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Abstract

Numerous mammalian cells contain Zn2+ in their secretory granules. During secretion, Zn2+ is 

coreleased with granular cargos into extracellular medium so Zn2+ serves as a convenient 

surrogate marker for tracking the dynamics of secretion. Fluorescent Zn2+ sensors that can be 

selectively targeted to cells of interest would be invaluable tools for imaging Zn2+ release in 

multicellular systems including tissues and live animals. Exploiting the HaloTag labeling 

technology and using an optimized linker, we have engineered a fluorescent Zn2+ indicator that 

displayed a 15-fold fluorescence enhancement upon Zn2+ binding while reacting efficiently with a 

HaloTag enzyme in a cellular environment. Two-color imaging of ZIMIR-HaloTag and a red-

emitting calcium indicator in pancreatic islet beta cells demonstrated that photoactivation of a 

channelrhodopsin was able to induce exocytosis of Zn2+/insulin granules and revealed 

heterogeneity in secretory activity along the cell membrane that was uncoupled from cellular Ca2+ 

activity. This integrated photonic approach for imaging and controlling the release of large dense 

core granules provides exquisite cellular selectivity and should facilitate future studies of 

stimulus-secretion coupling and paracrine signaling in secretory cells.
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Regulated secretion is an essential biological process that operates in numerous secretory 

cells including neurons, endocrine cells, and exocrine cells.1–3 Understanding mechanisms 

governing regulated secretion is not only an important topic in basic biological and 

biomedical research but may also offer insights to facilitate devising effective treatments 

against human diseases caused by defective secretory activity.4,5 Such studies would be 

greatly facilitated by imaging probes and techniques that can monitor the dynamics of 

regulated secretion in real time. Because of their superb sensitivity of detection in biological 

systems, fluorescent sensors for tracking specific secretory events remain one of the most 

sought-after targets in probe engineering.6

Exploiting the facts that a number of secretory granules contain a high level of zinc ion 

(Zn2+)7 and that Zn2+ is coreleased with secretory cargos including insulin during secretion, 

we recently developed a fluorescent zinc indicator, ZIMIR (Figure 1), for monitoring Zn2+/

insulin release.8–11 Insulin is a peptide hormone secreted by islet beta cells in the pancreas. 

It forms a cocrystal with Zn2+ in the insulin granule. Malfunction of insulin secretion in beta 

cells represents a primary event in the pathogenesis of diabetes, a disease affecting more 

than 380 million people worldwide.

To study the physiological regulation of insulin/Zn2+ release in vivo, it would be desirable to 

image their secretion dynamics in intact pancreas of live animals. While ZIMIR has been 

successfully applied to image insulin/Zn2+ release in isolated beta cells in vitro,8–11 it 

remains challenging to apply ZIMIR to monitor insulin/Zn2+ release in islet beta cells in 

vivo. A major obstacle is how to selectively deliver ZIMIR to islet beta cells in a live animal. 

ZIMIR is an amphipathic molecule containing a pair of lipophilic dodecyl chains that 

anchors to the cell plasma membrane through hydrophobic interactions. While convenient 

for labeling cultured cells in vitro, this labeling strategy lacks cell specificity and can not be 

applied to mark beta cells in an animal through systemic administration (via tail vein 

injection for example).

As a part of our probe development program, we have been developing new imaging sensors 

and labeling strategies for studying insulin release in vivo. In the study reported here, we 

explored using a genetically encoded protein label, HaloTag, to confer cell targeting 

specificity of small synthetic fluorescent Zn2+ sensors. HaloTag is a genetically encoded 

protein tag based on a modified haloalkane dehalogenase from bacterium Rhodococcus.12 It 

is relatively small (33 kDa), monomeric, and expresses well in mammalian cells either by 

itself or as fusion proteins. When reacting with substrates containing a haloalkane moiety, 

HaloTag forms a stable covalent bond with the substrate after displacing a halide through a 

nucleophilic attack. Since the formation of the covalent bond between HaloTag and a 

haloalkane substrate is specific and occurs quickly in aqueous solutions, HaloTag has 

become a popular tool for tagging proteins, organelles, and cells.13
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RESULTS AND DISCUSSION

