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Abstract

Introduction
Zinc plays a critical role in many fundamental cellular processes, acting as a Lewis acid catalyst in numerous
enzymes, having a structural function in DNA binding proteins and acting as a modulator in neurotransmission1-3.
At the same time, low nanomolar concentrations of free Zn2+ can be cytotoxic, rendering zinc homeostasis a
delicate balance that is not well understood. We developed a toolbox of genetically-encoded Forster Resonance
Energy Transfer \(FRET)-based sensors that allow monitoring of �uctuations in intracellular free zinc levels. These
sensors, called eCALWY-1, -2, -3, -4, -5 and -6, display a large decrease in energy transfer upon Zn2+ binding and
have a�nities that span the pico- to nanomolar range \(Table 1). They were successfully used to determine the
cytosolic free Zn2+ concentrations of HEK293 and INS-1\(832/13) cells, which were both found to be 0.4 nM. In
addition, the sensors can be targeted to subcellular organelles, as was shown for secretory granules in pancreatic
beta-cells4. An important issue when measuring cytosolic free zinc concentrations is whether the presence of
micromolar concentrations of sensor is not affecting the free zinc level. The availability of a toolbox of sensors
spanning a range of a�nities allows addressing this issue. Each sensor can be intracellularly saturated with and
depleted from zinc, after which the individual sensor occupancies at steady-state zinc levels can be calculated.
When combining these occupancies with the _in vitro_ determined _K_d, the steady-state cytosolic free zinc
concentration can be accurately determined. Here we describe the complete protocol to quantify changes in
intracellular free Zn2+, based on a protocol described by Palmer et al for genetically encoded Ca2+ sensors5. Next,
we explain how to use the toolbox of sensors to accurately determine the steady-state cytosolic free zinc
concentration.

Reagents
-Mammalian expression vectors encoding for the eCALWY sensors -Krebs-Hepes-bicarbonate buffer plus \(KHBP)
\(see REAGENT SETUP) -TPEN \(N,N,N',N'-Tetrakis\(2-pyridylmethyl)ethylenediamine), 50 mM stock solution in
ethanol \(Sigma, cat. no. P4413) -ZnCl2, 100 mM stock solution in demiwater \(Sigma, cat. no. 39059) -Pyrithione

\(2-Mercaptopyridine N-oxide), 5 mM stock solution in water \(Sigma, cat. no. 188549) -LipofectamineTM 2000 \
(Invitrogen, cat. no. 11668-027) -Maxiprep kit \(Qiagen, cat. no. 12663)

Equipment
-Olympus IX-70 inverted optics microscope \(Olympus UK, Ltd;
"http://www.olympus.co.uk":http://www.olympus.co.uk) and an Olympus 40x, 1.35 numerical aperture oil
immersion objective lens, or equivalents - "http://www.zeiss.com/micro":http://www.zeiss.com/micro;
"http://www.nikoninstruments.eu/Products/Microscopes":http://www.nikoninstruments.eu/Products/Microscopes
-Monochromator \(Polychrome IV, TILL Photonics GmbH, Grafel�ng, Germany; "http://www.till-
photonics.com/index.php":http://www.till-photonics.com/index.php) -IMAGO charge-coupled device camera \
(TILL Photonics, GmbH) -455DRLP dichroic mirror \(Chroma Technology, Brattleboro, NY) -FRET emission �lters \
(D465/30 for CFP or equivalents \(we used cerulean) and D535/30 \(Chroma) for YFP or equivalents \(we used
citrine)) -Lambda 10-2 controller \(Sutter Instruments, San Rafael, CA) -Heating stage \(MC60, LINKAM Scienti�c
Instruments, Surrey, UK) -Perifusion system. Peristaltic pump \(Gilson Minipuls 3); plastic tubing \(Pump tubes
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PVC, 116-0549-150; 116-0549-080, Anachem LTD, Luton, UK) -TILLVISION software \(TILL Photonics GmbH) -3.5-
cm imaging chamber \(we use the Atto�uor cell chamber \(Invitrogen) for microscopy) -Glass coverslips \(25 mm;
Fisher Scienti�c UK Ltd) -Waterbath \(Fisher Scienti�c)

