While only a
few targeted Cu+ probes have been reported, the roadmap
provided by the Ca2+ sensors suggests future development of
these sensors would be valuable.

■ PROTEIN SENSORS

Small molecule fluorescent sensors have facilitated the rapid
interrogation of metal ion homeostasis since they are relatively
easy to design and implement; however, these tools often suffer
from uneven probe biodistribution, sequestration or trapping,
cell permeability and cellular toxicity as well as photochemical
issues such as bleaching that must be factored into data analysis.
Protein-based sensors provide an alternative for monitoring
metal ion homeostasis and share the same binding and
photochemical requirements of small molecule fluorescent
sensors. While some early probes integrate traditional organic
fluorophores into biomacromolecules,66−73 green fluorescent

Figure 8. Structures of fluorescent sensors for Cu+ showing the metal binding site. Mito-CS1 utilizes a TPP group, which is also found in SZn-Mito,
to target the mitochondria.

Figure 9. General approach to constructing GFP-based protein sensors. Two GFP-derived proteins that emit at different wavelengths are linked by a
metal binding domain that specifically interacts with the metal ion of interest. The conformational change of the receptor upon metal binding results
in an intensity ratio change in the donor and acceptor emission. In the absence of metal ion, the fluorescence will come primarily from the donor
fluorophore protein, while FRET will increase the contribution of acceptor emission upon analyte binding. The ratio of donor/acceptor emission can
be correlated with the concentration of metal ion of interest.
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protein (GFP) and its analogues have become the preferred
sensor components.74,75

GFP-based metal ion sensors consist of an analyte receptor
domain positioned between two proteins that undergo Förster
or fluorescence resonance energy transfer (FRET, Figure 9).
FRET involves distant-dependent transfer of excitation energy
between appropriately matched reporting groups. In protein
sensors, metal binding induces conformational changes that are
transduced into changes in FRET efficiency. Practically, the
ratio of fluorescence emission intensity at two different
wavelengths correlates with metal ion concentration. While
probe development requires significant time investment to
achieve the desired results, genetically encoded probes can
target specific organelles or tissues, can be introduced in the
cells by transfection and allow long-term imaging because of
superior retention.
GFP emission also can be modulated by grafting receptor

proteins to the GFP scaffold. In these circularly permeated
GFPs, metal ion binding increases fluorescence emission by
inducing protein conformational changes, which in turn
modulates solvent-fluorophore interactions.76,77 Although
recent efforts have significantly improved the properties of
these systems,78,79 this technique has yet to receive significant
attention outside of Ca2+ sensing.80 Opportunities exist for
expanding the scope of protein sensors that utilize the circular
permutation method.
Calcium Probes. Ca2+ was the first metal ion to receive

attention in the development of genetically encoded protein
probes. In 1997, cameleon Ca2+ sensors were developed using
FRET as the signaling mechanism.81 The indicator construction
involves the fusion of enhanced blue fluorescent protein
(EBFP) or enhanced cyano fluorescent protein (ECFP) mutant
of the GFP, calmodulin (CaM), the CaM-binding peptide of
skeletal muscle myosin light chain kinase, and the enhanced
green or yellow fluorescent protein (EGFP or EYFP).
Excitation of ECFP at 440 nm usually results in emission at
λmax 480 nm, but when ECFP and EYFP are in close proximity,
FRET between ECFP and EYFP results in emission at λmax 545
nm. Ca2+ binding to the sensor CaM domain causes the protein
conformational change that increases FRET.
When targeted to endoplasmic reticulum (ER) of Hela cells,

the yellow cameleons (YCs) indicate [Ca2+]ER homeostasis
ranges from 60 to 400 μM at rest to 1−50 μM following Ca2+

mobilization; however, the yellow fluorescent protein (YFP)
quenching at pH below 7 could limit its utility.81 The second
generation of the cameleon indicators introduced mutations
into the acceptor YFP that decreased pH sensitivity, but
impaired protein folding.82 In the third generation cameleon
probes, additional mutations provided a pH insensitive probe
that folded properly.83

