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Figure 3. Zn2+ response curve of GZnP3-KKYN. In HeLa cells: (A) Zn2+ response 

curve of GZnP3-ER using 100µM TPEN + 5µM PTO to chelate labile Zn2+. (B) Zn2+ 

response curve of GZnP3-KKYN in HeLa cells using 100µM TPEN + 5µM PTO. 

Baseline fluorescence (C) and dynamic range (D) of GZnP3-KKYN compared to GZnP3. 

(D).  
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3.4 Optimizations of GZnP-ER 

With the minor improvements in reducing the signal of GZnP-ER using TPEN + 

PTO, we next focused on improving the overall dynamic range of the sensor. First, we 

tried removing the linker region between GZnP3 and KDEL (Fig. 4A) to see if the 

dynamic range was improved. After addition of Zn2+ + PTO, it appeared that the dynamic 

range was not improved. 

Because GFP can form di-sulfide bond oligomers in the ER (Aronson, Costantini 

and Snapp 2011), we decided to test the response to Zn2+ of our GZnP3-ER sensor in the 

presence of various reducing agents. We reasoned if there are GZnP3-ER sensors 

forming aggregates in the ER, they may not be responding to Zn2+ but still be fluorescent, 

increasing the background fluorescence seen while imaging (Fig. 4B-E). None of the 

reducing agents tested increased the dynamic range, nor solved the delay in response to 

TPEN, of GZnP3-ER to a comparable range as GZnP3 (Fig 4F). 

We also developed a GZnP3 that contains a C-terminal flexible linker and KAAL 

sequence to mimic GZnP3-ER but be expressed in the cytoplasm to determine if the 

additional fused residues on the C-terminal of GZnP3-ER was causing the reduction of 

dynamic range. After testing the construct in HeLa cells, we see that it behaves very 

similar to GZnP3, indicating that additional residues on the C-terminus of our sensors 

does not affect its function (Fig 5A-C).  
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Figure 4. Optimizations of GZnP3-ER. In HeLa cells: (A) Response to Zn2+ + PTO of 

GZnP3-ER-NL (No Linker between GZnP3 and KDEL). Response to Zn2+ + PTO of 

GZnP3-ER in the presence of 100µM BME (B) or 1mM TCEP (C). GZnP3-ER response 

to Zn2+ + PTO in the presence of 1mM DTT (D) or 2.5mM DTT (E). (F) Quantification 

of dynamic ranges of GZnP3-ER and GZnP-ER-NL from A-E. 
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Figure 5. Zn2+ response curve of GZnP3-KAAL. In HeLa cells: (A) Zn2+ response 

curve of GZnP3-KAAL. Baseline fluorescence (B) and dynamic range (C) of GZnP3-

KAAL compared to GZnP3. 
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3.5 GZnP-ER in 0Ca2+ HHBSS buffer 

After no improvements of dynamic range were found, we turned back to the issue 

of the delayed TPEN response, this time, with a new hypothesis. It was hypothesized that 

the weak response of our GZnP-ERs to TPEN could be because TPEN was chelating not 

only Zn2+ in the ER, but also calcium, as TPEN does bind calcium in addition to Zn2+ 

(Stork and Li 2006). Because ER calcium concentrations can be up to 800µM (Samtleben 

et al. 2013), we thought the TPEN could be chelating calcium before Zn2+. To test this, 

we removed the calcium from our HHBSS buffer to reduce the amount of calcium in the 

assay. When we did this, we found that we can get an almost immediate decrease in 

saturated GZnP3-ER signal with TPEN addition (Fig 6A). With this discovery, we began 

to use our high affinity GZnP1-ER and our low affinity GZnP3-ER to see if we can 

estimate the concentration of labile Zn2+ in the ER. 

We began by comparing the Zn2+ response of both GZnP1-ER and GZnP3-ER in 

our 0Ca2+ HHBSS buffer. We found that, using TPEN, we can get a reduction from 

baseline of GZnP1-ER, but not GZnP3-ER (Fig. 6B, C); this suggests that there is a lower 

concentration of labile Zn2+ in the ER compared to the cytoplasm because we are able to 

get a reduction of signal from baseline of GZnP3 but not GZnP3-ER. Interestingly, when 

we use a weaker Zn2+ chelator, TPA (10pM Kd for Zn2+), we do not see a reduction of 

signal from baseline in either GZnP1-ER nor GZnP3-ER (Fig. 6D, E); this again suggests 

that the labile Zn2+ concentration is low, as a chelator with 10pM affinity is not strong 

enough to give a detectable reduction of labile Zn2+ in the ER.  
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Figure 6. GZnP-ER in 0Ca2+ HHBSS buffer. (A) Zn2+ response curve of GZnP3-ER in 

HeLa cells in 0Ca2+ HHBSS buffer. Zn2+ response curves using TPEN (B,C) or TPA 

(D,E) of GZnP1-ER (B,D) and GZnP3-ER (C,E). 
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3.6 Influx of labile Zn2+ from the cytoplasm to the ER 

Finally, we tested to see if the addition of only PTO can result in an increase of 

signal from baseline in GZnP1-ER. In theory, if there is a higher concentration of labile 

Zn2+ in the cytoplasm, then the PTO will shuttle the Zn2+ down the concentration gradient 

from the cytoplasm to the ER. When adding 5µM PTO to HeLa cells expressing GZnP1-

