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Abstract 
 

Genetically encoded biosensors based on fluorescent proteins are valuable tools for imaging 

biological processes with high selectivity. In particular, pH-sensitive fluorescent proteins such 

as the GFP-derived superecliptic pHluorin (SEP) or pHuji allow tracking of protein trafficking 

through acidic and neutral compartments. Recently, chemogenetic indicators combining 

synthetic fluorophores with  genetically encoded self-labeling protein tags (SLP-tag) offer a 

versatile alternative that combines the diversity of chemical probes and indicators with the 

selectivity of the genetic-encoding. Here, we describe a novel fluorogenic and chemogenetic 

pH sensor consisting of a cell-permeable molecular pH indicator called pHluo-Halo-1 whose 

fluorescence can be locally activated in cells by reaction with the SLP-tag HaloTag ensuring 

high signal selectivity in wash-free imaging experiments. pHluo-Halo display a good pH 

sensitivity and a suitable pKa of 5.9 to monitor biological pH variations. This hybrid 

chemogenetic pH probe was applied to follow the exocytosis of a CD63-HaloTag fusion 

proteins enabling the visualization of exosomes released from acidic vesicles into the 

extracellular media using TIRF microscopy. This chemogenetic platform is expected to be a 

powerful and versatile tool for elucidating the dynamics and regulatory mechanisms of 

proteins in living cells.  
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Introduction 
 

Exocytosis is a process by which cells are able to release biomolecules (e.g. proteins, 

neurotransmitters) into the surrounding environment via the fusion of the secretory vesicles 

to the plasma membrane of cells. It is involved in various critical cellular events such as cell 

communication, hormone regulation or immune defense.1 Therefore, precise understanding 

of exocytosis events is crucial to improve knowledge about physiopathological pathways in 

various organs including the central nervous system. Over the past decades, significant efforts 

have been carried out to understand molecular dynamics of exocytosis using fluorescence 

microscopy techniques.2–4 In particular, the exocytosis process is associated with varying pH 

conditions, from typically acidified secretory vesicles (pH 5.5) to neutral compartments and 

extracellular environment (pH 7.4) and can be visualized by pH-sensitive fluorescent probes 

such as the superecliptic pHluorin (SEP) derived from the green fluorescent protein.5 The 

emission of this pH-sensitive fluorescent protein (FP) is activated when going from acidic to 

neutral pH with ideal properties for monitoring exocytosis: a pKa value of 7, cooperative 

protonation and low background fluorescence in the protonated state.6 More recently, 

various red-emitting pH sensitive fluorescent proteins (FPs) such as pHuji7, pHTomato8, 

pHoran47 or pHmScarlet9 with appropriate pKa values have also been developed. However, 

protein engineering of pH-sensitive FPs with tuned spectral properties, correct dynamic range 

and high photostability remains complex. An emerging alternative to FP-based biosensors are 

chemogenetic (also called hybrid or chemigenetic) biosensors that combine a genetically-

encoded self-labeling protein (SLP) tag such as SNAP-tag or HaloTag with an organic 

fluorophore.10–12 The latter can be a simple dye for visualizing the target protein or a chemical 

indicator able to sense its environment. This approach benefits from the unparalleled 

selectivity of protein genetic encoding and the versatility of fluorescent probes development 

to enable diverse applications. While protein engineering relies on repeated cycles of 

evolution to reach the desired properties, organic chemistry benefits from a century-long 

history of fluorophore development to help the rational design of adequate chemical 

indicators that can then be coupled to SLP tags. A wide palette of probes or sensors can be 

combined with a single fusion between a protein of interest and a SLP tag, allowing maximal 

versatility.13,14 For instance, a chemogenetic fluorescent pH sensor based on the combination 

of a pH-sensitive fluorescein derivative with SNAP-tag was recently reported.15 With a pKa 

value of 7.3, it enabled the monitoring of exocytosis and endocytosis and is a credible 

alternative to SEP. However, in this strategy, the fluorescein-based pH indicator is fluorescent 

regardless of whether it is linked or not to the target protein, which requires washing steps to 

remove the excess of probe and avoid off-target signal. In order to match the selectivity of 