Split-YC7.3er, a modified cameleon probe, binds Ca2+, log K
= 3.9 (Kd = 130 μM), and detects [Ca2+]ER in Hela cells.84

Split-YC7.3er measurements coupled with imaging using a
small molecule Ca2+ sensor to measure cytosolic Ca2+

([Ca2+]cyt) show that histamine induced [Ca2+]cyt increases as
[Ca2+]ER decreased. Additional measurements of mitochondrial
Ca2+ ([Ca2+]mt) with a third targeted sensor show that [Ca2+]cyt
decreases as [Ca2+]mt increases. The combination of these
probes demonstrates homeostasis pathways where Ca2+ is
shuttled from ER into the mitochondria. Although cameleon
probes have been encoded in different organelles, introduction
to the plasma membrane of neurons remains difficult because
of binding interactions with endogeneous CaM.

To address interference with endogenous CaM, the probe/
wild-type CaM, (D-family) (D1-D4) Ca2+ indicators have been
developed by reengineering the binding interface between CaM
and the target peptide.85 The probes are not affected by excess
CaM and have been targeted to plasma membrane of
hippocampal neurons and the mitochondria. D1 that targets
ER (D1ER), binds Ca2+ weakly with log K = 3.2 (Kd = 69
μM).86 D1ER has been used to elucidate the link between
familial Alzheimer disease and Ca2+ dysregulation in ER.87 D3
that targets plasma membranes (D3cpV) has better ratiometric
sensitivity and has been used to detect Ca2+ changes associated
with single action potentials in hippocampal neurons, cultured
brain cells, and pyramidal cells of living mice using two-photon
imaging.88

Elimination of wild-type CaM interference also can be
achieved by substituting CaM with TnC (troponin C), the
calcium regulatory protein found in cardiac and skeletal
muscles. Deletion of 14 amino acids from the N terminus of
chicken skeletal muscle troponin C (csTnC) followed by
sandwiching between CFP and citrine generates TN-L15. The
analogous TN-humTnC probe utilizes the human cardiac
muscle troponin C (humTnC) instead of csTnC.89 TN-L15
and TN-humTnC bind Ca2+ with log K = 5.9 (Kd = 1.2 μM)
and log K = 6.3 (Kd = 470 nM) in vitro and exhibit a
fluorescence ratio change of up to 1.4- and 1.7-fold,
respectively. TN-L15 localized on the plasma membrane of
HEK293 cells and hippocampal neurons reveals that there is no
permanent gradient in [Ca2+] from the membrane toward the
cytosol. Additional variants adapt the selectivity and affinity
properties of these protein sensors for specific applica-
tions.90−92

Zinc Probes. Using the Ca2+ probe model, a Cu+ sensor
based on the strong interaction between Atox1 copper
chaperone and the fourth domain of WD4 (Wilson’s disease
protein) was designed.93 Despite using a Cu+-selective protein
receptor, the two proteins domains dimerized in the presence
of Zn2+ with sub-nanomolar affinity, although with a smaller
fluorescence ratio change than desirable. The affinity of this
probe was broadened to the pM-fM range by fusing the two
sensing domains with variable peptide linkers generating CFP-
Atox1-linker-WD4-YFP (CALWY) Zn2+ probes.94 Subse-
quently, replacing ECFP and EYFP with cerulean and citrine
generates enhanced CALWY (eCALWY) with improved
emission ratio changes.95 The eCALWY series of probes
(eCALWY-1 to -6) bind Zn2+ in the pM-nM range and exhibit
an approximately 2-fold fluorescence ratio change. eCALWY-1
reveals chelatable cytosolic Zn2+ (approximately 0.4 nM) in
pancreatic ß cell and higher levels in insulin-containing
secretory vesicles. Additional related probes were developed
but not applied to cellular studies.93,96,97

Classical Cys2His2 zinc fingers are held together by Zn2+

inducing a globular, compact protein structure. To take
advantage of the structural motif in sensing, the zinc finger
sequence from mammalian transcription factor Zif268 has been
utilized in probes that target organelles. The Cys2His2 version
of the sensor was targeted to cytosol and mitochondria, while
the His4 probe was targeted to plasma membrane.98 Cys2His2
and His4 sensors bind to intracellular Zn

