Metallomics

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Metallomics

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

g"msmm apply. In no event shall the Royal Society of Chemistry be held

2 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

[{ RO‘YAL SOCIETY .
OF CHEMISTRY www.rsc.org/metallomics


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10 Metallomics

Table of Content

We discuss the development and application of genetically-encoded FRET sensors as attractive tools
to study intracellular Zn?* homeostasis and signaling.

©CoO~NOUTA,WNPE

Emission
ratio




P OO~NOUILAWNPE

Journal Name

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Metallomics

RSC

Genetically-encoded FRET-based sensors for
monitoring Zn?* in living cells
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Abstract. Genetically-encoded fluorescent sensor proteins are attractive tools for studying
intracellular Zn?* homeostasis and signaling. Here we provide an overview of recently developed
sensors based on Forster Resonance Energy Transfer (FRET). The pros and cons of the various sensors
are discussed with respect to Zn?* affinity, dynamic range, intracellular targeting and multicolor
imaging. Recent applications of these sensors are described, as well as some of the challenges that
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remain to be addressed in future research.
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1. Introduction

Transition metal ions such as iron, copper and zinc pose an
interesting dilemma for all living organisms. Their unique
chemical properties make them essential cofactors in numerous
enzymes and proteins, which is reflected by their relatively high
intracellular concentration of 10-100 pM . At the same time,
transition metal ions are known to be highly toxic in their free
form. For iron and copper this toxicity is mainly associated
with their redox activity, which renders them potent catalysts to
generate free radical species. The toxicity of free Zn?* is due to
its high affinity for a variety of amino acid site chains such as
histidines, cysteines, and to a lesser extend aspertates and
glutamates, which allows Zn?* to bind to numerous proteins
even at nanomolar concentrations, resulting in enzyme
inhibition or induction of protein-protein interactions. The
mechanisms that cells have developed to control this delicate
balance depend on the type of metal ion and may differ
between organisms. In eukaryotes specific copper chaperone
proteins transfer Cu® to various cellular targets without
releasing it into the cytosol 2, making Cu* transport kinetically
controlled. In contrast, intracellular Zn®* homeostasis is
believed to be thermodynamically controlled by buffering the
intracellular free Zn®* concentration at a level that is sufficient
to supply Zn®" to native Zn-proteins, but below that of toxic
levels.® . Whereas the free Zn?* concentration in the cytosol is
now known to be 0.1-1 nM, the free Zn** concentration in
subcellular organelles is less well-established but is likely to
differ substantially. For example, mM concentrations of total
Zn** have been reported for pancreatic P cell granules ® and
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inferred for secretory vesicles in neuronal 6 and mast cells 7,
and release of Zn*" from some of these organelles has been
implicated to allow Zn?* to act as a second messenger molecule
in which transient changes in cytosolic free Zn?*" regulate
enzymes such as protein phosphatases and caspases 82,

To provide a more detailed understanding of the regulation
of zinc homeostasis and the role of Zn?* in (intracellular) signal
transduction, tools are required that allow (sub)cellular imaging
of Zn?" concentrations in single living cells in real time.
Fluorescence is ideally suited for this purpose, because it
combines high sensitivity with subcellular resolution and is not
invasive 4. In order to be useful, fluorescent sensors should
have an appropriate affinity for zZn?" under physiological
conditions, show high selectivity for zinc over other
bioavailable metals and translate Zn?*- binding into a strong
increase in fluorescence, or even better, a change in emission
and/or excitation ratio. Following the development of Zinquin
as the first Zn?*-specific fluorescent sensor 20 years ago, the
development of small molecule fluorescent sensors has been an
active area in chemical biology, yielding an impressive variety
of Zn?* sensitive fluorescent dyes® " '8 While synthetic probes
are still the most commonly used probes for intracellular Zn?*
imaging, they have some important limitations such as a lack of
control over subcellular localization and concentration™®.

Genetically encoded fluorescent sensors offer several
advantages compared to small-molecule based probes. Protein-
based probes are produced by the cell itself, which in principle
allows control over their concentration, prevents leakage, and
provides control over intracellular localization. In contrast,
small-molecule probes need to enter the cell via diffusion over
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the cell membrane. Although they can be trapped inside the cell
via hydrolysis of methylesters by intracellular esterases,
controlling their concentration is challenging and sometimes
results in high accumulation of the probe inside cells, which
can interfere with Zn®* homeostasis. In addition, it is difficult
to control their subcellular localization, which is an important
caveat given that Zn®" concentrations can vary a lot between
different organelles. Another advantage of protein-based
sensors is the excellent affinity and specificity displayed by
natural metal binding proteins, which can be further improved
by both rational and directed evolution approaches. Finally, the
use of genetically-encoded probes allows easy distribution and
replication of the probes via standard molecular biology
techniques, and many of the probes that are discussed here are
available through depositories such as AddGene.

