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Structured abstract:

Genetically-encoded fluorescent sensors have been widely used to illuminate secretory vesicle 

dynamics and the vesicular lumen, including Zn2+ and pH, in living cells. However, vesicular 

sensors have a tendency to mislocalize and are susceptible to the acidic intraluminal pH. In 

this study, we performed a systematic comparison of five different vesicular proteins to target 

the fluorescent protein mCherry and a Zn2+ FRET sensor to secretory vesicles. We found that 

motifs derived from vesicular cargo proteins, including Chromogranin A (CgA), target vesicular 

puncta with greater efficacy than transmembrane proteins. To characterize vesicular Zn2+ levels, 

we developed CgA-Zn2+ FRET sensor fusions with existing sensors ZapCY1 and eCALWY-4, 

and characterized subcellular localization and the influence of pH on sensor performance. We 

simultaneously monitored Zn2+ and pH in individual secretory vesicles by leveraging the acceptor 

fluorescent protein as a pH sensor and found that pH influenced FRET measurements in situ. 

While unable to characterize vesicular Zn2+ levels at the single vesicle level, we were able to 

monitor Zn2+ dynamics in populations of vesicles and detected high vesicular Zn2+ in MIN6 cells 

compared to lower levels in the prostate cancer cell line LnCaP. The combination of CgA-ZapCY1 

and CgA-eCALWY-4 allows for measurement of Zn2+ from pM to nM ranges.
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Proteins that are secreted from the cell constitute over one-third of the human proteome 
1–2. Secretory proteins enter the secretory pathway through the ER and must traverse the 

Golgi network before being packaged into secretory vesicles. Vesicles are responsible for 

trafficking the myriad of secretory proteins to the plasma membrane for secretion 3. At 

the organismal level, protein secretion is required for central processes including synaptic 

plasticity 4 and glucose homeostasis 5. While all cell types constitutively secrete proteins, 

professional secretory cells, including pancreatic β-cells and prostate cells, have highly

developed secretion systems and contain a specialized type of vesicle called the granule. A 

wide range of human diseases are linked with impaired secretion from professional secretory 

cells 6, including diabetes which is characterized by deficient glucose-stimulated insulin 

secretion from pancreatic β-cells 7.

Secretory vesicles and granules must maintain an intraluminal ionic environment unlike 

any other cellular compartment 8–10 in order to carry out processing 11 and storage 12 of 

secretory proteins like insulin. One of the defining characteristics of vesicles is their acidic 

intraluminal pH, which is maintained near 5.5 13. High levels of Zn2+ are present in granules 

in pancreatic β-cells 14, among other secretory cells 15–18. In pancreatic β-cells, the Zn2+ 
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transporter ZnT8 is responsible for concentrating Zn2+ inside granules 19, and reduced ZnT8 

expression 20 and ZnT8 gene mutations 21 are both associated with an increased risk of 

developing diabetes. Zn2+ is required for secretory protein aggregation 22–25 and vesicle 

trafficking 26 and secretion 27–28. During exocytosis, Zn2+ is coreleased with vesicular cargo 

and can contribute to autocrine 29 and paracrine 30 signaling. It’s also been suggested that 

vesicular Zn2+ serves as a cellular Zn2+ reservoir that’s released into the cytosol 31.

Genetically-encoded fluorescent tools are widely used to study vesicle dynamics, including 

exocytosis 32–33 and endocytosis 34, intracellular vesicle trafficking 35–37, and to 

differentiate among vesicle pools 38–39. To express genetically-encoded fluorescent sensors 

within vesicles, targeting domains derived from exocytotic transmembrane proteins 40 and 

vesicular cargo proteins are attached to the sensor 41–43. However, these tools are sometimes 

present in multiple locations44–45 Furthermore, there is not a clear consensus as to which 

protein domain is the most effective at targeting. Genetically-encoded fluorescent sensors 

have also been used to characterize the intraluminal milieu of vesicles, including Ca2+ and 

pH levels 9, 46–49. Acidic pH can influence fluorescent sensor behavior 9–10, 50, making it 

difficult to quantitatively measure other vesicular ions. Dual fluorescent sensors of vesicular 

pH and Ca2+ or Cl- have overcome this limitation 9–10, but this concept has not yet been 

applied to fluorescent Zn2+ sensors.

In this study, we performed a systematic comparison of five targeting domains derived 

from vesicular proteins to express a fluorescent protein and fluorescence resonance energy 

transfer (FRET) sensor in secretory vesicles/granules. To identify a targeting motif that can 

be used across cell types, we performed our comparison in both normal and secretory cell 

lines. Using this information, we leveraged two existing genetically-encoded fluorescent 

sensors that can simultaneously detect Zn2+ and pH levels in vesicles/granules. These 

sensors (ZapCY1 and eCALWY-4) were chosen because they have the highest dynamic 

range of available FRET-based Zn2+ sensors and have previously been successfully 

targeted to organelles (mitochondria and ER). This study provides a roadmap for rigorous 

characterization of subcellular localization and the influence of pH on fluorescent sensor 

measurements in vitro and in situ. Using the dual Zn2+ and pH sensor, we detected Zn2+ 

dynamics and pH levels in single vesicles and measured relative Zn2+ levels in vesicle 

populations in two different secretory cell lines.

EXPERIMENTAL

Experimental details on materials, molecular cloning, cell culture and transfection, and the 

microscopes used in this study can be found in Supporting information.

Vesicular puncta detection and quantification.

Images of HeLa, MIN6 and LnCaP cells expressing mCherry fusions (VAMP2, Syp, CgA, 

NPY, INS), ZapCY1 fusions (VAMP2, CgA, NPY) and CgA-eCALWY-4 were collected 

using the wide field fluorescence microscope and spinning disk confocal microscope. The 

wide field images (Figure S-1, Figure S-2) were not used to quantify fluorescent puncta. For 

the spinning disk, the laser power was 100% for all channels (CFP, YFP, mCherry), and the 

exposure was 100 ms (YFP), 500 ms (CFP) or varied (mCherry).
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Images were processed using NIS-Elements image analysis software v4.51. First, images 

were background subtracted by placing a rectangular region of interest (ROI) in a region 

without cells. Second, the Auto-Contrast function was used to account for differences in 

fluorescent signal between samples. Using the Spot Detection module, we determined the 

number of fluorescent puncta in each cell (CFP and YFP for CgA-ZapCY1, CFP only 

for CgA-eCALWY-4, mCherry for mCherry fusions) using the following parameters: bright/

different sizes; output = circular area; typical diameter = 0.5 μm; contrast = 15,000; object 

symmetry = medium objects. We also determined the surface area (μm2) by drawing a 

ROI around each cell. For each cell, the number of fluorescent puncta was normalized 

to cell surface area. Cellular measurements (# fluorescent puncta/μm2) for 14–20 cells 

(mCherry in HeLa), 20–24 cells (mCherry in MIN6), 15–19 cells (CgA-ZapCY1 in HeLa), 

22–31 cells (CgA-ZapCY1 in MIN6), 8 cells (CgA-eCALWY-4 in HeLa) and 7 cells (CgA

eCALWY-4 in MIN6) collected from three independent experiments were pooled together 

for the different comparisons performed in this study.

Colocalization between CgA-Zn2+ FRET sensor and fluorescent organelle markers.

Images of HeLa and MIN6 cells coexpressing CgA-ZapCY1 and mCherry organelle markers 

(Sec61, GalT, Rab5a, Rab7, LAMP1, VAMP2, NPY, INS) were collected using the spinning 

disk confocal microscope. The laser power was 100% for all channels (CFP, YFP, mCherry), 

and the exposure was 500 ms (CFP, YFP) or varied (mCherry). Images were processed using 

NIS-Elements image analysis software v4.51. First, images were background subtracted by 

placing a rectangular ROI in a region without cells. Second, an ROI was drawn around each 

cell and using the Colocalization module, we determined the Pearson correlation coefficient 

(PCC) between mCherry and CFP or YFP. Cellular measurements (PCC values) for 10–15 

cells (HeLa) or 13–21 cells (MIN6) collected from three independent experiments were 

pooled together for the different comparisons performed in this study.