Procedure
**Cell transfection** 1. Typically, 72 hours prior experiment, plate the cells on glass coverslips. Cells should reach
40-60% con�uency within 24 h. Pause point. Continue after 24 h with step 2. 2. 48 hours prior to imaging,
transfect cells with 1 micro g of plasmid DNA. We typically use LipofectamineTM 2000, according to the
manufacturers' instructions \(Invitrogen). Pause point. Continue after ~48 h with step 3. **Quantifying
intracellular changes in \[Zn2+]** 3. Prepare 5 ml per coverslip of the following solutions to allow addition of
different Zn2+ perturbing reagents: a) KHBP without additives \(1). b) KHBP with an agent that perturbs or
activates Zn2+ pathways. c) KHBP containing 50 microM TPEN. d) KHBP without additives \(2). Two separate
solutions without additives are used to prevent cross-contamination. e) KHBP containing 5 microM pyrithione and
100 microM ZnCl2. Put the buffers in the waterbath at 37 oC. Critical step: Unless a microscope with a climate
chamber to control CO2 levels is used, the CO2 level in the buffer will slowly decrease in time. Although we have
not observed strong effects due to CO2 evaporation, we recommend re-bubbling KHBP with 95% air/5% CO2 for 10
minutes every 2 hours. 4. Measure the time elapsed between the buffer entering the perifusion tubing and
reaching the outlet. During imaging acquisition, take this time into account when switching between different
solutions. We typically use a �ow speed of 1-2 ml/ min. 5. Take the glass coverslips with cells that have
previously been transfected with the eCALWY variant of interest from the incubator and mount into the 3.5-cm
imaging chamber. Add 1 ml of KHBP to the cells. 6. Mount the inlet and outlet of the perifusion system to the
imaging chamber. Critical step: Ensure that the outlet is at a higher level than the inlet to prevent the cells from
running dry. In addition, ensure that the outlet �ow is at least equal to the inlet to prevent the imaging dish from
over�owing. 7. Focus on the cells using bright�eld illumination. Switch to �uorescence illumination to choose a
�eld of view. Preferably, multiple cells are in one �eld of view and cells displaying different intensities are used \
(this is only possible if a CMV or equivalent promoter is used). The latter is to con�rm that the expression level of
the indicator is not affecting the cytosolic zinc level. The localization of the sensor should also be evaluated and
cells should appear healthy. 8. Start perifusion with regular KHBP. Adjust the �ow to ensure that the buffer is
�owing constantly over the cells without dislodging the cells. 9. Start image acquisition. We acquire images every
1 or 2 seconds to also obtain information regarding the binding and release kinetics of our sensors. The protocol
can easily be expanded with additional steps wherein biological stimuli are given, as long as intracellular
calibration of the sensor is performed at the end of each experiment. The calibration requires the determination of
the ratio under Zn2+-free conditions \(Rmax) and the ratio under Zn2+-saturation conditions \(Rmin). During
acquisition of Rmin and Rmax, a longer interval between measurements can be used to prevent photobleaching. We
typically use the timeframe stated below, although occasionally 2 minutes of TPEN incubation was su�cient for
eCALWY-4, 5 and 6 to reach Rmax. Critical step: Remember to also take into account the time it takes for the buffer
to reach the imaging dish. -2 minutes KHBP containing no additives \(1) -x minutes KHBP containing an agent
that perturbs or activates Zn2+ in�ux or e�ux pathways. Ensure that steady-state Zn2+ levels are reached during
this step -2 minutes KHBP containing no additives \(2) -3 minutes KHBP containing 50 microM TPEN \(to
determine Rmax) -2 minutes KHBP containing 5 microM pyrithione and 100 microM ZnCl2 \(to determine Rmin)
Critical step: If multiple coverslips are measured sequentially, rinse the perifusion tubing with KHBP after each
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experiment to prevent saturation with Zn2+ at the start of the next experiment. Pause point. O�ine data analysis
can be carried out at any time. 10. Select regions of interest \(ROIs). Draw an ROI in the individual �uorescent cells
and include an ROI that is used for background correction. This is preferably a non-transfected cell to correct for
auto�uorescence, but an empty area in the image can also be used. Use identical ROIs for the two images \(FRET
and CFP) obtained at each time point. The software package should allow calculation of the average intensity in
each of the ROIs, followed by export in an ASCII or other format for import into a data processing program such as
Microsoft Excel. 11. Calculating the FRET ratio for each timepoint. Use the following equation to calculate the
FRET ratio for each timepoint: Ratio = \(FRETint - FRETbkgnd) / CFPint - CFPbkgnd) Here, FRETint and CFPint

represent the intensity of the FRET and CFP channels in the ROI. FRETbkgnd and CFPbkgnd represent the intensity of
FRET and CFP in the background ROI. The obtained values can then be plotted as a function of time \(Figure 1). A
background corrected ratio image can be generated using a program such as ImageJ via the RatioPlus plugin. 12.
Converting the ratios into \[Zn2+]. When quantifying the changes in free Zn2+ induced by a biological stimulus, the
_in vitro_ determined _K_d can be used to convert the sensor occupancy to a Zn2+ concentration: \[Zn2+] = \(\(Rmax