Design of ZIMIR-HaloTag and Model Compounds Study

To engineer ZIMIR into a HaloTag substrate, we designed ZIMIR-HaloTag by replacing the 

pair of dodecyl chains in ZIMIR with a single HaloTag reactive site containing an alkyl 

chloride (Figure 1A). To determine a suitable linker for connecting the zinc sensing 

fluorophore with chloride, we initially considered using the linker that has been optimized 

for the majority of the commercially available HaloTag substrates.12 This linker contains 

two units of oxyethylene group and a hexyl chloride (Figure 1B, illustrated using HaloTag 

AF488 as an example). To test the suitability of using this linker for preparing ZIMIR-

HaloTag, we designed a model compound, Fluo HaloTag-1 (Figure 1B), by introducing the 

linker to the 4′-aminomethyl group of a fluorescein derivative.

We synthesized Fluo HaloTag-1 through reductive amination of a fluorescein aldehyde 

(Supplementary Figure 1). To test its cell labeling property, we expressed HaloTag at the 

cell plasma membrane by fusing its N-terminus to a secretory leader sequence. To facilitate 

identifying transfected cells, we incorporated a genetically encoded red fluorescent calcium 

sensor, R-GECO1.2,14 to the construct by placing R-GECO1.2 to the C-terminus of the 

transmembrane peptide (Figure 2A). The resulting fusion protein, HaloTag/R-GECO1.2, 

was expected to express in the cell membrane with HaloTag targeted to the outer cell surface 

while having R-GECO1.2 residing in cells (Figure 2A). Subsequent addition of HaloTag 

substrates would then label the outer leaflet of the plasma membrane in cells expressing the 

fusion protein.

Adding a cell impermeable HaloTag label, HaloTag AF488 (1 μM), to the transfected beta 

cells (INS-1 cells) gave rise to the expected membrane labeling (Figure 2B). The labeling 

only occurred in cells exhibiting red fluorescence resulting from HaloTag/R-GECO1.2 

expression, confirming the specificity of HaloTag reaction. Unexpectedly, we detected little 

cell membrane labeling after adding Fluo HaloTag-1 (Figure 2C). Increasing the 

concentration of Fluo HaloTag-1 by 10-fold still failed to generate any detectable labeling in 

cells expressing the fusion protein (data not shown), suggesting that Fluo HaloTag-1 served 

as a rather poor substrate for the HaloTag enzyme.

Both HaloTag AF488 and Fluo HaloTag-1 used essentially the same linker to connect the 

chloroalkane reactive handle to the xanthene fluorophore (Figure 1B). While this linker was 

believed to be optimal for several HaloTag substrates including fluorescein and 

rhodamine,15 our labeling result using Fluo HaloTag-1 as a model compound suggested that 

different linkers should be considered for constructing ZIMIR HaloTag. In general, longer 

linkers increase the spacing between the fluorophore and the HaloTag binding site and hence 

are expected to alleviate any unfavorable interactions between the fluorophore and the 

protein. However, a recent report suggested that increasing the linker length of the HaloTag 

ligands did not necessarily ensure a more efficient reaction with HaloTag. In that study, a 

series of positron emission tomography (PET) labels with various spacer lengths were tested 

as substrates of HaloTag. Interestingly, a PET ligand containing a shorter spacer reacted 

with HaloTag more efficiently than the other two ligands with longer spacers.16
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To identify the appropriate linker for derivatizing ZIMIR, we designed two additional model 

compounds, Fluo HaloTag-2 and Fluo HaloTag-3 (Figure 1B). Compared to Fluo 

HaloTag-1, Fluo HaloTag-2 incorporated a longer linker by adding two more repeats of 

oxyethylene group. Fluo HaloTag-3, however, contained only a short hexyl linker. These 

two model compounds were synthesized similarly as Fluo HaloTag-1 (Supplementary 

Figures 2 and 3).