Zn2+ and pH calibrations in individual secretory vesicles.

Zn2+ and pH calibrations of individual secretory vesicles was performed in HeLa and 

MIN6 cells expressing CgA-ZapCY1 using the spinning disk confocal microscope. The 

laser power was 20% (CFP, FRET) or 5% (YFP). For all three channels, the exposure 

was 200ms and 2×2 binning was used. The FRET ratio (FRET channel/CFP channel) 

and YFP channel were monitored for Zn2+ calibrations and pH calibrations, respectively. 

Images were collected every 5 seconds over the course of each experiment. For each 

experiment (consisting of one cell), we recorded a 1–2-minute baseline and performed a 

Zn2+ calibration followed by a pH calibration. For the Zn2+ calibration, cells were placed 

in either phosphate-free HHBSS or phosphate-, calcium- and magnesium-free HHBSS. TPA 

(50 μM) or a combination of ZnCl2 (10 μM), pyrithione (5 μM) and saponin (0.001%) were 

added to the dish, respectively. TPA was because previous work has shown that the TPA acts 

faster and its binding/unbinding kinetics are less sensitive to pH than TPEN 51. The FRET 

ratio was monitored for ~5 minutes. For the pH calibration, the Zn2+ perturbations were 

removed and replaced with 20 mM NH4Cl (pH 8.5). We monitored the YFP signal for an 

additional ~5 minutes.
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Zn2+ and pH calibrations of individual secretory vesicles were processed using Imaris 

image analysis software v9.5. Using the Object Detection and Tracking module, we tracked 

individual secretory vesicles from the baseline of each experiment through the Zn2+ 

and pH calibrations. The following object detection and tracking parameters were used: 

Algorithm menu: segment only a ROI, tracking spots over time; Source channel menu: 

CFP (MIN6 cells) or YFP (HeLa cells), background subtraction, estimated X-Y diameter 

= 0.5 μm; Classify spots menu: adjusted quality score to remove poor spots; Tracking 

menu: Brownian, max distance between frames = 1 μm, max gap size = 0; Classify tracks 

menu: adjusted track duration to keep longest tracks. In order to be stringent, some vesicles 

identified by the software were manually removed if we determined that a single track 

was linked to more than one vesicle. To determine if our tracking approach was robust, 

we calculated the number of vesicles successfully tracked (29 in HeLa and 24 in MIN6) 

as a percentage of the estimated starting number (127 in HeLa and 120 in MIN6). These 

percentages are reported in the Results section. We estimated the total starting number by 

multiplying the number of cells (5 in HeLa and 13 in MIN6) by the average number of 

fluorescent puncta/μm2 (~0.02 puncta/μm2 in HeLa and ~0.06 puncta/μm2 in MIN6) and 

average cell area (1231 μm2 in HeLa and 143.5 μm2 in MIN6).

For individual secretory vesicles, we plotted the FRET ratio (Zn2+ calibration traces 

in Figure 4B–E) and normalized YFP signal (pH calibration traces in Figure 5A&B) 

versus time. The resting FRET ratio for single vesicles was determined by calculating 

the average FRET ratio during the baseline measurements (Figure 4A). In the Results 

section, we report the robust coefficient of variation, or RCV = 0.75 × Interquartile range
Median . The 

unnormalized YFP signal for single vesicles was determined by calculating the average raw 

YFP signal during the baseline measurements (Figure S-9A). The normalized YFP signal 

for individual secretory vesicles was determined by dividing the unnormalized YFP signal 

by the maximum YFP signal observed over the course of the entire experiment, which 

usually occurred after NH4Cl addition (Figure 5C). Finally, the normalized YFP signal was 

converted into an intraluminal pH using the standard curves in Figure S-8 (Figure 5D). 

By the end of our analysis pipeline, four values theoretically should have been reported 

for every secretory vesicle (resting FRET ratio, unnormalized YFP signal, normalized YFP 

signal and intraluminal pH). However, in some cases, the pH calibration could not be 

completed, so there are some vesicles with a resting FRET ratio/unnormalized YFP signal 

but without a normalized YFP signal/intraluminal pH. For other vesicles, the intraluminal 

pH could not be interpolated from the standard curves.

Individual secretory vesicle measurements (resting FRET ratio, unnormalized YFP signal, 

normalized YFP signal, intraluminal pH) for 24 vesicles (HeLa cells) or 29 vesicles 

(MIN6 cells) collected from several independent experiments were pooled together for the 

different comparisons (Figure 4A: Resting FRET ratio in HeLa and MIN6, Figure S-9A: 

Unnormalized YFP signal in HeLa and MIN6, Figure 5C: Normalized YFP signal in HeLa 

and MIN6, Figure 5D: Intraluminal pH in HeLa and MIN6) and linear regression analysis 

(Figure 5E: Resting FRET ratio and pH in HeLa, Figure 5F: Resting FRET ratio and pH 

in MIN6, Figure S-9B: Resting FRET ratio and unnormalized YFP signal in HeLa, Figure 

S-9C: Resting FRET ratio and unnormalized YFP signal in MIN6) performed in this study. 
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Based on FRET ratio traces like the ones shown in Figure 4B–E, we classified individual 

vesicles as non-responders (NR) or responders (R) to Zn2+ perturbations. In Figure S-10, 

we directly compared the intraluminal pH and unnormalized YFP signal between these two 

groups.

In situ pH titration of YFP signal and generating standard curves.

In situ pH titration of the YFP signal was performed in HeLa and MIN6 cells expressing the 

CgA-ZapCY1 using the spinning disk confocal microscope. The same imaging parameters 

used for Zn2+ and pH calibrations were used in this series of experiments. The CFP channel 

(reference) and YFP channel (measurement) were monitored during each pH titration. 

pH clamp buffers (pH 3.5–7.5) containing 10 μM monensin, 10 μM nigericin and 5 μM 

digitonin were prepared. For each experiment, we captured an image of a cell incubated in 

the first pH clamp buffer (pH 7.5). The pH 7.5 buffer was then removed and replaced with 

the pH 7 buffer. Following a 1-minute incubation to equilibrate the cell in the new buffer, 

we captured another image of the same cell (using the CFP channel to focus). The pH 7 

buffer was removed and replaced with the pH 6.5 buffer and following another 1-minute 

incubation, we captured a third image of the cell. This process was repeated until the final 

image was collected in the pH 3.5 buffer. Only cells that remained viable throughout the 

entire pH titration were included in our analysis.

Images were processed using Imaris image analysis software v9.5. Using the Object 

Detection module, we identified individual secretory vesicles in each image. The following 

object detection (no tracking) parameters were used: Algorithm menu: segment only a ROI, 

tracking spots over time; Source channel menu: CFP, background subtraction, estimated 

X-Y diameter = 0.5 μm; Classify spots menu: adjusted quality score to remove poor spots. 

Individual secretory vesicles were identified in the CFP channel and measurements were 

collected in the YFP channel. For each experiment, we determined the average YFP signal 

of individual secretory vesicles at each pH and normalized all values to the maximum YFP 

signal, which we observed between pH 6.5–7.5. Individual secretory vesicle measurements 

(normalized YFP signal) for 26–89 vesicles (HeLa cells) or 105–138 vesicles (MIN6 cells) 

collected from four independent experiments were pooled together to generate the final 

plots, pH v. normalized YFP signal in HeLa (Figure S-8A) and MIN6 cells (Figure S-8B). 