In this review we provide an overview of the various
genetically-encoded fluorescent Zn?" sensors that have recently
been developed. We focus on sensors that are based on Forster
Resonance Energy Transfer (FRET), as these have so far
proven to be the most useful for detecting Zn®" in biological
samples. We will not discuss semi-synthetic systems that
combine a part that is genetically-encoded (which allows for
subcellular targeting) with a synthetic moiety that needs to be
added externally®. The pros and cons of the various sensors are
discussed with respect to Zn?* affinity and specificity, pH
sensitivity, dynamic range, intracellular targeting and
multicolor imaging. Finally we identify some of the challenges
that remain for future research.

2. Genetically encoded FRET-based Zn2+ sensors

Several examples have been reported of Zn?*-sensors consisting
of a single fluorescent domain. However, most of these sensors
suffer from a relatively low Zn?" affinity and are intensity-
based, which means that their fluorescence intensity increases
or decreases upon Zn?" binding without affecting their spectral
properties.? For quantitative intracellular applications this is a
disadvantage, because the fluorescent signal will not only
depend on the Zn?" concentration but also be affected by the
absolute sensor concentration and background fluorescence. A
more robust strategy to design fluorescent sensor proteins is to
take advantage of Forster Resonance Energy Transfer (FRET)
between two fluorescent domains. FRET is a phenomenon in
which excitation energy is transferred from a donor to an
acceptor fluorescent domain. Because the efficiency of energy
transfer is dependent on the distance and orientation between
the fluorophores, FRET is an excellent mechanism to detect
conformational changes that result from metal binding to a
receptor domain. Most FRET sensors use cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP) as a FRET
pair, but recently several sensors containing red shifted FRET
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pairs have been reported® 22 An important property of FRET-

based sensors is that the ratio of acceptor to donor emission
provides information on the number of unoccupied and
occupied metal sensor binding sites. This ratio is dependent on
the Zn?* concentration and the affinity of the sensor, but
independent of the sensor concentration. FRET sensors are thus
by definition ratiometric. By convention the acceptor over
donor emission is used throughout this review and in most of
the literature. Because metal binding and fluorescence are
confined to separate domains, the design of a FRET sensor is in
principle modular and new FRET sensor can be obtained by
simply exchanging the metal binding or the fluorescent
domains. Developing FRET sensors with a large change in
emission ratio can be challenging, however, and often requires
a lot of optimization. Other important sensor properties that
determine the suitability of FRET-based sensors for
intracellular Zn?" imaging are their Zn?" affinity and specificity,
their binding kinetics, and their pH sensitivity. In this next
paragraph we discuss the various FRET-based Zn?' sensor
systems that have been developed thus far.

2.1 CALWY sensors

The CALWY sensors consist of two small metal binding
domains, ATOX1 and WD4, that each contain a metal binding
CXXC motif, fused by a long and flexible linker. The two
metal binding domains are flanked by donor and acceptor
fluorescent domains, which in the initial sensor were ECFP and
EYFP (CFP-Atox1-Linker-WD4-YFP, hence CALWY) (Figure
1A)" 22, ATOX 1 and WD4 are Cu(l) binding domains that are
involved copper homeostasis, as the sensor was initially
developed to create a genetically encoded Cu* sensor based on
the Cu*-induced dimerization of these two domains.
Unexpectedly, binding of Zn?" to the 4 cysteines in ATOX1 and
WD4 was found to form a very stable tetrahedral complex,
yielding a Ky ~0.2 pM at pH 7.1. This first CALWY sensor
showed only a modest, 15% decrease in emission ratio upon
Zn?" binding, however. Subsequently, a series of so-called
eCALWY sensors were developed with a 6-fold larger change
in emission ratio and a broad range of Zn?" affinities. The
original ECFP and EYFP domains were substituted by Cerulean
and Citrine, respectively, to increase the intensity of the donor
(Cerulean) and the pH stability of the acceptor (Citrine). Two
mutations (S208F and V224L) were introduced on both
Cerulean and Citrine to promote intramolecular complex
formation between the two fluorescent domains in the absence
of Zn%*. This intramolecular interaction is disrupted upon
binding of Zn?* to ATOX1 and WD4, which results in 2-fold
decrease in emission ratio. Although the interaction between
the fluorescent domains competes with Zn?* binding, the
overall K4 for Zn?* binding of eCALWY-1 remained very high,
with a K4 of 2 pM at pH 7.1 (Figure 1B)*,
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Figure 1: Scheme showing the difference between the CALWY (A) and eCALWY-1
(B) sensors. Both sensors contain two metal binding domains, ATOX1 and WD4,
that are connected via a flexible peptide linker and flanked by cyan and yellow
fluorescent domains. (A) In the CALWY sensor the average amount of FRET in the
Zn**-free state is only slightly higher than that in the Zn**-bound state. (B) In
eCALWY the FRET in the Zn®-free state is enhanced by promoting an
intramolecular interaction between the fluorescent domains. Disruption of this
interaction upon zn** binding results in a large decrease in FRET. Adapted from
reference **.