Adding Fluo HaloTag-2 to cells expressing HaloTag/R-GECO1.2 labeled their plasma 

membrane similarly as HaloTag AF488 (Figure 2D). In contrast, Fluo HaloTag-3 failed to 

show any detectable signal under the same condition (Figure 2E). This confirmed that, for 

fluorescein derivatives with a 4′-(N-methylcarboxy)-aminomethyl substitution, a longer 

linker like the one used for Fluo HaloTag-2 is required to turn them into the substrates of 

HaloTag, whereas shorter linkers including the one commonly used for commercially 

available HaloTag labels are not suitable.

Syntheses and Characterization of ZIMIR-HaloTag

With this information in mind, we designed ZIMIR-HaloTag by incorporating the same 

linker used for Fluo HaloTag-2. We prepared the compound through a 12-step synthesis 

(Figure 3). After brominating 4′-methyl-6-nitro fluorescein (compound 5), we protected the 

pair of phenoxies with pivalates to generate compound 6. Subsequent nucleophilic 

substitution of benzyl bromide with compound 3 led to the key intermediate 7. Reduction of 

6-nitro group with sodium hydrosulfide under refluxing condition simultaneously removed 

pivalates and the ethyl ester to deprotect the phenoxies and the carboxylate, respectively. 

The resulting 6-amino group was then condensed with a cyclized pyridine-aldehyde 

pyridinium salt (compound 8a17) under the reductive condition to yield compound 9. 

Finally, linker conjugation and deprotection under the acidic condition provided the target 

molecule, ZIMIR-HaloTag.

ZIMIR-HaloTag displayed a zinc concentration-dependent fluorescence increase (Figure 4). 

Overall its fluorescence intensity enhanced nearly 15-fold upon zinc chelation, and it bound 

zinc with a submicromolar affinity (Kd(Zn2+) = 0.126 μM). To test its cell labeling and 

imaging properties, we added ZIMIR-HaloTag (0.5–1 μM) to beta cells coinfected with the 

membrane targeted HaloTag (pDisplay) and Lyn-R-GECO1.2 and performed two-color 

imaging. Lyn-R-GECO1.2 contained a Lyn Src kinase N-terminal peptide sequence that 

conferred protein myristoylation for the membrane tethering.14 Compared to HaloTag/R-

GECO1.2, which was found in both plasma and cytoplasmic membranes (Figure 2), Lyn-R-

GECO1.2 was targeted to the plasma membrane more selectively for reporting 

subplasmalemmal Ca2+ activity (Figure 5A; cf. Figure 2B). At the basal condition, both 

ZIMIR-HaloTag and Lyn-R-GECO1.2 showed dim fluorescence (Figure 5), reflecting low 

[Zn2+] in the extracellular medium and low intracellular [Ca2+]. We subsequently raised 

KCl in the medium from 5 to 40 mM (equimolar substitution of NaCl) to depolarize cell 

membranes and to open voltage-gated Ca2+ channels. This caused rapid Ca2+ influx to raise 

subplasmalemmal [Ca2+] and to induce insulin/Zn2+ release. Both of these events were 

captured by two-color imaging, which showed a nearly simultaneous elevation of Lyn-R-

GECO1.2 signal and ZIMIR-HaloTag fluorescence (Figure 5). However, unlike Ca2+ signal, 
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which showed a rather uniform increase along the plasma membrane, exocytosis of Zn2+ 

granules was only observed at rather restricted subcellular domains (Figure 5A). This likely 

reflected the preferential formation of granule fusion sites in those areas. Changing the high 

KCl solution back to the basal medium immediately abolished cellular Ca2+ elevation and 

Zn2+ release, and subsequent reapplication of high KCl once again stimulated Ca2+ influx 

and Zn2+ secretion, albeit at lower amplitudes compared to what were seen during the first 

episode of KCl (Figure 5B,C). Later, we added a high Zn2+ buffer to the cells as a positive 

control to check the Zn2+ responsivity of ZIMIR-HaloTag. This caused a ~15-fold increase 

in ZIMIR-HaloTag signal throughout the plasma membranes in transfected cells, confirming 

that ZIMIR-HaloTag maintained a large dynamic range in sensing [Zn2+] in a cellular 

environment.