To interpolate intraluminal pH values from normalized YFP signals (determined using 

pH calibration method above) for individual secretory vesicles, the curve was fit with a 

four-parameter logistic regression model. We calculated a pKa of 5.8 from both curves, 

which is close to the reported Citrine pKa of 5.7 52 and suggests that our pH titration method 

is valid.

Zn2+ calibrations of vesicle populations.

Zn2+ calibrations of vesicle populations were performed in MIN6 cells expressing CgA

ZapCY1 and CgA-eCALWY-4 and LnCaP cells expressing CgA-ZapCY1 using the wide 

field fluorescence microscope. Cells expressing CgA-ZapCY1 or CgA-eCALWY-4 were 

selected if they had a resting FRET ratio between 2–6 or above 0.7, respectively. For 

Zn2+ calibrations in vesicle populations, the FRET ratio (FRET channel/CFP channel) was 

monitored and images were collected every 10 seconds. For the Zn2+ calibration, cells 
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were placed in either phosphate-free HHBSS or phosphate-, calcium- and magnesium-free 

HHBSS. TPA (150 μM) or a combination of ZnCl2 (10 μM), pyrithione (5 μM) and saponin 

(0.001%) were added to the dish, respectively. In some cases, a full Zn2+ calibration in 

which TPA and Zn2+ were both added to the same cell was performed. The FRET ratio was 

monitored for an additional 15–35 minutes.

Zn2+ calibrations of vesicle populations were processed using a custom MATLAB R2018A 

(Mathworks) pipeline for background subtraction, cell tracking, segmentation and reporting 

the average FRET and CFP signals used to calculate the FRET. The code is available 

here: https://biof-git.colorado.edu/palmer-lab/cellular-FRET. For all vesicle populations, we 

plotted the FRET ratio versus time in MIN6 cells expressing CgA-ZapCY1 (Figure 6A&B) 

or CgA-eCALWY-4 (Figure 6G, Figure S-13E) and LnCaP cells expressing CgA-ZapCY1 

(Figure 6D&E). We determined the resting FRET ratio for all experiments by calculating 

the average FRET ratio during the baseline measurements. For experiments where TPA 

was added, we determined the minimum FRET ratio across the entire time-course. For 

experiments where Zn2+ was added, we determined the maximum FRET ratio across the 

entire time-lapse. Vesicle population measurements (resting FRET ratio, minimum FRET 

ratio, maximum FRET ratio) for 19 cells (MIN6 cells) or 17 cells (LnCaP cells) were pooled 

together for different comparisons (Figure 6C: MIN6 cells, Figure 6F: LnCaP cells). For 

Figure 6H, we calculated the difference FRET ratio (ΔR) between the resting FRET ratio 

and FRET ratio achieved following treatment with TPA or Zn2+. This value was divided by 

the resting FRET ratio to yield ΔR/R, and we set the baseline equal to one (dashed line) by 

adding one to all values.

Sensor purification and in vitro characterization.

ZapCY1 (pBAD) was expressed in TOP10 E. Coli and induced with 0.2% arabinose. 

Bacterial cell pellets were lysed with B-PER Bacterial Protein Extraction Reagent (Thermo 

Fisher Scientific). The Zn2+ sensor was purified on a Ni-NTA agarose column (Qiagen) and 

eluted into one of three buffers (pH 5.5, pH 6.5 or pH 7.5) containing 50 mM HEPES (pH 

7.4) or 50 mM MES (pH 5.5 or pH 6.5), 10 mM NaCl and 10% glycerol. Immediately 

following elution, purified Zn2+ sensor was incubated with EDTA (1 mM). Zn2+ sensor 

concentration was determined at A516 using ε = 77,000 M−1cm−1 and diluted to a final 

concentration of 500 nM.

To determine the Kd’ of the Zn2+ FRET sensor at pH 5.5, pH 6.5 and pH 7.4, purified 

sensor was titrated with buffered Zn2+ solutions. Buffered Zn2+ solutions (EDTA, HEDTA, 

HEDTA/Sr2+, HEDTA/Ca2+, EGTA) were prepared as described previously 53. In brief, 

concentrations of free Zn2+ were determined using the chelator stability constants for Zn2+ 

and competing metals (Sr2+, Ca2+) and varying the ratio of Zn2+ to Zn2+/chelator or Zn2+/

chelator/competing metal. The free Zn2+ concentrations for the buffered Zn2+ solutions at 

pH 5.5, pH 6.5 and pH 7.4 are shown in Table S-2. 100x buffered Zn2+ solutions (1 μL) were 

added to a black-walled 96-well plate. For pH 7.4 and pH 6.5, we used all five buffered Zn2+ 

solutions. For pH 5.5, we only used the HEDTA and EGTA buffered Zn2+ solutions. Prior 

to measurements, purified Zn2+ sensor was incubated with the reducing agent TCEP for 10 

minutes. 99 μL protein was added on top of the buffered Zn2+ solutions to promote mixing. 
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In vitro fluorescence measurements were performed using a SpectraMax iD3 Multi-Mode 

Microplate Reader (Molecular Devices) using the following parameters: 450 nm excitation 

and 460–660 nm emission with a 10 nm bandwidth. To determine the FRET ratio, the 

fluorescence emission at 480 nm (CFP) and 530 nm (FRET) were used. At each pH, we 

plotted the FRET ratio versus free Zn2 concentration and fit the curve with a model reported 

by Pomorski et al that can be used to determine the Kd’ from ratiometric fluorescence 

measurements 54:

FRET Ratio =
(FRETbound × Zn2 + n) + (FRETunbound × Kdn)

(CFPbound × Zn2 + n) + (CFPunbound × Kdn)

where FRETbound is the maximum FRET signal (three data point average), FRETunbound is 

the minimum FRET signal (three data point average), CFPbound is the maximum CFP signal 

(three data point average), CFPunbound is the minimum CFP signal (three data point average) 

and [Zn2+] is the concentration of free Zn2+.

Image processing and data analysis.

All images shown were processed in Image J, including the following functions: background 

subtraction, scale bar addition, contrast adjustments, cropping and merging. All data was 

plotted in GraphPad Prism v.8.0.1. Statistical tests were also performed using this software. 

Outliers were identified using the ROUT method with Q = 1%. For comparisons, we used 

either an unpaired t-test for two groups or One-Way ANOVA test with post-hoc Tukey for 

greater than two groups (p < 0.05 was considered significant). For linear regression analysis, 

we used the Pearson correlation coefficient (p < 0.05 was considered significant). For curve 

fitting, the equations used in Figure S-7 and Figure S-8 are described above.

RESULTS

Systematic comparison of the vesicular targeting ability of secretory protein domains

To develop a Zn2+ FRET sensor that can measure Zn2+ in secretory vesicles, we first 

required a robust vesicular targeting motif. Protein motifs derived from the transmembrane 

proteins, VAMP2 47, 55–57 and Synaptophysin (Syp) 34, 38, 48, and the soluble cargo proteins, 

Chromogranin A (CgA) 46, 49, Neuropeptide Y (NPY) 10, 32 and insulin (INS) 58, have been 

used to target fluorescent proteins and sensors to secretory vesicles and granules. However, 

their performance has never been directly compared. Here, we performed a systematic 

comparison of the ability of VAMP2, Syp, CgA and NPY to target the pH-stable fluorescent 

protein mCherry 32, 59 to vesicular puncta in live cells. We transfected HeLa and MIN6 cells 

with mCherry fused to VAMP2, Syp, CgA,NPY and INS and imaged cells using a spinning 

disk confocal microscope (Figure 1) and wide-field fluorescence microscope (Figure S-1). 