eCALWY-1 was initially tested in both HEK293 cells and INS-
1(832/13) cells. The ratio of Citrine over Cerulean emission
was measured for individual cells following excitation of
Cerulean (Figure 2A). An increase in emission ratio was
observed after addition of TPEN, a very high affinity cell-
permeable Zn?* chelator, which is consistent with dissociation
of Zn?" from the sensor. As expected, subsequent addition of
excess Zn?* in the presence of the ionophore pyrithione resulted
in a decrease in emission ratio. Since the ratio at the start of the
experiment was the same as in the presence of excess Zn?*, the
eCALWY-1 sensor was already fully occupied with Zn*,
suggesting that the Zn?" affinity of eCALWY-1 was actually
too high to reliably measure the cytosolic free Zn?'
concentration. Therefore the Zn?* affinity of eCALWY-1 was
systematically attenuated, creating a toolbox of eCALWY-
based sensor ranging in affinity between 2 pM and 3 nM at
physiological pH. Introduction of a single cysteine-to-serine
mutation in the Zn?" binding pocket of the sensor yielded
eCALWY-4, which has a 300-fold weaker affinity for Zn®" (Kq
= 630 pM). This mutation also abrogated Cu* binding to the
protein, as eCALWY-4 did not show any response up to
micromolar Cu* levels. Further fine tuning of the Zn?* affinity
was achieved by shortening the flexible peptide linker between
the metal binding domains from 9 GGSGGS repeats in
eCALWY-1 and ecALWY-4 to 5 GGSGGS repeats
(eCALWY2, and eCALAY-5) and 3 GGSGGS repeats
(eCALWY-3 and eCALWY-6; Table 1).

This journal is © The Royal Society of Chemistry 2012
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Figure 2: (A) Responses of single INS-1(832/13) cells expressing different
eCALWY variants to subsequent addition of 50 uM TPEN (1) 5 uM pyrithione (2),
5 UM pyrithione/100 uM zn* (3) and buffer (4). Each traces shows the response
of an representative individual cell. The emission ratios Rgtart, Rmax, and Rmin can be
used to calculate the sensor occupancy. (B) False-color spinning disc confocal
microscopy images of INS-1(832/13) cells expressing eCALWY-4 after perfusion
with buffer (20 s), buffer with 50 uM TPEN (360 s), and buffer with 5 pM
pyrithione/100 uM zZn* (400 s). Scale bar, 15 um. Adapted from reference 2,

Figure 2 shows the responses of INS-1(832/13) cells transiently
expressing one of the six eCALWY variants to the addition of
TPEN and the subsequent treatment with Zn®" and pyrithione.
For all sensors the in situ response was consistent with the in
vitro determined Zn?* affinity, with the high affinity eCALWY-
1 being fully saturated, while the sensor with the lowest affinity
(eCALWY-6) being nearly empty at the start of the experiment.

occupancy = (RmaxRstart) (Rmax- Rmin)-100% 1)

Equation 1 can be used to estimate the Zn?* occupancy
under steady state conditions. R, and R, are the emission
ratios after TPEN and pyrithione/Zn?®* addition, respectively,
and Ry, is the ratio at the start of the experiment (Figure 2).
This procedure is necessary because the emission ratio
observed for cells expressing the same sensor may vary
substantially between cells, e.g. because of varying
contributions of background fluorescence. Although calibration
by determining Rna and Ry, provides at present the best
method to estimate the sensor occupancy (and from that the free
Zn?* concentration), it has recently been shown that assuming a
linear relationship between relative emission ratio and sensor
occupancy is not always valid®. Some care should therefore be
taken to not over interpret the accuracy with which the free
Zn?* concentration can be determined, especially when the
determination is based on the response of a single sensor. This
is particularly true when the sensor’s affinity is not close to the
free Zn®* concentration. In the case of the eCALWY sensors,
determination of the free Zn?" concentration using eCALWY-4
is therefore more reliable than using e.g. eCALWY-2. A final
assumption in the calculation of the free Zn?* concentration is
that the sensor’s Ky, which is most accurately determined in
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vitro, is not significantly affected by intracellular conditions
such as increased ionic strength and macromolecular crowding.
For eCALWY-4 this was shown to be true at least in the
cytosol, where in-situ calibration with the pore-forming protein
a-toxin and a Zn?* buffer solution showed that the apparent K
was only slightly lower in situ than obtained in vitro using
purified sensor protein.