Integration of ZIMIR-HaloTag Imaging with Optogenetics for Monitoring and Controlling 
Zn2+/Insulin Release

The high responsivity and sensitivity of ZIMIR-HaloTag in detecting Zn2+ changes at the 

cell surface motivated us to explore the possibility of combining ZIMIR-HaloTag with 

optogenetics for controlling and monitoring the release of insulin granules. While recent 

developments in optogenetics and sensor engineering have greatly expanded our ability in 

manipulating cell excitability for the analysis of neural circuits,18,19 there have been 

relatively fewer attempts of applying this powerful approach to control hormone release in 

endocrine cells containing large dense core granules. To explore this possibility, we first 

prepared a fusion construct, ChR2(T159C)-RGECO1.2, that contained a channelrhodopsin 

(ChR2(T159C)20) and R-GECO1.2. After infecting MIN6 beta cells with ChR2(T159C)-

RGECO1.2 and HaloTag (pDisplay), we identified transfected cells by their red 

fluorescence and ZIMIR-HaloTag labeling (Figure 6A). We then applied a train of 

activating blue light (480–500 nm, 1 s × 9 repetitions) to stimulate ChR2(T159C). Each 

pulse of photoactivation reliably induced intracellular Ca2+ rise as monitored by R-

GECO1.2 (Figure 6B and Supplementary Movie 1). Since photoactivation induced Ca2+ rise 

was only observed in the medium containing a millimolar level of Ca2+ but not in a Ca2+ 

free medium (Supplementary Figure 4), and because a membrane Ca2+ channel blocker 

(nifedipine, 50 μM) inhibited ChR2(T159C) induced Ca2+ elevation by more than 70% (data 

not shown), we concluded that the source of cellular Ca2+ elevation was from Ca2+ entry 

through voltage operated Ca2+ channels instead of Ca2+ release from intracellular stores. 

Concurrent imaging of ZIMIR-HaloTag revealed subcellular sites displaying high activity of 

insulin/Zn2+ release (Figure 6A,B, region of interest 1, for example). However, not every 

rise in the subplasmalemmal Ca2+ activity led to a secretion event. At individual release 

sites, it often took several photoactivations and [Ca2+]i rises before the next exocytotic 

events were observed. This probably reflected the limited number of readily releasable 

insulin granules near the cell membrane, such that after each release, it would take some 

time for the cell to replenish the pool before it was capable of launching the next round of 

granule fusion and exocytosis at the same release zone. In the second half of the experiment, 

we continued to image R-GECO1.2 and ZIMIR-HaloTag but no longer delivered activating 

blue light to stimulate ChR2(T159C). Under this condition, [Ca2+]i largely remained at the 

basal level, while insulin/Zn2+ releases were restricted to a few spontaneous events of rather 

low amplitudes (Figure 6B,6C and Supplementary Movie 2). To characterize the spatial 

Li et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



profile of Zn2+/insulin secretory activity during photostimulation, we analyzed Zn2+/insulin 

release events in single cells by arbitrarily dividing the entire plasma membrane into small 

domains (the size of each domain is comparable to the ROIs shown in Figure 6A). The 

analysis revealed that half of the microdomains exhibited no detectable Zn2+/insulin release 

(for example, ROI-3 in Figure 6B), and another 30% of the membrane microdomains only 

showed sparse secretory events characterized by one or two flashes of ZIMIR-HaloTag 

fluorescence (Figure 6D). The remaining 20% of the cell membrane was more active in 

Zn2+/insulin secretion and hence represented hot release spots where secretory granules 

were preferably targeted for membrane fusion. Interestingly, quantification of R-GECO1.2 

signal at the cell membrane revealed rather uniform elevation of subplasmalemmal Ca2+ 

activity during photostimulation (Figure 6E), suggesting that localized Ca2+ mobilization 

was unlikely to be responsible for the formation of those high activity release zones in MIN6 

cells. We speculate that other biochemical events such as the localized assembly of 

membrane fusion proteins and/or targeted trafficking of insulin granules to selected 

membrane patches might underlie the observed heterogeneity in exocytotic activity along 

the cell membrane.