We found that VAMP2 accumulated in vesicular puncta and at the plasma membrane in both 

cell types (Figure 1A). In contrast, Syp was predominantly expressed in a region near the 

nucleus consistent with the Golgi 60. Bright vesicular puncta were abundant in HeLa and 

MIN6 cells expressing CgA, NPY and INS fusions. We determined the number of vesicular 

puncta per cell and found that as mCherry fusions, CgA, NPY and INS were present in a 
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significantly greater number than either VAMP2 or Syp in HeLa cells (Figure 1B) and MIN6 

cells (Figure 1C). Puncta were difficult to resolve in wide field images (Figure S-1), but 

accumulation of VAMP2 and Syp in the Golgi was evident. Furthermore, the background 

signal in MIN6 cells expressing INS-mCherry was noticeably higher than in cells expressing 

CgA or NPY.

Based on the superior performance of CgA and NPY to target a single fluorescent protein 

to vesicular puncta in HeLa and MIN6 cells, we elected to test their performance as Zn2+ 

FRET sensor fusions 61. We included VAMP2 despite its poor performance as an mCherry 

fusion as it was used previously to target Zn2+ FRET sensor platforms to secretory vesicles 
56–57. We initially selected ZapCY1 as the FRET sensor for this study because it has a 

high dynamic range and was previously shown to be the most robust sensor when targeted 

to the ER 53.ZapCY1 contains the pH-stable fluorescent protein ECFP 62 and pH-sensitive 

yellow fluorescent protein (YFP) Citrine 52. Since YFP is quenched in acidic compartments 

and CFP is not, we leveraged the YFP intensity of CgA-ZapCY1relative to CFP intensity, 

to assess sensor localization in the Golgi 63 and vesicles 64, as previously reported 65. 

HeLa and MIN6 cells were transfected with ZapCY1 fusions with VAMP2, CgA and NPY 

and images (CFP channel and YFP channel) were collected using a confocal microscope 

(Figure2A) and wide-field microscope (Figure S-2). We predicted that YFP would be 

quenched in acidic vesicles; therefore, we calculated the number of vesicular puncta per cell 

using the CFP channel (Figure 2B&C). When fused with ZapCY1, VAMP2 was not detected 

in vesicular puncta in either cell type (Figure 2B&C). In contrast, both CgA-ZapCY1 and 

NPY-ZapCY1 were expressed in vesicular puncta in HeLa and MIN6 cells, which were 

embedded among ER tubules in HeLa cells but localized near the plasma membrane or 

Golgi in MIN6 cells (Figure 2A). Using the wide field microscope, vesicular puncta could 

be seen at the Golgi, but not the plasma membrane, of MIN6 cells (Figure S-2). In both 

cell types, the vesicular puncta that we observed were dynamic (Supporting Video S1 and 

Supporting Video S2) and the YFP signal was quenched to a significant degree, suggesting 

that CgA-ZapCY1 and NPY-ZapCY1 were present in acidic vesicles. In summary, CgA and 

NPY, but not VAMP2 fusions, accumulated in vesicular puncta in HeLa and MIN6 cells 

(Figure 3B, Supporting Video S1).

In order to further characterize the types of vesicles targeted by VAMP2, CgA and NPY, 

when fused with the Zn2+ FRET sensor, we calculated the number of vesicular puncta using 

the YFP channel, rather than the CFP channel. Surprisingly, we detected vesicular puncta 

in MIN6 cells expressing CgA-, but not NPY-ZapCY1 fusions (Figure S-3B). This suggests 

that the CgA-ZapCY1 may be present in secretory vesicles with diverse pH environments, 

including those with a less acidic lumen. Measuring Zn2+ levels in different types of vesicles 
13, 66 was a critical part of our investigation; therefore, we elected to move forward with the 

CgA-ZapCY1 in further experiments.

Characterizing the subcellular localization of the CgA-ZapCY1

Many types of acidic vesicles are present in eukaryotic cells, including secretory vesicles, 

endosomes and lysosomes 64, 67. To validate that CgA-ZapCY1 was expressed in secretory 

vesicles, we examined colocalization between our sensor and fluorescent organelle markers 
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using the Pearson correlation coefficient (PCC). We coexpressed the CgA-ZapCY1 and 

fluorescent markers of secretory vesicles/granules (VAMP2, INS, NPY), early and late 

endosomes (Rab5a, Rab7), and lysosomes (LAMP1) in HeLa and MIN6 cells and imaged 

live cells using a confocal microscope. Since we suspected that the sensor localized to 

the ER and Golgi, especially in HeLa cells, we also included fluorescent markers of the 

ER (Sec61) and Golgi (GalT). YFP is quenched in acidic cellular compartments 52, 65, 

and indeed we observed a decrease in PCC values between the YFP signal and acidic 

organelle markers (Figure S-4). Therefore, we assessed colocalization using the CFP signal. 

As shown in Figure 3A&B, in HeLa cells, CgA-ZapCY1 showed the highest colocalization 

with Sec61- and Rab7-mCherry, suggesting localization to both the ER and late endosomes, 

although there was some colocalization with the Golgi and multiple vesicular compartments 

(Figure S-5), suggesting the sensor was also present in secretory vesicles. In MIN6 cells, 

there was strong correlation between vesicles with CgA-ZapCY1 and NPY-mCherry or 

INS-mCherry signal (Figure 3C&D, Figure S-6). While there was little evidence of sensor 

localization to the ER and Golgi, CgA-ZapCY1 did colocalize to some degree with 

endosomal markers (Figure 3D). Taken together, CgA-ZapCY1 accumulates in secretory 

vesicles, especially in MIN6 cells.

CgA-ZapCY1 can detect intraluminal Zn2+ changes and pH in individual vesicles

Having identified CgA as a robust secretory targeting domain, our primary goal was to 

determine if the CgA-ZapCY1 sensor could measure Zn2+ in individual vesicles. The resting 

FRET ratio (ratio of YFP signal to CFP signal upon CFP excitation) can be converted 

into a Zn2+ concentration with knowledge of the binding affinity and by performing a 

Zn2+ calibration to determine the minimum and maximum FRET ratios 61, 68–69. We 

focused on single vesicles because we were interested in studying vesicle heterogeneity. 

We successfully tracked 29 vesicles in five HeLa cells and 24 vesicles in thirteen MIN6 

cells, which represent 23% and 20% of our starting population, respectively. We found that 

the average resting FRET ratio among secretory vesicles in HeLa and MIN6 cells was not 

significantly different (Figure 4A). However, the range of resting FRET ratios was greater in 

MIN6 cells (ranging from 0.7 to 2.6) than HeLa cells (ranging from 1.3 to 2.1). Furthermore, 

the robust coefficient of variation (RCV), which can also be used to describe variation in 

a population, was greater in MIN6 cells (53.9%) compared with HeLa cells (13.6%). We 

predicted that the resting FRET ratio heterogeneity in MIN6 cells might be attributed to 

differences in vesicular Zn2+ levels. However, since vesicles were difficult to track over 

long periods, we could not perform an entire Zn2+ calibration. Therefore, we performed 

half-calibrations, where the Zn2+ chelator TPA was added to one set of cells and Zn2+ along 

with the ionophore pyrithione was added to another set of cells. In response to TPA, 41% 

vesicles in HeLa cells and 47% vesicles in MIN6 cells showed a FRET ratio decrease. 

Furthermore, 42% vesicles in HeLa cells and 29% vesicles in MIN6 cells showed a FRET 

ratio increase in response to Zn2+ and pyrithione. Representative traces of the TPA and 

Zn2+ response of individual secretory vesicles in HeLa cells (Figure 4B&C) and MIN6 cells 

(Figure 4D&E) are shown. More than half of secretory vesicles did not respond to Zn2+ 

perturbations, and among those that did respond, changes in FRET ratio were difficult to 

interpret (drifting baseline, poor signal-to-noise). Therefore, we were unable to determine 
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the minimum and maximum FRET ratios and ultimately could not determine Zn2+ levels in 

individual vesicles.