Table 1: Overview of different FRET-based Zn?* sensors

Sensor variant Ratiometric change  Kg(pH 7.1) ref.
(in vitro)
CALWY (Cysa) 15% 02 pM v
eCALWY-1 (Cys,) 240% 2 pM 2
eCALWY-2 (Cyss) 270% 9 pM x
eCALWY-3(Cyss) 215% 45 pM 2
eCALWY-4 (Cyss) 250% 630 pM 2
eCALWY-5 (Cyss) 300% 1850 pM 2
eCALWY-6 (Cyss) 200% 2900 pM 2
0.5 uM (pH 6.0)
redCALWY-1 (Cys,) 62% 12.3 pM 2
redCALWY-4 (Cyss) 30% 234 pM 2
ZifCY1(Cys;His,) 220% 1.7 uwM »
ZifCY2 (His,) 400%. 160 pM %
ZapCY1(Cys,) 130% 25 pM z
ZapCY2(Cys;His,) 70% 811 pM a
ZapOC2 (Cys;Hisy) 12%° n.d. z
ZapCmR2 (Cys;His,) 39%*° n.d. z
ZapCmR1 (Cys,) 16%* n.d. z
ZinCh-9 (Cys,) 360% 213 nM (pH8.0) %
eZinCh-1 (Cys,) 800% 82 uM 2
253 nM (pH8.0)
250 uM (pH 6.0)
CLY9-2His (2 Hiss-tags) 65% 47 nM (pH8.0) *

# ratiometric change was determined in situ

In general, the reliability of determining the free ZzZn®*
concentration can be increased by performing measurements
with sensors with different affinities. For example, plotting the
sensor occupancies for all six eCALWY variants as a function
of their Ky revealed that their responses were all consistent with
a free Zn?* concentration ~ 0.4 nM, both in mouse pancreatic
beta cells INS-1(832/13) and in HEK293 cells. Subsequent
work in other cell types and using these and other sensors (see
below) confirmed that the cytosolic Zn?* in mammalian cells is
relatively well-buffered between 100 pM and 1 nM. Because
genetically encoded fluorescent proteins are constitutively
expressed they have become part of the cellular Zn?" buffer
machinery, which explains why, unlike synthetic fluorescent
Zn?* sensors, there occupancy does not depend on their
absolute concentration and why their presence at pM
concentrations does not seem to perturb the cytosolic free Zn*
concentration®.
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Although most studies using genetically encoded FRET
sensors such as eCALWY have been done in cell lines using
transient transfection, FRET sensors have also been used in
primary cells such as pancreatic B-cells, neurons®* and
cardiomyocytes (Chabosseau et. al., submitted). To allow
transfection of primary cells, the Rutter lab cloned several
eCALWY variants into an adenovirus system®2. Using primary
islet cells infected with eCALWY-4-expressing adenovirus,
treatment with high glucose levels was found to result in a 2-
fold increase in cytosolic Zn?* concentrations. Another recent
application of the eCALWY sensors was reported by the
Frommer group, who used these sensors to image cytosolic
Zn?" concentrations in the root tips of Arabidopsis thalania. An
Arabidopsis thalania line that is deficient in transgene-induced
silencing (rgr6) was used to constitutively express different
cytosolic eCALWY variant®. Expression of the eCALWY
sensors in these cell lines showed high fluorescence and did
not seem to affect the viability of the expressing Arabidopsis
lines. Imaging in root cells using the RootChip technology
showed cytosolic free Zn?* concentration that were similar to
those found in mammalian cells. The sensors were also used to
monitor the response of cytosolic free Zn?*" levels to the
external Zn?* concentrations, revealing the presence of both
high and low affinity uptake systems.