- R) / \(R - Rmin)) * _K_d Here, R is the background-corrected ratio at any timepoint. Rmax and Rmin are the
background-corrected ratios after addition of KHBP supplemented with TPEN or pyrithione and zinc respectively \
(see point 9). As proposed by Palmer et al5, we recommend reporting time traces of both FRET ratio changes and
\[Zn2+] using left and right vertical axes for the two calibrations. Also mention the exact parameters used for the
conversion to \[Zn2+]. **Using the sensor toolbox to determine the steady-state free \[Zn2+]** The protocol
described above is meant for quantifying changes in free \[Zn2+] induced by agents that in�uence zinc
homeostasis. Those experiments typically involve a single sensor, equipped with a binding a�nity that allows
detection of small perturbations of free \[Zn2+]. During these measurements the _in vitro_ _K_d for zinc is assumed

to be identical to the intracellular _K_d and potential changes in the free \[Zn2+] due to the presence of micromolar
amounts of sensor protein are neglected. Although an intracellular titration of zinc with permeabilized cells
showed that the _K_d is only weakly affected by the cytosolic environment, ideally these experiments should be

repeated using sensors with different _K_d 's to verify whether multiple sensors report similar changes in \[Zn2+]. A
special case occurs when determining the steady-state free zinc concentration. Instead of quantifying a change in
\[Zn2+], these experiments aim at reliable quanti�cation of the starting ratio of the experiments described above.
We believe that to make a con�dent statement regarding the steady-state free zinc levels, the experiments
described in step 3-9 need to be repeated for each of the eCALWY variants. Below we discuss the different steps
and analysis of the data. 13. Repeat step 3-9 with each of the eCALWY variants using the following timeframe: -2
minutes KHBP containing no additives \(1) -3 minutes KHBP containing 50 microM TPEN \(determines Rmax) -2
minutes KHBP containing 5 microM pyrithione and 100 microM ZnCl2 \(determines Rmin) Critical step: If multiple
coverslips are measured sequentially, remember to rinse the perifusion tubing with KHBP after each experiment to
prevent saturation with Zn2+ at the start of the next experiment. Pause point. O�ine data analysis can be carried
out at any time. 14. Repeat step 10-11 for all eCALWY variants. 15. Calculate the sensor occupancy at resting Zn2+

levels. This is an essential step to quantify the observed intracellular ratios. In our hands, steady-state emission
ratios can differ substantially from cell to cell, but much less variation is observed following conversion of the
emission ratio to sensor occupancy. The sensor occupancy at resting Zn2+ levels can be calculated via the follow
equation: Occupancy \(%)=\(\(Rmax - Rrest) / \(Rmax - Rmin))*100 Here, Rrest is the background-corrected ratio prior
to addition of any additives. Rmax and Rmin are the background-corrected ratios after addition of KHBP
supplemented with TPEN or pyrithione and zinc, respectively. To prevent small perturbations in the ratio from
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affecting the occupancy, use an average for Rmax, Rmin and Rrest over at least 10 timepoints where steady-state
has been achieved. We typically use the average occupancy of >10 cells, preferably divided over at least four
coverslips. 16. Obtaining a free \[Zn2+]. There are multiple ways to obtain a free \[Zn2+] from the data points in 15.
Once the percentage of occupancy in the resting state has been calculated for each of the eCALWY variants, their
individually determined _in vitro_ _K_d's can be used to generate a plot of the sensor occupancy as a function of

sensor _K_d. The data can now be �tted using the following equation: Occupancy = \(\(P1 * \[Zn2+])/\(\[Zn2+] +
_K_d)) + P2 One consideration when �tting the data is whether P1 and P2 should be included in the �t or set at
�xed values of -100 and 100 respectively. In our hands, slightly different free zinc concentrations resulted from
these two �tting procedures and we have no experimental evidence favoring one over the other. Alternatively, one
could decide not to �t the data, but plot a series of simulated curves representing increasing free zinc
concentrations to provide a clear indication of the free zinc concentration \(Figure 2). The use of multiple curves
provides the reader with an indication of the accurateness of the determined free Zn2+ value. The simulated
curves are generated via standard equation for obtaining a dissociation constant using a single binding model \
(listed at timepoint 16). For these curves, we set P1 and P2 at -100 and 100 respectively.

Timing
Steps 1-2: 3 d. Steps 3-4: 1 h. Steps 5-9: 0.5-1 h. per cover slip. Steps 11-13: 1-2 h. Step 14: 2-3 d. Step 15-16: 0.5-1
d

Anticipated Results
The approach described here has been useful for determining the free cytosolic zinc concentration in HEK293
cells and INS-1\(832/13) cells. A typical trace for eCALWY-4 when expressed in HEK293 cells is given, together
with a plot of the occupancy and the corresponding _K_d of all eCALWY variants versus occupancy \(Figure 1 and
2).
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Figure 1

Response of a single HEK293 cell expressing eCALWY-4 to perifusion with KHBP buffer containing 50 microM
TPEN (1), 5 microM pyrithione (2), 5 microM pyrithione and 100 microM Zn^2+^ (3) or no additives (4) using
epi�uorescence microscopy.

Figure 2

Sensor occupancy in HEK293 cells as a function of the sensor _K_~d~ for different eCALWY variants; error bars
indicate the standard deviation. The dashed lines depict the expected responses assuming different free zinc
concentrations.

Figure 3
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Table 1 Properties of the different eCALWY-variants