It’s possible that the resting FRET ratio heterogeneity observed in MIN6 cells could also 

be due to differences in secretory vesicle pH. We’ve previously shown that alkaline pH 

environments alter the Zn2+ -binding affinity of the Zn2+ FRET sensor used here 69. To test 

if acidic pH alters the Zn2+ binding-affinity, we purified ZapCY1 and performed in vitro 
Zn2+ titrations at pH 5.5 and pH 6.5, which are the approximate pH of immature 66 and 

mature 13 secretory granules, respectively. We also performed this set of experiments at pH 

7.4. We found that the apparent dissociation constant was 115 pM at pH 6.5 compared with 

4.3 pM at pH 7.4 (Figure S-7). Furthermore, at pH 5.5, the Zn2+ FRET sensor did not show 

a FRET ratio increase, even at nanomolar Zn2+ concentrations. Thus, we might not expect 

to see a Zn2+ response if our sensor is expressed in secretory vesicles with pH 5.5 or lower. 

From our in vitro characterization, we also found that the FRET ratio range varied at pH 5.5 

(~0.8), pH 6.5 (ranging from 1.3 to 1.9) and pH 7.4 (ranging from 1.5–2.3), suggesting that 

differences in pH may account for differences in resting FRET ratio.

To test if vesicular pH is a determinant of the resting FRET ratio in situ, we determined the 

pH of individual vesicles directly alongside our FRET ratio/Zn2+ response measurements. 

To calculate the pH of single vesicles, we used an approach developed by Dickson et al 9 

that leverages the FRET acceptor YFP as a pH sensor. The pKa of the YFP variant Citrine is 

5.7 and hence close to the pH of secretory vesicles 10, 13, 55 and its signal is independent of 

FRET. Here, we monitored the YFP signal of single vesicles in HeLa cells (Figure 5A) and 

MIN6 cells (Figure 5B). Following each Zn2+ calibration, we performed a pH calibration 

by adding NH4Cl in order to dequench YFP and achieve a maximum YFP signal (Fmax). 

Figure 5C shows the normalized YFP signal (F/Fmax) of secretory vesicles in HeLa cells 

and MIN6 cells. We found that the resting YFP signal (F/Fmax) prior to NH4Cl addition 

was significantly less in MIN6 cells compared with HeLa cells (Figure 5C). Using standard 

curves generated in both cell lines (Figure S-8), we converted the YFP signal (F/Fmax) into 

an intraluminal pH for each vesicle. We found that the intraluminal pH level among vesicles 

in MIN6 cells (intraluminal pH = 6.2) and HeLa cells (intraluminal pH = 6.5) was quite 

similar (Figure 5D). Furthermore, the intraluminal pH ranged from 5.7 to 7.2 in HeLa cells 

and ranged from 5.1 to 8.0 in MIN6 cells, supporting our prediction that CgA-ZapCY1 is 

expressed in vesicles with diverse pH environments. Finally, to determine if the intraluminal 

pH correlated with the FRET ratio, we plotted both variables and evaluated their linear 

relationship using the Pearson correlation coefficient (r). An r-value of zero suggests that 

there is no relationship, and r-values greater or lesser than zero indicate a positive or 

negative linear relationship, respectively. Indeed, there was a positive correlation between 

resting FRET ratio and pH in HeLa cells (Figure 5E) and MIN6 cells (Figure 5F).

We also evaluated the correlation between the resting FRET ratio and raw YFP signal (not 

pH-calibrated). The latter can provide information about FRET sensor expression levels 61, 

in addition to pH. We found that the raw YFP signal was significantly greater in MIN6 

cells than HeLa cells (Figure S-9A), and there was a strong positive correlation between 

the resting FRET ratio and raw YFP signal in HeLa cells (Figure S-9B) and MIN6 cells 

(Figure S-9C). Taken together, the results in Figure 5 and Figure S-9 demonstrate that the 
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intraluminal pH level and vesicular sensor expression are drivers of the resting FRET ratio in 

individual vesicles when data were collected on a spinning disc confocal. It is possible that 

one or both variables may be responsible for the observation that more than half of vesicles 

did not respond to Zn2+ perturbations. Although we did not see significant differences in 

intraluminal pH or raw YFP signal between non-responding and responding vesicles (Figure 

S-10).

CgA-targeted Zn2+ FRET sensors can provide Zn2+ measurements in vesicle populations

We encountered many challenges in our attempt to measure Zn2+ levels in individual 

secretory vesicles. Some were related to the equipment (e.g. laser photobleaching and 

poor signal-to-noise on confocal microscope) and others to the biological system (e.g. 

vesicle crowding and dynamics in MIN6 cells). As an alternative approach, we evaluated 

the response of secretory vesicle populations to Zn2+ perturbations using a wide-field 

fluorescence microscope. While we were unable to resolve single vesicles in cells expressing 

CgA-ZapCY1using a wide-field microscope (Figure S-2), colocalization analysis showed 

that our sensor primarily localized to secretory granules in MIN6 cells (Figure 3). Therefore, 

we subjected MIN6 cells expressing CgA-ZapCY1 to Zn2+ perturbations and measured 

vesicle populations in a region of interest. In contrast with the variable response that we 

observed in single vesicles, TPA resulted in a consistent and robust FRET ratio decrease 

(Figure 6A, Figure S-11A&B). On the other hand, addition of Zn2+ and pyrithione had 

little effect on the FRET ratio (Figure 6B). As shown in Figure 6C, the resting FRET ratio 

was comparable to the maximum FRET ratio of the saturated sensor upon addition of Zn2+ 

and pyrithione, suggesting that the CgA-ZapCY1 is saturated under resting conditions in 

MIN6 cells and that vesicular Zn2+ levels at the population level are high. This finding 

is in agreement with previous reports demonstrating high Zn2+ levels in pancreatic β-cell 

secretory granules 14, 23.

Prostate cells, like β-cells, are a secretory cell type with granules that contain large amounts 

of Zn2+ 15. While the prostate gland is a Zn2+-rich tissue 70–71, prostate cancer cells exhibit 

less cellular Zn2+ 72–73. Whether a reduction in total cellular zinc causes depletion of 

vesicular Zn2+ in these cells is unclear. In this study, we sought out to determine the relative 

level of vesicular Zn2+ in the prostate cancer cell line, LnCaP 74. In LnCaP cells vesicular 

puncta were abundant in cells expressing CgA-ZapCY1 (Figure S-12A, Supporting Video 

S3), with significantly more vesicular puncta detected in LnCaP cells compared with MIN6 

cells (Figure S-12B). In contrast with MIN6 cells, we found that most vesicle populations 

did not respond to TPA (Figure 6D). However, LnCaP cells showed a consistent rise in 

FRET ratio following addition of Zn2+ and pyrithione (Figure 6E, Figure S-11C&D). Figure 

6F shows that there was no difference between the resting and minimum FRET ratios, 

but both were less than the maximum FRET ratio. This suggests that the CgA-ZapCY1 is 

deprived of Zn2+ under resting conditions in LnCaP cells and that vesicular Zn2+ levels are, 

in fact, lower than MIN6 cells.