fluorescent protein biosensors, an ideal hybrid sensor should be based on a chemical indicator 

that is only fluorescent when bound to its target SLP tag. Fluorogenic probes whose emission 

is activated by the reaction with a SLP-tag have been widely developed for labeling proteins 

with high selectivity10,11,16–18 but there are very few examples of hybrid sensors that combine 
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fluorogenic activation with the ability to detect a biological analyte. For instance, locally-

activated sensors for calcium or glutathione based on fluorogenic rhodamines have recently 

been reported.19,20 As for pH, Xu and colleagues developed a chemogenetic pH indicator based 

on 1,8-napthalimide fluorophore (BG-NDM) to monitor intracellular pH using SNAP-tag 

labeling.21 Fluorescence of BG-NDM is activated upon both SNAP-tag covalent binding and 

acidic pH ensuring high accuracy for sensing pH changes in native microenvironment. The 

Bruchez group developed a hybrid sensor based on the energy transfer (FRET) between 

malachite green and a pH-sensitive cyanine.22–24 Selectivity is maintained through the 

fluorogenic activation of malachite green by genetically-encoded fluorogen-activating 

proteins (FAPs). However, this dual design exploits the entire visible spectrum making it 

unsuitable tool for multiplexing imaging and restricting its application to targeting membrane 

proteins. Therefore, there is still a need for small cell-permeant molecular pH probes that can 

be activated locally by reaction with an SLP-tag to perform genetically-targeted pH sensing in 

live cells with high selectivity in wash-free conditions.  

In this work, we set out to develop dual-input hybrid pH sensors based on the association of 

chemically accessible pH-sensitive fluorescent molecular rotors with HaloTag to study protein 

exocytosis with high selectivity in no-wash imaging conditions (Figure 1A). We synthesized a 

pair of pH-sensitive fluorogenic ligands with close structural similarity to the GFP 

chromophore, pHluo-Halo-1 and pHluo-Halo-2, that display high fluorescence enhancement 

upon reaction with HaloTag, good sensitivity to pH and a suitable pKa to be used in exocytosis 

imaging. Attempts at red-shifting the emission wavelength by developing analogs of the red 

Kaede protein chromophore yielded a red-emitting fluorogen but with low pH sensitivity. The 

most promising probe pHluo-Halo-1 showed excellent contrast with negligible non-specific 

signal in confocal imaging of HaloTag-expressing HeLa cells. This is, to the best of our 

knowledge, the first report of dual-input pH probes locally-activated by reaction with a 

genetically-encoded protein and we successfully applied the resulting chemogenetic pH 

sensor to follow the transport and secretion of the exosomal protein CD63 by TIRF microscopy.  

Results and discussion 
Design of fluorogenic pH probes. To observe exocytosis dynamics, we aimed to develop 

chemogenetic pH sensors with similar properties as the SuperEcliptic pHluorin (SEP) with a 

quenched fluorescence in acidic vesicles that instantaneously turns-on upon plasma 

membrane fusion (Figure 1A).  The genetically-encoded protein part of our system will be the 

well-established HaloTag technology that will have to be combined with a fluorogenic and pH 

sensitive small molecular probe. We have previously shown that small viscosity-sensitive 

molecular rotors could be used as fluorogenic HaloTag probes and used as a plaftform to build 

a dual-input calcium sensor.25–28 We have adapted this approach to design a dual-input pH 

probe by exploring GFP-based chromophore structures that already possess pH-sensitive 

properties due to their phenol group and are based on a flexible molecular rotor structure 

that should also be activated by reaction with HaloTag. However, the pKa of the isolated GFP 

chromophore is too high for the biological pH range of exocytosis events.  
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Figure 1 Design and working principles of the pHluo-Halo reporters to monitor protein exocytosis. A 

Schematic description of vesicles expressing HaloTag protein fused to a P.O.I and labeled with a pHluo-

Halo ligand to monitor protein exocytosis under no-wash condition. B Chemical structures of pHluo-

Halo-1, pHluo-Halo-2, pHluo-Halo-3 and pHluo-Halo-Red. C Principle of the dual-input activation of 

the fluorescence emission of the pHluo-Halo probes. 