One of the advantages of genetically encoded sensors
compared to synthetic fluorescent probes, is that they can be
targeted to specific subcellular locations by attachment of
specific targeting sequences. Establishing the free zZn?'
concentrations in specific organelles has proven to be more
challenging than in the cytosol, however, and conflicting results
have been obtained using different genetically encoded sensors.
Both the free Zn?* concentration itself and environmental
parameters such as pH, redox potential, and Zn?*" buffer
capacity may all be different in an organelle from the cytosol,
making estimation of the free Zn?" concentration based on the
in vitro determined Ky and in situ observed sensor occupancy
more uncertain. In addition, in situ calibration of the sensors is
also more challenging as 2 or more cellular membranes need to
be crossed. Recent work by Chabosseau found that ER-targeted
eCALWY-4 was almost completely saturated with Zn?" in a
variety of cell lines and primary cardiomyocytes, suggesting
that the free Zn?" concentration in the ER is higher than in the
cytosol®*. These numbers would be consistent with a putative
role for the ER as a store of Zn*" from which Zn?* release to the
cytosol can be triggered. However, different results were
previously reported by Palmer and coworkers, who, using
different a FRET sensor (see below), reported free Zn?'
concentrations of less than 1 pM in the ER?. A similar
discrepancy was observed for the mitochondria® 3%
Measurements using eCALWY -4 targeted to the mitochondrial
matrix of several cell lines and primary cells, consistently
yielded free Zn?* concentrations of 200-300 pM. It should be
noted that these numbers were calculated based on the
dissociation constant of eCALWY-4 determined at pH 7.8,
which is 60 pM. Again these numbers are 3 orders of
magnitude higher than were determined by the Palmer group

This journal is © The Royal Society of Chemistry 2012



©CoO~NOUTA,WNPE

e
[Ny

NNRPRRRERRERERR
PO©OWO~N®ODwN

g
<
=
=
. cl‘!:k e
itrine/Cerulean

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Metallomics

using the FRET sensors ZapCY1 and a semi-synthetic carbonic
anhydrase-based sensor from the Thompson group, both of
which have reported values of 0.2 pM3®" 3%, However, a
substantially higher concentration of 72 pM was recently
determined using a small molecule ratiometric fluorescent

probe targeted to the mitochondria of NIH 3T3 cells 3 %7,
A) — redCALWY-4
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Figure 3: Simultaneous imaging of two differently colored Zn2+ FRET sensors to
image Zn* over a broad concentration range in the same cellular compartment.
(A) Response of Hela cells expressing both the high-affinity eCALWY-1 (green)
and moderate affinity redCALWY-4 (red) to the addition of an/pyrithione
followed by excess TPEN. Normalized emission ratio’s averaged over multiple
cells are shown. (B) False-colored ratiometric images of a representative cell in
the resting state, at high Zn®* concentration (+Zn*/pyr) and at low zn*
concentration (+TPEN). Adapted from reference 2

In order to simultaneously monitor Zn?* in different cellular
compartments in the same cell or study the relation between
Zn?* concentration and intracellular signal transduction, sensor
variants are required that can be used together with CFP-YFP
based sensors?. Recently red-shifted variants of eCALWY
were obtained by replacing Cerulean and Citrine by mOrange
and mCherry, respectively. To obtain sensors with a sufficient
FRET response, hydrophobic mutations needed to be
introduced at the surface of both fluorescent domains to
promote association of mOrange and mCherry in the Zn* -free
state. The affinities of these redCALWY’s were similar to those
of the original CFP/YFP-based sensors, with Ky values of 12.3
+ 2 pM and 234 + 5 pM for redCALWY-1 and redCALWY-4,
respectively (Table 1). In situ, the high affinity redCALWY-1
was completely saturated with Zn?* under normal physiological
conditions, while the lower affinity redCALWY-4 was found to
be mostly empty when expressed in the cytosol of HelLa cells.
Importantly, simultaneous imaging of two spectrally distinct

This journal is © The Royal Society of Chemistry 2012

eCALWY variants (eCALWY-1 and redCALWY-4) in the
cytosol of a single cell was successfully demonstrated (Figure
3). This experiment not only allowed measurement of cytosolic
Zn?* concentrations over an extended concentration range, but
also shows the feasibility of monitoring Zn?* concentrations at
different subcellular localizations that can otherwise not be
easily distinguished, such as the ER and the cytosol.