ZapCY1 was originally chosen as the FRET-based Zn2+ sensor because it had the highest 

dynamic range and least variability when targeted to the secretory pathway (specifically 

the ER) compared to two other FRET-based sensor platforms 53. A high dynamic range is 
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an important sensor characteristic for accurate evaluation of Zn2+ levels as low dynamic 

range sensors have been shown to overestimate Zn2+ concentrations 69. However, an equally 

important factor to consider is the Kd of the sensor because a sensor is most accurate when 

the Kd value is close to the physiological Zn2+ concentration. Indeed, the ZapCY1 sensor 

was saturated at rest in MIN6 cells due to the relatively high affinity (Kd ~ 115 pM at 

pH 6.5), demonstrating that it was ill-suited for quantifying Zn2+ in these cells. Therefore, 

we created a CgA fusion with eCALWY4, another high dynamic range FRET-based Zn2+ 

sensor that has a lower affinity (Kd ~630 pM at 7.1) 75. CgA-eCALWY-4 localized to 

vesicles in both HeLa cells (Figure S-13A&B) and MIN6 cells (Figure S-13C&D, further 

demonstrating the robustness of this targeting motif. In MIN6 cells CgA-eCALWY-4 

responded to both TPA and Zn2+/pyrithione (Figure 6G & Figure S-13), demonstrating that 

it was 26% saturated under resting conditions. Figure 6H shows the ΔR/R0 for calibration 

conditions showing that CgA-ZapCY1 is saturated at rest (Zn2+/Pyr is comparable to the 

normalized resting ratio of 1, while CgA-eCALWY-4 is partially saturated, responding to 

both TPA and Zn2+/Pyr).

DISCUSSION

Development and characterization of a vesicular fluorescent Zn2+ and pH sensor

Secretory vesicles and granules package and traffic thousands of secretory proteins to 

the plasma membrane for secretion 2. Once released, secretory proteins can participate in 

physiological processes including hormone signaling 58 and construction of the extracellular 

matrix 76. Impaired protein secretion, especially from professional secretory cells, is 

associated with human diseases, such as pancreatic β-cell dysfunction in diabetes 6. To 

promote protein storage, secretory vesicles/granules maintain high intraluminal Zn2+ 14–18 

and an acidic pH 13, 55. Dysregulation of Zn2+ and pH homeostasis in the vesicular 

lumen can have pathophysiological consequences 19, 77. To understand the molecular 

mechanisms behind vesicular trafficking/secretion 34, 36–37, 55 and to characterize the 

vesicular environment 9–10, 57, researchers have turned to genetically-encoded fluorescent 

tools. To target fluorescent sensors to secretory vesicles/granules, a common strategy is to 

attach a targeting domain derived from a vesicular protein. However, it’s unclear which 

protein domain can target secretory vesicles with the greatest efficacy. To make matters 

worse, the acidic intraluminal pH of vesicles can alter fluorescent protein brightness 50 and 

fluorescent sensor performance 41, making it difficult to perform quantitative measurements 

without taking pH into account. The identification of a robust vesicular targeting motif, 

along with a detailed roadmap for characterizing the localization and pH-dependent 

properties of vesicular sensors, would be useful to guide the development of new sensors of 

vesicular dynamics and intraluminal environment.

In this study, we performed a systematic comparison of the vesicular targeting ability 

of two transmembrane proteins (VAMP2 and Syp) and three cargo proteins (CgA, NPY 

and INS). Overall, we found that targeting motifs derived from vesicular cargo exhibit 

better vesicular localization compared with transmembrane proteins. We leveraged this 

information to target existing FRET-based Zn2+ sensors (ZapCY1 and eCALWY-4) which 

can serve as genetically-encoded dual Zn2+/pH sensors in secretory vesicles/granules in both 
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normal and secretory cells. Given the different Zn2+ binding affinities, CgA-ZapCY1 and 

CgA-eCALWY-4 are capable of detecting Zn2+ in vesicles/secretory granules over a wide 

concentration range.

Vesicular cargo proteins are robust secretory vesicle targeting signals

To our knowledge, this study represents the first side-by-side comparison of vesicular 

targeting motifs in the context of a fluorescent protein or FRET sensor. Overall, we found 

that the secretory proteins CgA, NPY and INS, but not VAMP2 or Syp, accumulated in 

vesicular puncta when attached to mCherry (Figure 1). This suggests that soluble cargo 

proteins, but not transmembrane proteins, should generally be used to construct vesicular 

sensors. This result was consistent with the VAMP2-, CgA- and NPY-ZapCY1 fusions 

(Figure 2). Given that VAMP2 is one of the most widely used targeting motifs, the lackluster 

ability of VAMP2 to accumulate in vesicles was surprising, 33, 39, 47, 55, 57. Previous reports 

suggest that both CgA 46, 49 and NPY 10, 32 are robust targeting signals for vesicular 

sensors. Consistent with this, CgA and NPY targeted vesicular structures with similar 

efficacy in mCherry and ZapCY1 fusions, regardless of the cell type. INS-mCherry, which 

was constructed by inserting mCherry in between the A- and B-chains of proinsulin 78, 

was on par with CgA and NPY. Based on vesicular puncta detection in the YFP channel 

(Figure S-3), we predicted that the NPY Zn2+ FRET sensor fusion was selectively-expressed 

in acidic vesicles 13, while the CgA-Zn2+ FRET sensor fusion was expressed in a more 

heterogenous population with diverse intraluminal environments 9, 66. Furthermore, we 

observed that vesicles expressing CgA-ZapCY1 were found in one of two places in MIN6 

cells: the Golgi or plasma membrane (Figure 3). It’s possible that these pools correspond 

with the reserve and readily-releasable pools of insulin-containing granules in pancreatic 

β-cells 58.

Rigorous evaluation of subcellular localization and pH-dependence of vesicular sensors

Fluorescent sensors targeted to vesicles must traverse the entire secretory pathway and 

hence it’s imperative to rigorously define subcellular localization. In this study, we evaluated 

the colocalization (Pearson correlation coefficient) between CgA-ZapCY1 and fluorescent 

organelle markers in live cells. Indeed, we found that our sensor localized to the ER and 

Golgi in HeLa cells (Figure 3). We previously showed that the Zn2+ FRET sensor used 

in this study forms higher-order oligomers in the ER 53, which in our case might prevent 

progression to secretory vesicles. In MIN6 cells, the CgA-Zn2+ FRET sensor colocalized 

with secretory granule markers but not the ER or Golgi. Thus, the secretory pathway of 

MIN6 cells might be better equipped to handle vesicular sensor expression. Another general 

concern with vesicular sensor targeting is that the sensor might be recycled into endosomal 

compartments upon vesicle fusion with the plasma membrane. Indeed, we found that the 

CgA-Zn2+ FRET sensor sometimes colocalized with a late endosome marker in HeLa and 

MIN6 cells. The Ca2+ FRET sensor D1-SG also exhibited significant colocalization with an 

endosomal marker 9, suggesting that endosome mislocalization is a common problem.

The intraluminal pH of secretory vesicles ranges from 5.2–5.8 9–10, 13, 55. Since pH strongly 

influences fluorescent sensor measurements 41, the effect of acidic pH on vesicular sensor 

performance should be carefully considered. For example, granular Ca2+ and Cl- levels 
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were quantitatively measured using the genetically-encoded Ca2+ sensor D1-SG 9 and Cl- 

sensor NPY-ClopHensor 10. This was accomplished by rigorously characterizing the effect 

of pH on in vitro binding-affinity and performing in situ pH calibrations alongside Ca2+ or 

Cl- measurements. In this study, we leveraged a similar approach with a fluorescent Zn2+ 

sensor. However, we were unable to perform reliable and consistent Zn2+ calibrations at 

the single vesicle level. It was difficult to track single vesicles during consecutive Zn2+ 

and pH calibrations due to vesicle crowding and the tendency of vesicles to move in and 

out of the confocal plane. Therefore, we were only able to track ~20% of the vesicles that 

we began with. Among these vesicles, we found that only 29–47% exhibited a FRET ratio 

change in response to Zn2+ perturbations, which we attribute to the poor signal-to-noise 

on the confocal microscope. Ultimately, we could make no conclusions about free Zn2+ 

levels in individual vesicles. From our in vitro characterization, we learned that the Zn2+ 

binding-affinity and FRET ratio range were diminished at pH 5.5 and pH 6.5 (Figure S-7), 

which correspond with the pH of immature 66 and mature 13 secretory granules, respectively. 