2+ with log K = 5.8 (Kd
= 1.5 μM) and log K = 3.6 (Kd = 200 μM) respectively with a
minimal emission ratio change of 0.25-fold as compared to
2.2−4-fold observed in in vitro measurements respectively.
Measurements with the Cys2His2 sensor suggest that the resting
cytosolic [Zn2+] is 180 nM while that of mitochondria is 680
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nM in mammalian cells; however, this value was extrapolated
using the weakly binding probe. Studies with Cys2His2 in rat
hippocampal neurons demonstrate mitochondria act as a Zn2+

reservoir and source in a Ca2+-dependent manner.
Zap1, the zinc-responsive transcriptional activator, contains

two zinc fingers of high Zn2+ affinity log K ≈ 9.7 (Kd ≈ 0.2
nM).99 The Zn2+ complex forms from an interacting finger-pair
structure.100,101 To optimize the Zn2+affinity, Zap1 was placed
between truncated CFP and citrine generating the ZapCY1
sensor.102 ZapCY1 bind Zn2+ with a high affinity in vitro log K
= 11.6 (Kd = 2.5 pM) and exhibits a 4.1-fold emission ratio
change. Mutating two cysteines in the binding domain of
ZapCY1 generates ZapCY2 that binds Zn2+ with a lower
affinity, log K = 9.1 (Kd = 811 pM) and exhibits a 1.4-fold
emission ratio change. Measurements with ZapCY2 reveal 80
pM free Zn2+ in HeLa cell cytosol in contrast to the 180 nM
value obtained previously,98 but consistent with the new
sensor’s ability to more accurately measure lower basal levels
and in reasonable agreement with analogous studies conducted
with eCALWY probes.95

When ZapCY1 was targeted to ER and Golgi apparatus
(GA), the resting [Zn2+]ER and [Zn

2+]Golgi were measured at 0.9
and 0.6 pM respectively. Elevated cytosolic Zn2+ was sequested
into ER and GA in a Ca2+ dependent manner. To further probe
Ca2+dependence, D1ER86 and D3cpv88 were incorporated into
the cell as well. The measurements reveal that elevated
[Ca2+]cyto induces Zn2+ efflux from the ER, while elevated
[Zn2+]cyto induces Ca

2+ release from the ER. This indicates the
possibility of Ca2+-dependent Zn2+ homeostasis. Furthermore,
the studies demonstrate the ability to monitor complex
homeostasis pathways using multiple genetically encoded
protein sensors, which is more difficult to achieve using small
molecule fluorescent sensors.
Copper Probes. Amt-1, a Cu+ dependent regulator in

Candida glabrata, detects high levels of copper and
consequently stimulates Cu detoxification genes.103,104 Amt-1
is unstructured in the absence of Cu+ but clusters upon Cu+

binding and undergoes a conformation change. The Cu+

binding motif of Amt1 (residues 36−110) has been integrated
into Amt1-FRET sensor, which uses CFP and YFP.105 An
increase in FRET of 1.9−2.3-fold was observed upon Cu+

binding (log K = 17.6, Kd = 2.5 aM, attomolar, 10−18). In CHO-
K1, measurements with Amt1-FRET suggest the effective labile
[Cu+] of approximately 10 aM, which is consistent with
previous studies of metallochaperones.106,107 To further these
studies, Ace1, a homologue of Amt1, and Mac1, a copper
dependent regulator that stimulates the copper uptake genes in
low copper concentrations,108 were integrated into Acel-1
FRET and Mac1-FRET.109 Acel-FRET and Mac1-FRET bind
Cu+ with log K = 17.3 (Kd = 4.7 aM) and log K = 19.0 (Kd =
970 aM) respectively. Using the two sensors simultaneously
demonstrated that the yeast cells maintain Cu+ homeostasis
between approximately 89 aM and 5.1 zM (10−21). A wider
range of genetically encoded Cu+ and Zn2+ probes are still
needed, but the cell studies reported to date support the
hypothesis that the homeostasis of these metal ions is highly
controlled.