Thus, we have developed a small synthetic fluorescent Zn2+ sensor that possesses cell 

targeting specificity through the integration with HaloTag labeling technique. To derivatize 

ZIMIR into a substrate for the HaloTag enzyme, we optimized the linker length by testing 

several model compounds. The long linker required for making ZIMIR-HaloTag likely 

reflected the preference of HaloTag enzyme toward neutral or positively charged substrates 

over negatively charged ones. For instance, it has been reported that a tetramethylrhodamine 

ligand (neutral) bound to HaloTag nearly an order of magnitude faster than a fluorescein 

ligand (negatively charged),15 and it is thought that the entrance to the HaloTag binding 

pocket consists of a patch of negatively charged side chains. Since the fluorescein 

derivatives described in this work contained a negatively charged carboxylate at the 4′-

aminomethyl position, using a longer linker may help to alleviate charge repulsion when the 

chloroalkane approached the binding tunnel of HaloTag. There has been few systematic 

studies on the structure and reactivity relationship of HaloTag and its substrates. Our model 

compound studies presented here should serve as a useful reference for the future design of 

HaloTag ligands.

To better understand physiological regulation of Zn2+ granule including insulin granule 

release, it is highly desirable to image their secretion dynamics in vivo. To enhance the 

sensitivity of detection and to reduce background or non-specific signal, Zn2+ sensors need 

to be selectively targeted to cells of interest. Synthetic Zn2+ sensors currently available for 

monitoring Zn2+ changes near the cell surface all contain a hydrophobic motif for membrane 

anchoring;8,21,22 hence, they are promiscuous labels with no cellular selectivity. Genetically 

encoded Zn2+ sensors based on fluorescent proteins23,24 in principle provide an alternative 

solution since their expression can be controlled using tissue- or cell-specific promoter. 

However, compared to small synthetic Zn2+ sensors, genetically encoded Zn2+ sensors 

reported to date display relatively small dynamic range in their Zn2+ response,25,26 and to 

our knowledge, these Zn2+ sensors have not been applied to image Zn2+ granule secretion in 

cells. Integrating chemistry with genetics has led to recent advancements in “fusion 
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labeling” technology including SNAP-tag and HaloTag.13 These techniques have been 

applied to engineer fluorescent sensors for a variety of applications including, among others, 

imaging secretion of signaling molecules,6,27 tagging cell surface proteins for imaging or 

cell tracking and capturing,28–30 and mapping Zn2+ in intracellular organelles.31 The success 

of developing ZIMIR-HaloTag for genetic targeting of Zn2+ sensor to cell surface further 

illustrates the utility and versatility of this approach and should pave the way for future 

imaging studies of Zn2+ or insulin release in vivo by combining with high resolution 

intravital fluorescence imaging techniques for monitoring islet beta cells.32–34 In addition to 

optical imaging, such a “fusion labeling” approach may also find applications in other 

imaging modalities including magnetic resonance imaging of Zn2+ secretion in live 

animals.35

Since ZIMIR-HaloTag only labeled a subset of cells expressing HaloTag, it displayed an 

impressive dynamic range (15-fold, Figure 5C) when reporting local Zn2+ fluctuations at the 

cell surface partially owing to the reduced background signal. The high Zn2+ responsivity 

and sensitivity of ZIMIR-HaloTag enabled us to demonstrate the utility of channelrhodopsin 

in controlling the release of large dense core granules in islet beta cells. Compared with high 

KCl stimulation (Figure 5B), activation of channelrhodopsins caused a modest membrane 

depolarization and cellular Ca2+ elevation that were more reflective of changes within the 

physiological range (Figure 6B). Using this stimulation protocol in beta cells expressing 

ChR2, we observed membrane heterogeneity in insulin granule exocytosis that was 

uncoupled from cellular Ca2+ activity (Figure 6D,E). Future investigation of this 

phenomenon in intact pancreas using transgenic animals expressing HaloTag on the surface 

of islet cells will address its physiological implication, which may also help us learn how 

cells organize and maintain their secretory machineries in vivo.

Last but not least, controlling cell secretion by optogenetics offers distinct advantages 

including pinpoint accuracy in the onset, duration, location, and repetition of cell activation. 