2.2 Sensors based on zinc fingers: Zif- and Zap-based
FRET sensors

zinc fingers (ZF) represent an attractive class of Zn?* binding
domains for the development of FRET sensors, because metal-
dependent protein folding ensures a large conformational
change upon Zn?* binding. The Palmer group used several zinc
finger domains to construct FRET sensors, resulting in sensors
with a range of affinities. One of the first designs was based on
the mammalian transcription factor Zif268, a ZF domain
containing a Cys,His, binding pocket. Two sensors were
constructed by fusion of CFP and YFP at the N- and C-termini
of ZF domain, one containing the wild-type zinc finger domain
(zZifCY1) and one in which the cysteines were mutated to
histidines (ZifCY2)?. In vitro, both sensors showed a large
increase in emission ratio (2.2-fold and 4.0-fold, respectively)
but relatively weak Zn?" affinities of 1.7 uM for ZifCY1 and ~
160 pM for ZifCY2, whereas the Zn?" affinity of the Zif268
domain itself was in the low nanomolar range. In situ, the
dynamic range of ZifCY1 was found be attenuated to 25%,
possibly as a result of molecular crowding. Using the ZifCY1
sensor, the free cytosolic Zn?* concentrations was initially
estimated to be approximately 180 nM, but this number
actually reflects the lower limit of detection for this sensor and
the cytosolic free Zn*" concentration was subsequently shown
to be 1000-fold lower. This example illustrates the difficulty of
measuring analyte concentrations that are outside the affinity
range of a sensor, and explains the observation that higher
sensor concentrations resulted in an apparent increase in the
estimated intracellular Zn?" level.

To obtain FRET sensors with increased Zn?* affinity and
improved (in-situ) dynamic range, Palmer and coworkers
subsequently developed the Zap-series of FRET sensors 27.
These sensors contain the first and second zinc finger domains
of the Saccharomyces cerevisiae transcriptional regulator Zap1,
which have a low nanomolar affinity for Zn?* (Figure 4). Zap1-
based FRET sensors were first reported by Eide and
coworkers®, who did not use them to measure free Zn*
concentrations, but to study the kinetics of Zn®" binding and
release in situ in yeast. Palmer and coworkers improved these
sensors by linker optimization and by replacing the original
CFP by a truncated variant and EYFP by the pH stable Citrine.
In vitro characterization of the ZapCY1 sensor yielded a Ky of
2.5 pM at pH 7.4. A variant (ZapCY2) was also constructed by
replacing two of the cysteines in the Zn?" binding pocket by
histidines, which decreased the affinity for Zn** to a Ky of 811
pM. Expression of ZapCY1 in mammalian cells showed a 4-
fold decrease in emission ratio upon treatment with a zinc
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Figure 4: The high-affinity Zn”* sensor ZapCY1 consists of the first and second
zinc finger domains of Saccharomyces cerevisiae Zap1 flanked by truncated CFP

and Citrine. Zn** binding induces folding of the ZF domans, resulting in an
increase in FRET. Adapted from reference =

chelating reagent, which was completely reversed upon
treatment of the cells with digitonin and excess zZn®". The
complete saturation of ZapCY1 under normal physiological
conditions is consistent with its high zZn?" affinity, which is
similar to that of eCAWLY-1 (Figure 5A). In contrast, the
cytosolic ZapCY?2 sensor showed a 1.4-fold change in emission
ratio and was only partially occupied at the start of the
experiment (Figure 5B). Based on the response of ZapCY2, a
free Zn?* concentration of ~80 pM was calculated, which is
comparable to the previously determined concentrations using
the eCALWY series®®. Another difference between ZapCY1
and ZapCY?2 is their response kinetics. Reaching the Zn-free
state of ZapCY-1 in situ requires incubation with TPEN for ~30
minutes, whereas the response of ZapCY-2 occurs is much
faster, making this the preferred Zap-based sensor for
measuring cytosolic Zn?" concentrations. The slow response of
ZAPCY1 upon TPEN addition might be partially due to its tight
Zn?* binding, since eCALWY-1 also showed a slower response
compared to the lower affinity eCALWY-4 sensor. However,
despite their similar affinities for Zn?*, the Zn-free state of
eCALWY-1 is reached at least 5-fold faster than ZapCY-1.

14 4
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Figure 5: FRET responses of ZapCY1 (A) and ZapCY2 (B) expressed in the cytosol
of Hela cells to the addition of TPEN, followed by the addition of excess Zn* in
the presence of digitonin. Adapted from reference”’.