■ PHOTOCAGED COMPLEXES
Small molecule and protein sensors can image endogenous
metal ions, but correlating metal ion concentrations to
physiological phenomena can be difficult using fluorescence
alone. Determining cellular responses to an added metal ion

can complement the information acquired with sensors to
provide a more complete picture. Solutions of metal salts can
be applied to cells either with or without a chelator to act as a
metal ion buffer. While potentially useful, these approaches
cannot provide temporal or spatial control over metal ion
release, relying on diffusion as the primary mode of transport,
and on the response time of the individual adding the solution
and executing the experiment.
Alternatively, photocaged complexes provide an approach

that circumvents the limitations of working with metal ion
buffers. Photocaged complexes bind a metal ion until a light-
induced chemical reaction releases the analyte. Unlike
fluorescent sensors, photocaged complexes need not exhibit
absolute binding specificity provided the exchange rate with
competing metal ions remains slow. Photocaged complexes
must possess a metal ion affinity high enough to prevent
proteins from scavenging the metal ion and perturbing
homeostasis prior to photo-uncaging; in addition, photo-
products should have lower affinity than the biological
receptors being investigated and release the metal ion quickly
after photo-uncaging. Since metal ion release involves the
scission of a covalent bond, photo-uncaging typically requires
high energy, near UV light, so high quantum yields are
preferable.

Calcium Photocages. Although Ca2+ fluorescent sensors
significantly advanced the understanding of intracellular
signaling pathways, correlating concentration fluctuations
directly with biological events remained challenging. The
concurrent development of two strategies for releasing Ca2+

from chelating ligands overcame these obstacles. Both
photocaged Ca2+ complex designs exploited a nitrobenzyl
photoactive group, but each used a different release mechanism.
In the first as exemplified by Nitr-5, photolysis modulates the
electron donating ability of a Ca2+-bound aniline nitrogen atom,
which attenuates binding affinity (Figure 10).110 In contrast,

the second strategy involves a light initiated bond cleavage
reaction, which fractures the chelator into two fragments
releasing the bound Ca2+ (Figure 11).111,112 Several of these
calcium photocages are commercially available and have been
used extensively to investigate signaling and homeostasis.
Calcium photo-uncaging using DM-Nitrophen, a photocage

that utilizes an EDTA-based (ethylenediaminetetraacetic acid)
chelator, has found wide application in studying Ca2+

homeostasis and signaling. Ca2+ photo-uncaging has been
used to study release of neurotransmitters in relation to Ca2+

channels,113 potentiators114,115 and recruitment of releasable
vesicle in calyx-of-Held synapses.116,117 In cardiac myocytes,

Figure 10. Structure and uncaging mechanism of the Ca2+ photocage
Nitr-5. Exposure to light induces transformation nitrobenzhydrol
group (red) into a nitrosobenzophenone (dark red). The introduction
of an electron drawing group para to the metal ion-bound aniline
nitrogen atom weakens binding affinity of the receptor, which
increases the availability of labile Ca2+.
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DM-Nitrophen has been used to elucidate the turnover rate of
the functional Na+-Ca2+ exchanger118 and to study vasodilation
and vasoconstriction in astrocytes.119,120 Although DM-nitro-
phen binds Ca2+ with log K = 8.3 (Kd = 5 nM, Φphotolysis =
0.23), the Mg2+ with log K = 5.6 (Kd = 2.5 μM) becomes
problematic when [Mg2+] is high. Since the normal resting
[Mg2+] is approximately 1 mM, DM-nitrophen will be largely
bound to Mg2+ ions unless studies are conducted under Mg2+

deplete conditions.
The NP-EGTA photocage based on an ethylene glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) chelator
binds Ca2+ with log K = 7.1 (Kd = 80 nM, Φphotolysis = 0.23) and
a Mg2+ with log K = 2.0 (Kd = 9.0 mM), which overcomes the
selectivity problems (Figure 12). Flash photolysis studies using