Combined with the technique of localized photoactivation to selectively stimulate cells of 

choice in three dimensions36,37 and with the recent advancements in engineering new 

channelrhodopsins with blue- or red-shifted action spectrum38,39 to enhance the spectral 

compatibility with green-emitting fluorescent sensors (like ZIMIR-HaloTag described here), 

this integrated photonic approach would allow us to activate and track hormone release in a 

single or a subset of cells while monitoring the response of nearby cells, hence providing 

fresh opportunities to study how paracrine signaling40,41 or gap junction 

communication10,42 modulates stimulus-secretion coupling in a cellular network such as the 

islet of Langerhans.

METHODS

Synthesis

Preparation and characterization of model compounds and ZIMIR-HaloTag are described in 

detail in the Supporting Information.
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Spectroscopic Characterization and Zinc Titration of ZIMIR HaloTag

UV–vis spectra were recorded in a 1 cm path quartz cell on a Shimadzu 2401 PC 

spectrometer. Fluorescence excitation and emission spectra were recorded on a Fluorolog 3 

spectrometer (Jobin-Yvon Horiba, Edison, NJ). Zinc titration was performed using the same 

procedure as previously reported.8 Briefly, ZIMIR-HaloTag (0.4 μM final concentration) 

was added to buffered Zn2+ solutions containing 100 mM Hepes (pH 7.5), 10 mM 

nitrilotriacetic acid (NTA), and varying concentrations of ZnSO4 (0–9 mM) to reach a free 

Zn2+ concentration between 0.1 and 43 nM. Zn2+ concentrations above 43 nM were not 

buffered. However, because the commercial Hepes contains a trace amount of divalent metal 

(≤5 ppm), it was necessary to add a minimum amount of NTA to chelate the residual Zn2+ 

present in the Hepes solution. We found that adding ~0.5 μM NTA to 100 mM Hepes 

solution was sufficient to reduce the fluorescence of ZIMIR-HaloTag to the same level as 

seen in 43 nM (buffered) free Zn2+. Further addition of known amounts of ZnSO4 yielded 

Zn2+ concentrations above 43 nM. The titration data were plotted and fitted to the equation 

F = F0 + (Fmax − F0)[Zn2+]/(Kd(Zn2+) + [Zn2+]), where Fmax is the maximum fluorescence 

intensity, F0 is the baseline fluorescence at free Zn2+ less than 4 nM, and F is the 

fluorescence intensity at the corresponding free [Zn2+]. The fitting yields an apparent 

Kd(Zn2+) of 126 nM.

Cell Culture and Transfection

INS-1(832/13) and MIN6 cells were cultured as previously described.8 For cell transfection, 

INS-1 or MIN6 cells were seeded in 35 mm Petri dishes with glass bottoms (MatTek) and 

cultured for ~24 h to reach ~50% confluence. Cells were then transfected with 2 μg of 

plasmid using Metafectene Pro (Biontex) following the manufacturer’s instruction. Cells 

were cultured for an additional 24–48 h before imaging.

Plasmid Construction

To construct CMVprom-HaloTag/R-GECO1.2, we amplified the HaloTag sequence by PCR 

from a HaloTag plasmid (NCX-Halo, gift of Dr. M.-J. Lin) using the primers (5′–3′) 

TCAGATCTGGATCCGAAATCGGTACAGGCTTC and 

ATTCTGCAGCACGGCCAGCCCGGGGAGCCAGC. The amplified fragment was then 

digested with BglII and PstI and inserted into the pDisplay vector (Life Technologies). The 

fragment that contains a Myc epitope and PDGFR transmembrane (TM) domain was 

amplified from pDisplay vector using the primers (5′–3′) 

AGTATGCATGAACAAAAACTCATCTCAGAAGAGG and 

GTCGACAGATCCACCTGATCCGCCACTACCTCCACGTGGC-

TTCTTCTGCCAAAGCATG. We subsequently added a 9 amino acid linker 

(GGSGGSGGS) to the C-terminal of TM domain. Next, we amplified R-GECO1.2 sequence 

by PCR from pcDNA3.2-R-GECO1.2 (gift of Dr. R. E. Campbell) and assembled the TM 

domain and R-GECO1.2 by overlap PCR. Finally, to generate HaloTag-TM-R-GECO1.2 

plasmid, the assembled TM-R-GECO1.2 fragment was digested with NsiI and XhoI, and the 

resulting fragment was inserted into pDisplay-HaloTag vector that has been cut with PstI 

and XhoI.