ZapCY-1 and other ZF-based FRET sensors have been
successfully targeted to a variety of organelles, including the
ER, Golgi and mitochondrial matrix?” 1. HeLa cells expressing
ZapCY1 in the ER showed a small decrease in emission ratio
upon prolonged incubation with TPEN, followed by a much
larger increase in emission ratio upon subsequent addition of
excess Zn?*. This response suggests that despite its high affinity

6 | J. Name., 2012, 00, 1-3
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(Kq = 2.5 pM) ZapCY1 was mostly Zn?* free in the ER, and a
free Zn®" concentration of 0.9 pM was obtained from
application of equation 1. A very similar response was observed
for Golgi-targeted ZapCY1, yielding a similarly low free Zn?*
concentration of 0.6 pM?. As expected, the low affinity
ZifCY1 sensor (K4 ~1.7 uM) targeted to the ER did not show
any response upon addition of TPEN, indicating a Zn-free state
of the sensor in the ER lumen. These data suggest that the free
Zn?" concentration in the ER and Golgi is maintained at a much
lower concentration than in the cytosol, but it is unclear how
this concentration gradient would be maintained. As discussed
before, these data are strikingly different from the results
obtained with the eCALWY-4, which, despite a much higher
Kg, was found by be mostly saturated.

A similar discrepancy between the ZapCY1 and eCALWY
sensors was observed in the mitochondrial matrix. ZAPCY-1
was targeted to the mitochondrial matrix by attachment of an
N-terminal targeting sequence from human cytochrome c
oxidase subunit 8a. The response of ZapCY1 targeted to the
mitochondria in HeL a cells to the addition TPEN and Zn®* was
very similar to that observed for ER- and Golgi-targeted
ZAPCY1. TPEN addition resulted in a small and slow decrease
in emission ratio, whereas excess Zn?* caused a fast and large
increase in emission ratio. The affinity of ZAPCY1 was first
corrected for the mitochondrial pH (pH 8.0), and then free
mitochondrial Zn*" concentration was estimated to be 0.22
pM®L. This value is similar to that obtained using a carbonic
anhydrase-based FRET sensor, but 2-3 orders of magnitude
lower than those obtained using mitochondrial targeted small
molecule probes and mitochondrial targeted eCALWY4. At
present it is unclear why the ZapCY1 and eCALWY probes
behave so different when targeted to the ER and mitochondrial
matrix. It seems unlikely that this discrepancy is due to an
error in the determination of Zn?* affinity, because both sensors
give more similar results when used in the cytosol. One way to
resolve these discrepancies might be to use FRET sensors that
use alternative binding mechanisms. Both sensors depend on
cysteines for Zn?* binding, which in the oxidizing environment
of the ER lumen may cause problems with improper folding or
cysteine oxidation.

Red-shifted variants have also been developed for the Zap-
based FRET sensors?. The original CFP and YFP domains in
ZapCY1 and ZapCY?2 were replaced by a variety of red-shifted
fluorescent domains. Their performance was assessed in both
the cytosol and nucleus of HelLa cells, by in situ calibrations
with TPEN and excess Zn®'. The variant with the largest
change in emission ratio (~40%) consisted of the green
fluorescent donor Clover and mRuby2 as a red fluorescent
acceptor.  Spectral overlap between CFP-YFP and
Clover/mRuby2 makes simultaneous imaging in the same
cellular compartment challenging with these sensors, but
simultaneous intracellular imaging was achieved by targeting
the Clover/mRuby2-based sensor to the nucleus. Sensor
variants with orange and red fluorescent domains, which are
spectrally well separated from CFP and YFP, were also
obtained but unfortunately displayed relatively small changes in

This journal is © The Royal Society of Chemistry 2012
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emission ratio of ~10% changes. The replacement of the
fluorescent domains seemed to sometimes affect the Zn?*
affinity, since some variation in sensor occupancy was reported
between different variants that were based on the same metal
binding domain.

2.3 eZinCh and His-tag based FRET sensors

High affinity Zn?* sensors such as the eCALWY and
ZapCY sensors are necessary for imaging free Zn?' in the
cytosol and organelles such as the nucleus, mitochondria and
possibly the ER. However, concentrations of free Zn?* can be
substantially higher in secretory vesicles and in the extracellular
milieu. An example are the insulin secreting vesicles in
pancreatic beta cells, which store insulin in complex with Zn?*
and contain mM concentrations of total Zn%**. eCALWY-6,
which has a Ky of 0.5 pM at the vesicular pH of 6.0, was found
to be fully saturated when targeted to these vesicles?. To
reliably measure these higher concentrations of Zn*", sensors
are needed that have affinities in the high nanomolar to low
micromolar regime. Here we describe two examples of such
moderate affinity sensors, eZinCh and His-tag based sensors.
The ZinCh sensors are fusion proteins of ECFP and EYFP
connected via a long flexible peptide linker. Instead of relying
on a separate Zn®" binding domain, two Zn*" coordinating
amino acids (Y39H and S208C) were introduced directly on the
so-called dimerization interface of each of the fluorescent
domains (Figure 6)%.