NP-EGTA have shown that intracellular calcium levels
modulate fast and slow endocytosis at synapses,121 the size of
releasable vesicle pools122 and the vesicle release rate at phasic
boutons.123 In astrocytes, NP-EGTA photolysis has been used
to examine the relationship between astrocytic internal Ca2+

levels and Ca2+-dependent glutamate release,124 and for the
study of Ca2+ requirements in long-term synaptic depression.122

In biological studies, the use of near-UV light to initiate metal
ion release can induce cell damage and viability issues, so Ca2+

photocages with large TPCS (two-photon cross sections) are
desirable. Typically nitrobenzyl and dimethoxynitrobenzyl
photocaging groups exhibit low photolysis quantum yields
with two-photo absorption (TPA). In TPA, two lower energy
photons are absorbed simultaneously to populate the excited
state usually reached using higher energy light.125,126 Two-
photon techniques also can be focused to a small volume
(approximately 1 fL) in contrast to one-photon excitation,
which occurs over a wider area,127 and allows photo-uncaging
several hundred μm deep in tissues.128

While DM-nitrophen has a TPA of 0.01−0.04 GM
(Göppert-Mayer), the related photocage NDBF-EGTA that
utilizes a nitrodibenzofuran photocaging group has a large
TPCS 0.6 GM. NDBF-EGTA binds Ca2+ with log K = 7 (Kd =

100 nM) and Φphotolysis = 0.7.129 NDBF-EGTA in combination
with the Ca2+ sensor Fluo-3 showed release of photocaged Ca2+

on the surface of the sarcoplasmic reticulum induced additional
localized Ca2+ release in cardiac myocytes. Compared to the
TPCS of some chromophores, the photophysical properties of
TPA photocaged complexes could still be improved.

Zinc Photocages. Zn has been implicated in neuro-
transmission; however, exact signaling mechanisms have yet to
be elucidated fully. Proteins including metallothioneins help
maintain Zn2+ homeostasis, and Zn2+ release from these
proteins may be involved in protecting cells from oxidative
stress.130 To facilitate Zn2+ signaling and homeostasis research,
we have developed Zn2+ photocages employing strategies
similar to those employed for Ca2+. ZinCast-1 utilizes a
dipicolylanilino ligand for Zn2+ (Figure 13)131 and has a metal

ion release mechanism similar to Nitr-5. ZinCast-1 binds Zn2+

with log K = 4.8 (Kd = 14.3 μM) while ZinUnc-1 has a lower
affinity (log K = 2.2, Kd = 5.5 mM). ZinCast-1 and
[Zn(ZinCast-1)]2+ uncage with photolysis quantum yields of
0.7 and 1.0% respectively. The affinity for Zn2+ drops over 2
orders of magnitude after photo-uncaging (ΔKd = Kd‑Uncaged/
Kd‑Caged). Work with ZinCast-1 illustrates the challenges in
using this class of photocages for biological investigations.
While the ΔKd is reasonable for some applications, the
relatively weakly binding photocage would likely perturb
homeostasis prior to photolysis if the Zn2+ complex was
introduced to cells. In contrast, the photocage Nitr-5 can
effectively sequester Ca2+, but the uncaged ligand retains a high
affinity for the metal ion, which limits Ca2+ concentrations
perturbations. Further studies with related benzhydrol-based
metal ion photocages suggest that the ligand design inhibits
photo-uncaging, which limits the maximum release efficiency
achievable.132−134

ZinCleav-1 takes advantage of a similar bond cleavage
strategy to DM-Nitrophen (Figure 11), and unlike ZinCast-1
utilizes aliphatic amines in the tetradentate ligand EBAP
(ethylene-bis-α,α′-(2-aminomethyl)pyridine), which greatly
improves binding affinity (log K = 12.6, Kd = 0.23 pM).135