Li et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To generate CMVprom-ChR2(T159C)-R-GECO1.2, we amplified ChR2(T159C) sequence 

from vector pCI-Synapsin-ChR2(T159C) (Dr. T. Oertner) using the primers 

CTGGTACCACCATGGATTAT-GGAGGCGCCCTG and 

ACGGATCCTACCGCGCCAGCCT-CGGCCTCGTCCTC, digested with KpnI and BamHI 

and ligated into pcDNA3.2-R-GECO1.2 vector. To construct pDisplay-HaloTag plasmid, 

the HaloTag was PCR-amplified from pOPINHALO7 (Addgene, Plasmid #41117) using 

primers ACTAGATCTGCAG-AAATCGGTACTGGCTT and 

ATACTGCAGGCCGGAAATCT-CGAGCGTCGAC. The HaloTag 7 fragment was then 

digested with BglII and PstI and inserted into pDisplay vector.

Imaging and Photoactivation by Wide-Field Fluorescence Microscopy

Fluorescence imaging was carried out on an inverted wide-field fluorescence microscope 

(Axiovert 200, Carl Zeiss) equipped with an EMCCD camera (iXon 897, Andor) through a 

40× oil objective. Fluorescence excitation was controlled by a lambda DG4 exciter (Sutter 

Instrument) equipped with a 175 W xenon lamp (PerinElmer, PE175BF). Imaging hardware 

and acquisition was controlled by Micromanager software (https://www.micro-

manager.org/). The typical exposure time for image acquisition was 200–400 ms. Bandpass 

filters (Chroma Technology) were used for delivering excitation light and for collecting 

emission signal. ZIMIR excitation, S490/20x; emission, ET525/36; R-GECO1.2 excitation, 

S555/28x; emission, ET605/52m.

To test HaloTag labeling using the model compounds and HaloTag AF488, INS-1 cells 

infected with CMVprom-HaloTag/R-GECO1.2 were washed twice with SAB buffer (114 

mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.16 mM MgSO4, and 20 mM 

Hepes, pH 7.3) containing 3 mM glucose, and incubated with 1–2 μM of HaloTag AF488 

(Promega) or Fluo HaloTag-1, -2, or -3 for 30 min at r.t. Cells were then washed three times 

with SAB buffer before imaging. When acquiring R-GECO1.2 images, ionomycin (5 μM) 

was added to cells to raise cellular Ca2+ level and to enhance R-GECO1.2 signal.

To image KCl stimulated insulin/Zn2+ release using ZIMIR-HaloTag, MIN6 cells were 

infected with Lyn-R-GECO1.2 and pDisplay-HaloTag for at least 24 h. Cells were washed 

twice with SAB buffer containing 10 μM EDTA, 2 μM DPAS, and 3 mM glucose. Cells 

were then incubated with 0.5 μM ZIMIR-HaloTag in the same buffer at r.t. for 20 min in the 

dark. Cells were then washed three times and imaged in SAB buffer containing 10 μM 

EDTA, 2 μM DPAS, and 3 mM glucose.

To image channelrhodopsin induced insulin/Zn2+ release, MIN6 cells were coinfected with 

ChR2(T159C)-R-GECO1.2 and pDisplay-HaloTag for at least 24 h. Cells were washed, 

labeled, and imaged similarly as just described. To activate ChR2(T159C), we applied a 

blue light (480–500 nm) for 1 s through the oil objective. To avoid or minimize 

ChR2(T159C) activation during image acquisition, the exposure time for capturing ZIMIR 

HaloTag images was reduced to 100 ms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Structure of ZIMIR and the design of ZIMIR-HaloTag. ZIMIR-HaloTag contains a 

fluorescent zinc sensor and a reactive chloroalkane handle. (B) Structures of HaloTag 

AF488 and three fluorescein-based model compounds (Fluo HaloTag-1, -2, and -3) designed 

to optimize the linker length suitable for ZIMIR-HaloTag.
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Figure 2. 
(A) Schematic of a fusion protein (HaloTag/R-GECO1.2) containing HaloTag 

(extracellular) and R-GECO1.2 (intracellular) linked by a transmembrane peptide. (B–E) 