From our in situ characterization, we found that the resting FRET ratio in individual vesicles 

was strongly driven by differences in intraluminal pH rather than Zn2+ levels. Thus, we offer 

a word of caution to not overinterpret FRET ratio measurements in the absence of sensor 

calibrations.

Estimating granular Zn2+ levels in pancreatic β-cells

Granules in secretory cells, including pancreatic β-cells, contain high levels of Zn2+ 14–18. 

The genetically-encoded Zn2+ sensors ZnGreen1 79 and ZIBG2 80 were targeted to the 

outer leaflet of the plasma membrane and detected Zn2+ release from pancreatic β-cells 

in response to glucose stimulation. Given their low affinity for Zn2+, this suggests that 

vesicular Zn2+ levels are quite high. Merkx and colleagues created vesicular sensors 

VAMP2-eCALWY-1 and VAMP2-eZinCh 56. While these sensors did not respond to Zn2+ 

perturbations, perhaps because the perturbations did not sufficiently change Zn2+ levels 

within vesicles, eZinCh did respond to an increase in pH. In a subsequent study, VAMP2

eZinCh-2 responded to Zn2+ perturbations, albeit with a low dynamic range, and was used 

to estimate that granular Zn2+ levels were ~120 nM in INS-1 cells 57. Using the Zn2+ FRET 

sensor NPY-ZnT72R, another group reported that granular Zn2+ levels were ~41 μM in 

primary mouse pancreatic β-cells 81.

In our study, we went a step further to define the intraluminal pH in single vesicles in 

MIN6 cells (Figure 5). However, we were unable to define Zn2+ levels in single vesicles 

as we had hoped. At the population level, CgA-ZapCY1 exhibited a large dynamic range 

(DR) of 2.03 but was saturated under resting conditions in MIN6 cells (Figure 6). To 

further enable measurement of Zn2+ in vesicles, we used the CgA targeting motif to target 

another high dynamic range, but lower affinity FRET-based Zn2+ sensor (eCALWY4) to 

vesicles. Indeed, CgA-eCALWY-4 showed robust localization to vesicles and response to in 
situ calibration (DR ~ 1.65). This lower affinity sensor (Kd 630 pM at pH 7.1) was only 

partially saturated (26%) at rest in MIN6 cells. With knowledge of the average vesicular 

pH (pH 6.2) in MIN6 cells and our in vitro data showing that the Zn2+ FRET sensor was 

saturated at concentrations greater than 1 nM at pH 6.5, using CgA-ZapCY1 we estimate 

granular Zn2+ levels in MIN6 cells to be greater than 1 nM. The Kd of eCALWY-4 at pH 
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5.5–6.5 is unknown. However, we predict the Kd value would be ~ 5–10-fold lower than 

eCALWY-6 which is 500 nM at pH 6.0 75. Combined with the data that CgA-eCALWY4 

is 26% saturated, we estimate the labile Zn2+ concentration in vesicles to be 20–40 nM. 

This is close to the result of Hessels et al 57 and three orders of magnitude lower than 

those reported in Xian et al 81. In summary, the two vesicular sensors show that labile Zn2+ 

levels are higher in granules compared with other organelles, including the ER, Golgi and 

mitochondria 56–57, 61, 69.

Outlook

The findings in this study can be used to inform fluorescent sensor design and application 

in the context of secretory vesicles and streamline the development and characterization 

vesicular fluorescent sensors. Our rigorous comparison of the five most widely used 

targeting motifs revealed that CgA and NPY are the most robust in normal and secretory 

cells and therefore should be used more broadly to develop vesicular fluorescent sensors. 

Furthermore, we provide a roadmap for vesicular sensor characterization, including 

rigorously defining subcellular localization and the influence of pH on sensor measurements. 

Combined, CgA-ZapCY1 and CgA-eCALWY-4 can be used to measure differences in 

vesicular Zn2+ levels in a range of cells. In the future these tools can be used to define how 

vesicular Zn2+ is regulated, whether vesicular Zn2+ is dynamic and if vesicular Zn2+ levels 

are altered in diseases such as diabetes or cancers derived from secretion specialized cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Secretory targeting domains fused with a fluorescent protein accumulate in vesicular 
puncta in HeLa cells and MIN6 cells.
(A) Representative images of HeLa cells (top row) and MIN6 cells (bottom row) 

expressing VAMP2-mCherry, Syp-mCherry, CgA-mCherry,NPY-Cherry and INS-mCherry 

(MIN6 only) that were collected using a spinning disk confocal microscope. Scale bar = 10 

μm. (B) Dot plot of mCherry puncta detected per HeLa cell, normalized to cell area (μm2). 

Three independent experiments were performed per construct, and the average ± standard 

deviation is shown for n=16 cells (VAMP2), n=14 cells (Syp), n=14 cells (CgA) and n=20 

cells (NPY). One outlier was identified in the Syp group using the ROUT method (Q=1%) 

and was removed from further analysis. Statistical analysis was performed using a One-Way 

ANOVA test with post hoc Tukey (****, P < 0.0001, *, P < 0.05 compared with Syp; ##, 

P < 0.01, #, P < 0.05 compared with VAMP2). (C) Dot plot of mCherry puncta detected 

per cell, normalized to cell area (μm2). Three independent experiments were performed per 

construct, and the average ± standard deviation is shown for n=20 cells (VAMP2), n=22 cells 

(Syp), n=22 cells (CgA), n=24 cells (NPY) and n=22 cells (INS). Using the ROUT method 

(Q=1%), one outlier was identified in the Syp group and one outlier was identified in the 

NPY group, and both outliers were removed from further analysis. Statistical analysis was 

performed using a One-Way ANOVA test with post hoc Tukey (****, P < 0.0001 compared 

with VAMP2; ####, P < 0.0001 compared with Syp).
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Figure 2: Targeting domains derived from vesicular cargo proteins fused with ZapCY1 
accumulate in vesicular puncta in HeLa cells and MIN6 cells.
(A) Representative images of HeLa cells (top row) and MIN6 cells (bottom row) expressing 

VAMP2-ZapCY1, CgA-ZapCY1 and NPY-ZapCY1 that were collected using a spinning 

disk microscope. The images shown are an overlay of the CFP channel (green) and YFP 

channel (magenta). Scale bar = 10 μm. (B) Dot plot of CFP puncta detected per HeLa cell, 

normalized to cell area (μm2). Three independent experiments were performed per construct, 

and the average ± standard deviation is shown for n=15 cells (VAMP2), n=19 cells (CgA) 

and n=16 cells (NPY). Two outliers were identified in the VAMP2 group using the ROUT 

method (Q=1%) and removed from further analysis. (C) Dot plot of CFP puncta detected per 

MIN6 cell, normalized to cell area (μm2). Three independent experiments were performed 

per construct, and the average ± standard deviation is shown for n=22 cells (VAMP2), n=31 

cells (CgA) and n=23 cells (NPY). Four outliers were identified in the VAMP2 group using 

the ROUT method (Q=1%) and removed from further analysis. Statistical analysis for B and 

C was performed using a One-Way ANOVA test with post hoc Tukey (**** P < 0.0001, ** 

P < 0.01 compared with VAMP2).
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Figure 3: CgA-Zn2+ FRET sensor is present in secretory vesicles/granules of HeLa cells and 
MIN6 cells.
(A&C) Representative images of HeLa cells (A) and MIN6 cells (C) coexpressing CgA

ZapCY1 with mCherry organelle markers: Sec61 and NPY (HeLa) and INS and NPY 

(MIN6). Spinning disk confocal images collected in the mCherry channel and CFP channel 

are shown in greyscale, and an overlay of both images is shown in color (mCherry = 

magenta, CFP = green). Scale bar = 10 μm. (B&D) Dot plot of PCC values between 

CFP and mCherry calculated in HeLa cells (B) and MIN6 cells (D). mCherry markers of 

compartments in the secretory pathway and endo-lysosomal pathway are shaded in yellow 

and purple, respectively. In panel B, three independent experiments were performed per 

mCherry marker, and the average ± standard deviation is shown for n=11 cells (Sec61), 

n=10 cells (GalT), n=14 cells (VAMP2), n=15 cells (NPY), n=13 cells (Rab5a), n=10 cells 

(Rab7) and n=11 cells (LAMP1). One outlier was identified in the GalT group using the 

ROUT method (Q=1%) and removed from further analysis. In panel D, three independent 

experiments were performed per mCherry marker, and the average ± standard deviation is 

shown for n=15 cells (Sec61), n=13 cells (GalT), n=16 cells (VAMP2), n=20 cells (INS), 

n=17 cells (NPY), n=14 cells (Rab5a), n=15 cells (Rab7) and n=17 cells (LAMP1). Using 

the ROUT method (Q=1%), one outlier was identified in the INS group and one outlier 

was identified in the Rab5a group, and both outliers were removed from further analysis. 