Upon irradiation of [Zn(ZnCleav-1)]2+ with 350 nm light,
bond cleavage generates two weakly Zn2+-binding 2-
(aminomethyl)pyridine fragments, which releases the bound
metal ion. The Φphotolysis of ZinCleav-1 and [Zn(ZnCleav-1)]2+

is 2.2% and 1.7% respectively, and the ΔKd is significantly
greater than ZinCast-1. In many cell types however, Zn2+-
binding proteins could scavenge Zn2+ from [Zn(ZnCleav-1)]2+

prior to photo-uncaging.
The second generation photocage, ZinCleav-2 utilizes the

hexadentate TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)-ethyl-
enediamine) receptor,136 which possesses a higher affinity for

Figure 11. Structure and uncaging mechanism of the Ca2+ photocage
DM-Nitrophen. Irradiation of the nitrobenzyl group with light results
in the scission of a carbon−nitrogen bond, which bifurcates the
receptor. The reduction in the chelate effect shifts the equilibrium of
Ca2+ binding toward free (aqua) metal ion.

Figure 12. Additional Ca2+ photocages that utilize the same uncaging
mechanism as DM-Nitrophen. NDBF-EGTA has the additional
advantage of sensitivity to two-photon excitation.

Figure 13. Zn2+ photocages. ZinCast-1 utilizes the Nitr-5 metal ion
release strategy and the ZinCleav compounds follow the DM-
Nitrophen model.
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Zn2+ (log K = 15.4, Kd = 0.4 fM), which is higher affinity than
most metalloproteins. ZinCleav-2 binds Zn2+ more tightly than
ZinCleav-1 with log K = 15.0 (Kd = 0.9 fM) and a ΔKd after
photo-uncaging of >108 at pH 7.4. The Φphotolysis of ZinCleav-2
and [Zn(ZnCleav-2)]2+ are 4.7% and 2.3% respectively. These
preliminary results are promising and biological studies are
being pursued.
Copper Photocages. While the first Cu+ photocage has

only recently been reported,137 several Cu2+ systems have been
characterized (Figure 14). The Cu2+ photocage Cucage

incorporates a bispyridylamide chelator and releases the metal
ion by a similar mechanism to ZinCleav and DM-Nitrophen.138

At pH 7.4, H2cage binds Cu2+ to form [Cu(OH2)(Cucage)]
complex with a log K = 10.7 (Kd = 16 pM). Upon photolysis,
bidentate photoproducts with reduced affinity for Cu2+ are
formed; in addition, Cucage has been utilized as a Pt2+

photocage.139 A binding affinity of 16 pM is not sufficient to
keep copper sequestered in the cell prior to photo-uncaging
since cells maintain [Cu] at < fM. 3Gcage with improved Cu2+

binding properties was developed as potential oxidative stress-
induced prodrug.140 3Gcage has high affinity (log K = 15.7, Kd
= 0.18 fM). In vitro studies with both Cucage and 3Gcage
showed Cu2+ release from both increased hydroxyl radical
formation through Fenton-like chemistry as indicated by
deoxyribose degradation assays. While Cu+ is not the mobile
form of Cu in biology, future studies with these photocages
could help illuminate how reactive oxygen species damage cells.

■ PROSPECTS
The last 30 years have seen an increased interest in metal ion
signaling and homeostasis as well as the techniques to study
these important biological phenomena. Studies using a variety
of photochemical tools have been pivotal in establishing the
signaling functions of Ca2+. Recent efforts are seeking to follow
a similar approach to understand the biology of Zn2+ and Cu+.
Since the homeostasis of Zn2+ and Cu+ is tightly regulated, an
array of sensors and photocages with different metal binding
properties will be required to probe homeostasis in different
types of cells. Loss of homeostasis associated with disease states
and localized concentrations of labile metal ions increase the
need for and opportunities to develop specially engineered
photochemical tools for Zn2+ and Cu+. In addition to Zn2+ and
Cu+, there are significant opportunities to develop photo-
chemical tools for important metal ions like Fe2+/Fe3+, Cu2+,
Ni2+ and K+ that have received less attention to date. While
some of these metal ions like Ni2+ have been the subject of the
development of small molecule141 and protein-based sen-
sors,142 the need for more and better photochemical tools is
imperative.
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