ER, we see an immediate increase in signal from baseline (Fig. 7A). This signal was 

further increased by the addition of Zn2+. To confirm that the increase in signal in the ER 

was from intracellular Zn2+, we performed the same experiment, except we treated the 

cells with TPEN first to chelate away any intracellular Zn2+. When we did this, we found 

that the addition of 5µM PTO did not increase the signal of GZnP1-ER, only after the 

addition of Zn2+ did the signal increase (Fig. 7B). This data suggests that the labile 

concentration of Zn2+ in the ER is at least lower than that of the cytoplasm.  
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Figure 7. Zn2+ diffusion into the ER. In Hela cells: (A) GZnP1-ER with 5µM PTO 

added first. (B) GZnP1-ER with 5µM PTO after chelating intracellular Zn2+ with TPEN. 
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4.0 DEVELOPMENT OF RED FLUORESCENT Zn2+ PROBES 

4.1 FustionRed-RZnP and mRuby-RZnP 

Red fluorescent Zn2+ sensors use the same format as the develop GZnPs; with to a 

cpFP flanked by two ZFs (Fig. 8A). When developing a new fluorescent Zn2+  sensors, we 

wanted to test cpFPs that have been used in fluorescent Ca2+ sensors and that were also 

pH resistant. The two candidate cpFPs were cpFusionRed and cpmRuby (Dana et al. 

2016, Shen et al. 2018b). When testing an early prototype of a RZnP that uses 

cpFusionRed (FR-RZnP), we see that the sensor does not respond to either TPEN or Zn2+ 

+ PTO (Fig. 8B). Similar to FR-RZnP0.1, none of the other FR-RZnP prototypes or a 

prototype cpmRuby sensor responded to TPEN or Zn2+ + PTO. All RZnPs using either 

cpFusionRed or cpmRuby had cells with baseline fluorescence that were near 

background levels (Fig. 8C). Because these prototype sensors showed poor response to 

Zn2+, we did not continue optimizing these sensors, but the success of developing 

cpFusionRed and cpmRuby Ca2+ sensors suggests that they might be good candidates for 

creating the first generation red Zn2+ sensors that are resistant to pH changes. 
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Figure 8. Zn2+ response curves of FR-ZnP and mRuby ZnP in Hela cells. (A) 

Schematic of a red fluorescent Zn2+ probe. ZF1 and ZF2 are zinc fingers 1 and 2, 

respectively, and the linker regions are the peptide sequences connecting the ZFs to the 

cpFP. (B) Representative Zn2+ response curve of FR-ZnP0.1. (C) Baseline fluorescence 

of all RZnPs using either cpFusionRed (FR-RZnPs) or cpmRuby (mRuby-ZnP0). 
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Although cpFusionRed and cpmRuby showed little promise for developing red 

sensors, prototype sensors using a cpmApple have been previously made that can respond 

to changes in Zn2+. The caveat to cpmApple is that its pKa is ~6.5, which is higher than 

cpEGFP, making it more prone to changes in pH (Gandasi et al. 2015). 

One of the prototype sensors made using cpmApple is RZnP0.41. It’s dynamic range 

is ~2.0. The major issue with RZnP0.41 is that the response to Zn2+ is very unstable (Fig. 

9A). After Zn2+ saturation, the signal decays to Fmin in ~160 seconds. Another cpmApple-

based protype sensor shows a stable response to Zn2+; however, RZnP0.81 has a dynamic 

range of ~1.2 (Fig. 9B). Baseline fluorescence, defined as fluorescence of the sensor at 

resting conditions, and dynamic ranges of the sensors are shown in figure 9C and 9D 

Both sensors above are good candidates for further mutagenesis to produce a sensor 

that has at least a high dynamic range, modest brightness, stable response to Zn2+ and fast 

kinetics. Currently, neither sensor is a good candidate for bacterial in vitro screens that 

have been used to develop GZnP sensors in our lab (Fudge et al. 2018, Minckley et al. 

2019). Addition of Zn2+ would not be detected in RZnP0.41 due to the rapid decrease in 

signal after Zn2+ saturation, and the dynamic range of RZnP0.81 is too small to be 

detected above the variance seen in the bacterial lysate screen. Because of this, both 

sensors underwent single-site mutagenesis where only one amino acid was mutated, 

resulting in mutant libraries of 20, and screened in situ. 
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Figure 9. Zn2+ response curves of RZnP0.41 and RZnP0.81 in HeLa cells. 

Representative Zn2+ response curve of RZnP0.41(A) and RZnP0.81 (B). Baseline 

fluorescence(C) and dynamic range(D) of RZnP0.41 and RZnP0.81. 
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4.2 Mutagenesis of RZnP0.81 residues 35, 36, and 281 

Initially, we focused on improving RZnP0.81, and to do this, we targeted amino acids 

in the linker regions of RZnP0.81. Mutations of amino acids were done through SDM. 

RZnP0.81 mutants that were tested in HeLa cells showed either no response to TPEN and 

Zn2+ + PTO or had an unstable response to Zn2+ + PTO, similar to what is seen in 

RZnP0.81. An example of a non-responsive sensor, RZnP0.81 G36P, is shown in figure 

10A and an example of a mutant with an unstable response, RZnP0.81 R35G-G36V-

A281P, is shown in figure 10B. When looking at the baseline fluorescence (Fig. 10C) and 

dynamic range (Fig. 10D) of all mutants tested in situ, we see there is no improvement 

over RZnP0.81 of any of the mutants tested. 

  



34 

 

 

Figure 10. Zn2+ response curves of RZnP0.81 with linker 2 mutations in HeLa cells. 

(A) Representative trace of a mutant, RZnP0.81 G36P, that has no response to Zn2+ + 

PTO. (B) Representative trace of a mutant, RZnP0.81 R35G-G36V-A281P, that has an 

unstable response to Zn2+ + PTO. Baseline fluorescence (C) and dynamic range (D) of 10 

RZnP0.81 mutants. N/A indicates mutants that did not fluoresce or respond to Zn2+ + 

PTO. 

  