Two-color imaging of cells transfected with HaloTag/R-GECO1.2 and labeled with 

fluorescent HaloTag substrates (1–2 μM) including HaloTag AF488 (B), Fluo HaloTag-1 

(C), Fluo HaloTag-2 (D), or Fluo HaloTag-3 (E). The HaloTag substrates were cell 

impermeable so they only labeled HaloTag displayed on the cell surface. The fusion protein, 

however, was found to be localized at both the plasma and intracellular membranes after 

transient transfection. Scale bar = 5 μm.
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Figure 3. 
Synthesis of ZIMIR-HaloTag. (a) KOtBu, ethyl bromoacetate, THF, r.t., overnight, 60%; (b) 

TFA, DCM, r.t., overnight; (c) K2CO3, tert-butyl bromoacetate, CHCl3, r.t., overnight, 50% 

(steps b and c); (d) AlCl3, nitrobenzene, r.t., 16 h, 91%; (e) CH3SO3H, resorcinol, 90 °C, 24 

h; (f1) Cs2CO3, Piv2O, DMF, 2 h, 48%; (f2) NBS, BPO, CCl4, 4 h, 84% (both isomers); (g) 

NaI, proton sponge, CH3CN, reflux, overnight, 70%; (h) NaSH, MeOH/THF/H2O (4:1:1), 

reflux, 1 h, 90%; (i) Na2SO4, NaCNBH3, MeOH, 34%; (j1) PyBOP, DMF, r.t., overnight, 

50%; (j2) TFA, DCM, r.t., 4 h.
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Figure 4. 
Characterization of ZIMIR-HaloTag. (A) Zn2+-dependent fluorescence enhancement of 

ZIMIR-HaloTag. Zn2+ concentrations (from bottom to top) were 4, 25, 50, 150, 250, 450, 

950, and 1950 nM. (B) Zn2+ titration curve of ZIMIR-HaloTag as measured from its 

emission at 515 nm. The solid line represents the fit using the equation mentioned in the 

Methods.
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Figure 5. 
Live cell imaging of Zn2+/insulin release with ZIMIR-HaloTag. (A) Example images of 

MIN6 beta cells cotransfected with HaloTag (pDisplay) and Lyn-R-GECO1.2 and 

sequentially incubated in the basal medium with 10 μM EDTA and 2 μM DPAS, 40 mM 

KCl, basal medium, and a high Zn2+ buffer (1 μM). Scale bar = 5 μm. (B) Corresponding 

time courses of Lyn-R-GECO1.2 and ZIMIR-HaloTag fluorescence at the release site 

(outlined by the yellow line in A). At the end of the experiment, cells were washed with the 

basal medium containing 2.5 mM EDTA. (C) Average ZIMIR-HaloTag fluorescence 

enhancement (peak value over baseline, N = 11 cells) in response to repetitive KCl 

stimulations or addition of 1 μM Zn2+.
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Figure 6. 
Activation of channelrhodopsin led to Zn2+/insulin secretion events in discrete membrane 

domains in beta cells. (A) Example images of MIN6 beta cells cotransfected with 

ChR2(T159C)-R-GECO1.2 and HaloTag (pDisplay). Scale bar = 5 μm. (B) Time courses of 

R-GECO1.2 and ZIMIR-HaloTag in three example regions of interest (ROIs 1, 2, and 3 as 

outlined in panel A) during photostimulation (1 s × 9 repetitions, represented by blue bars at 

the top of the plot during the first 100 s) and post-stimulation (150–250 s). (C) Average 

number of observed Zn2+/insulin release events per cell either with light stimulation (1 s × 9 

repetitions) or without light activation (basal). N = 6 cells. (D) Histogram of cellular 

membrane subdomains exhibiting different activities of Zn2+/insulin secretion during 

ChR2(T159C) activation. The analysis arbitrarily divided the entire plasma membrane of 

individual cells into small ROIs and counted Zn2+/insulin secretion events within each ROI. 

N = 6 cells with ~16 ROIs/cell. (E) Corresponding cellular Ca2+ activities of three classes of 

ROI showing different secretory activities analyzed in panel D.
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