Figure 6: ZinCh-9 is a moderate affinity Zn** sensor that displays a biphasic
increase in FRET upon zn** binding. Binding of Zn* to cysteines at position 208
of ECFP and EYFP brings both domains together, which is followed by binding of
Zn* to two histidines introduced at position 39. Adapted from reference”.

Addition of Zn?' resulted in a biphasic 4-fold increase in
emission ratio, covering Zn®* concentrations between 100 nM
and 1 mM (at pH 8). The first, high affinity Zn?" binding event
(Kgz = 200 nM at pH 8.0) involves the coordination of Zn?
between the two Cys208 residues, which results in formation of
an intramolecular complex between ECFP and EYFP in a
parallel orientation. Next, a second Zn?* binds to a lower
affinity site created by the two His39 residues (Kg, ~ 88 uM at
pH 8.0), resulting in a further increase in emission ratio.
Importantly, ZinCh was shown to be specific for Zn?* over
other divalent metal ions such as Cd?, Ni%*, Mg?, and Ca?*. An
improved sensor variant (eZinCh-1) with an 8-fold increase in
emission ratio was created by replacing ECFP and EYFP by
cerulean and citrine and by removing the low affinity binding
site. The Zn?" affinity of eZinCh-1 was found to be strongly pH
dependent, changing from K4 = 258 nM at pH = 8.0, to 8.2 uM
at pH 7.1, and 250 pM at pH 6.0. An effort to increase the Zn?*
affinity by creating a tetrahedral Cys, binding site at the

This journal is © The Royal Society of Chemistry 2012

dimerization interface failed, but increased affinity was
observed for Cd®*, which has larger ionic radius than Zn?*,
These results suggest that the four cysteine binding pocket is
too large to efficiently bind zZn®" *°. Recently, an eZinCh
variant was developed that displays a substantially higher Zn*"
affinity (Kgq of 1 nM at pH 7.1; Hessels et al, unpublished
results).

To test the suitability of eZinCh-1 for measuring vesicular
Zn?", the sensor was targeted to the secretory granules of INS-1
(832/13) cells by fusion of the sensor to vesicle-associated
membrane protein 2 (VAMP2)?*. Co-localization studies
confirmed exclusive localization of the sensor in insulin
containing granules. Under resting conditions low emission
ratios were observed of eZinCh-1 in the vesicles, which
indicates that the sensor was completely empty at the start of
the experiment. Addition of extracellular Zn?* and pyrithione
did not change the emission ratio, suggesting that this treatment
is not sufficient to raise the free Zn®* concentration above the
~50 UM that would be required to allow Zn?* binding at pH 6.0
(Kgq 250 uM at pH 6.0; Table 1). To test whether the eZinCh-1
was indeed empty because of the low vesicular pH, cells were
treated with the Na'/H* exchanger inhibitor monensin, which
transiently increases the pH from 6.0 to 7.0. Indeed, a robust
increase in emission ratio was observed upon treatment with
monensin, which was fully reversible after monensin was
washed out. Although the functionality of vesicular-targeted
eZinCh-1 was established, these results also show that
monitoring vesicular free Zn?" concentrations ideally requires
the development of less pH sensitive FRET sensors with a Zn?*
affinity of ~ 10 pM at pH 6.0.

The sensors discussed so far are all redox sensitive, as they
rely at least partially on cysteines for Zn®" binding. A sensor
that binds Zn?* exclusively using histidines was created based
on the observation that Zn?* forms a relatively stable 1:2
complex with His-tags®. This sensors consists of a fusion
protein of ECFP and EYFP connected a long flexible peptide
linker, with (His)g tags introduced at both the N-and C-termini
(Figure 7).

2 : Kq~ 10°

e ©

Figure 7: FRET sensor design based on His-tags as zZn* binding sites. zn** binding
to His-tags at the N-and C-termini results in the formation of a compact
intramolecular zn>* complex with a moderate Zn* affinity. Adapted from
reference®.

Intramolecular binding of Zn?* between the 2 His-tags brings
ECFP and EFYP in close proximity, which results in a 1.6-fold
increase in emission ratio and a Ky for Zn®" of 50 nM at pH =
8.0. This sensor has not been applied for cellular imaging, but
has recently been used to determine the concentration of free
Zn? in blood serum (Arts et al, unpublished results). Future
development of this sensor may involve the replacement ECFP
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and EYFP by improved or differently colored fluorescent
domains and the optimization of Zn?* coordination by the His-
tags. In addition to in vitro diagnostic applications these
improved variants could also proof useful for intracellular
imaging applications involving oxidizing and/or acidic
conditions.
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