Statistical analysis was performed using a One-Way ANOVA test with post hoc Tukey (**, 

P < 0.01, *, P < 0.05 compared with Sec61; ####, P < 0.0001, ##, P < 0.01, #, P < 0.05 

compared with GalT; ††††, P < 0.0001, ††, P < 0.01 compared with LAMP1).
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Figure 4: CgA-Zn2+ FRET sensor shows resting FRET ratio heterogeneity among vesicles and 
the response of single vesicles to Zn2+ perturbations.
HeLa and MIN6 cells expressing CgA-ZapCY1 were imaged using a spinning disk confocal 

microscope, and individual vesicles were identified and tracked over the course of each 

experiment. (A) Dot plot of the resting FRET ratio among secretory vesicles in HeLa cells 

(n=29 vesicles) and MIN6 cells (n=24 vesicles). One outlier was identified in the MIN6 

group using the ROUT method (Q=1%) and removed from further analysis. Statistical 

analysis was performed using an unpaired t-test (ns = not significant). (B) Time-lapse of 

the FRET ratio of three secretory vesicles expressing CgA-ZapCY1 (HeLa cell) following 
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the addition of 50 μM TPA at t = 0 min. (C) Time-lapse of the FRET ratio of a three 

secretory vesicles expressing CgA-ZapCY1 (HeLa cell) following the addition of 10 μM 

ZnCl2 + 5 μM pyrithione + 0.001% saponin (Zn2+/Pyr) at t = 0 min. (D) Time-lapse of the 

FRET ratio of three secretory vesicles expressing CgA-ZapCY1 (MIN6 cell) following the 

addition of 50 μM TPA at t = 0 min. (E) Time-lapse of the FRET ratio of three secretory 

vesicles expressing CgA-ZapCY1 (MIN6 cell) following the addition of 10 μM ZnCl2 + 5 

μM pyrithione + 0.001% saponin at t = 0 min.
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Figure 5: Quantification of pH levels in individual vesicles using CgA-Zn2+ FRET sensor reveals 
a positive correlation between the resting FRET ratio and pH levels.
HeLa and MIN6 cells expressing CgA-ZapCY1 were imaged using a spinning disk 

confocal microscope, and individual vesicles were identified and tracked over the course 

of each experiment. (A) Four representative traces of the normalized YFP signal (F/Fmax) 

in individual secretory vesicles expressing CgA-ZapCY1 in HeLa cells. To achieve the 

maximum YFP signal (Fmax), 20 mM NH4Cl (pH 8.5) was added at t = 0 min. (B) 

Four representative traces of YFP F/Fmax in individual secretory vesicles expressing CgA

ZapCY1 in MIN6 cells. To achieve the maximum YFP signal (Fmax), 20 mM NH4Cl (pH 

8.5) was added at t = 0 min. For panels A and B, NH4Cl addition was time-adjusted such 

that it occurred at t = 0 minutes. (C) Dot plot of YFP F/Fmax prior to NH4Cl addition in 

individual secretory vesicles expressing CgA-ZapCY1 in HeLa cells (n=22 vesicles) and 

MIN6 cells (n=22 vesicles). Statistical analysis was performed using an unpaired t-test (*, 

P < 0.05). (D) Dot plot of resting pH levels in individual secretory vesicles expressing 

CgA-ZapCY1 in HeLa cells (n=22 vesicles) and MIN6 cells (n=18 vesicles). YFP F/Fmax 

values were converted to pH using the pH titration curves provided in Figure S-8. Statistical 

analysis was performed using an unpaired t-test (ns = not significant). (E) Scatter plot 

showing the linear relationship between resting FRET ratio and pH in HeLa cells (n=22 

vesicles). Points were fit with linear regression, and the Pearson correlation coefficient (r) 

was used to determine whether a correlation exists (p < 0.05 is considered significant). (F) 

Scatter plot showing the linear relationship between resting FRET ratio and pH in MIN6 

cells (n=18 vesicles).
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Figure 6: Imaging vesicle populations with CgA-targeted Zn2+ FRET sensors reveals different 
vesicular Zn2+ environments in MIN6 cells and LnCaP cells.
(A) Time-lapse of FRET ratio in single MIN6 cells expressing CgA-ZapCY1 following 

the addition of 150 μM TPA (n=10 cells). (B) Time-lapse of FRET ratio in single MIN6 

cells expressing CgA-ZapCY1 following the addition of 10 μM ZnCl2 + 5 μM pyrithione 

+ 0.001% saponin (n=9 cells). (C) Dot plot displaying the FRET ratio of single MIN6 

cells expressing CgA-ZapCY1 under three conditions: the resting FRET ratio prior to 

drug addition (resting), the minimum FRET ratio following TPA addition (TPA) and 

the maximum FRET ratio following Zn2+ addition (Zn2+). At least three independent 

experiments were performed per condition, and the average ± standard deviation is shown 

for n=19 cells (resting), n=10 cells (TPA) and n=9 cells (Zn2+). Statistical analysis was 

performed using a One-Way ANOVA test with post hoc Tukey (**, P < 0.01 compared with 

resting; #, P < 0.05 compared with TPA).(D) Time-lapse of FRET ratio in single LnCaP 
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cells expressing CgA-ZapCY1 following the addition of 150 μM TPA (n=9 cells). (E) Time

lapse of FRET ratio in single LnCaP cells expressing CgA-ZapCY1 following the addition 

of 10 μM ZnCl2 + 5 μM pyrithione + 0.001% saponin (n=8 cells). (F) Dot plot displaying 

the FRET ratio of single LnCaP cells expressing CgA-ZapCY1 under resting, TPA and 

Zn2+ conditions. At least three independent experiments were performed per condition, and 

the average ± standard deviation is shown for n=17 cells (resting), n=9 cells (TPA) and 

n=8 cells (Zn2+). Statistical analysis was performed using a One-Way ANOVA test with 

post hoc Tukey (****, P < 0.0001 compared with resting; ####, P < 0.0001 compared 

with TPA). (G) Representative trace of full Zn2+ calibration for CgA-ZapCY1 (blue trace) 

and CgA-eCALWY-4 (red trace) performed in MIN6 cells. The FRET ratios on the left 

(blue) and right (red) correspond with CgA-ZapCY1 and CgA-eCALWY-4, respectively. (H) 

Dot plot of ΔR/R values (normalized to baseline of one) of CgA-ZapCY1 in MIN6 cells, 

CgA-ZapCY1 in LnCaP cells and CgA-eCALWY-4 in MIN6 cells. For each sensor/cell 

line combination, ΔR/R was compared between the TPA and Zn2+/Pyr treatments using an 

unpaired t-test (****, P < 0.0001).
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