Therefore, we synthesized HaloTag-targeted GFP analogs with tuned emission properties and 

pKa. We first replaced the imidazolone cycle of the GFP chromophore by a rhodanine 

heterocycle since the resulting structures are easier to synthesize and this electron-

withdrawing group proved more efficient in previously reported fluorogenic protein probes 

(Figure 1B).26,29 To shift the pKa into a biologically relevant range, we tested two distinct 

strategies by introducing an amide group (pHluo-Halo-1&3) or a fluorine atom (pHluo-Halo-

2) in ortho position of the phenol. The electron-withdrawing fluorine is a classical strategy to 

lower the pKa and obtain chromophores that are deprotonated at neutral pH such as the 

aptamer fluorogens FHBI and DFHBI.30 The amide strategy, first reported by Collot et al., 

assumes that the H-bond between the phenol and the amide is responsible for lowering the 

pKa.31 In pHluo-Halo-1, the amide bond was also used to introduce a hydrophilic diethylene 

glycol chain in order to limit the non-specific activation in cells. Our previous studies on 

molecular rotor fluorogens indeed showed that the non-specific activation can be mitigated  

by lowering their lipophilicity.27 To allow for specific labeling of recombinant proteins, we 

introduced a chloroalkane HaloTag linker on the rhodanine group. Since the binding to the 
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protein may affect the sensing properties of the pH-probes, pHluo-Halo-3 was synthesized to 

evaluate an alternative attachment position of the HaloTag linker (Figure 1B). To further red-

shift the emission wavelength and avoid potential issues with cell autofluorescence, we 

incorporated the pH-sensitive phenol group using the same amide strategy as pHluo-Halo-

1&3, in a Red Kaede protein chromophore analog to yield pHluo-Halo-Red (Figure 1B).  

The pHluo-Halo probes are based on chemically-accessible structures. The synthesis of the 

probes pHluo-Halo-1 to 3 is straightforward and they are easily obtained by a Knoevenagel 

reaction between a rhodanine group and the corresponding aldehyde (Scheme S1). The 

pHluo-Halo probes are designed to have a pH-sensitive fluorescence emission activated by 

reaction with HaloTag and these dual-input pH probes should enable pH sensing in the 

environment of genetically-encoded proteins with high selectivity (Figure 1B). 

Characterization in 40% glycerol buffers. The pHluo-Halo ligands are push-pull structures with 

typical molecular rotor features and they display very low fluorescence in water.32–34 To assess 

their intrinsic photophysical properties independently of the target protein, the 4 pH-sensitive 

dyes were first characterized by UV-Vis absorption and fluorescence spectroscopies in buffers 

containing 40% glycerol to increase the viscosity and activate their fluorescence. The low 

glycerol content leads to a weak activation of the probes (4-fold enhancement of fluorescence 

at pH = 7.4) but it is sufficient to characterize them in buffers with controlled pH (Figure 2A). 

For pHluo-Halo-1,-2 and -3, the absorption spectra displays two absorption peaks depending 

on pH corresponding to the protonated and anionic forms of the molecules that are mostly 

deprotonated at neutral pH (Figure 2B and Figure S1), showing that both the fluorine or the 

amide group successfully lower the pKa of the phenol. Only the deprotonated form of pHluo-

Halo-1&-2 is fluorescent with an emission centered around 560 nm that is red-shifted by 50 

nm compared to the GFP chromophore as a result of the stronger electron-withdrawing ability 

of the rhodanine heterocycle compared to imidazolinone (Figure 2A and Table 1). The 

emission of pHluo-Halo-3 is slightly less red-shifted  as has previously been observed for 

unalkylated rhodanine (λem = 543 nm).28 The extended conjugated structure of pHluo-Halo-

Red based on the Red Kaede protein led to a red fluorescence emission (λem = 615 nm) even 

more red-shifted than the parent chromophore (λem = 582 nm) (Figure 2A and Erreur ! Source 

du renvoi introuvable.).35 An increase of fluorescence intensity with pH was observed for the 

4 dyes confirming their pH-sensing ability (Figure 2C and Fig. S1). However, the dynamic of 

pHluo-Halo-Red was low, with a fluorescence enhancement ratio of 2 between pH 4.3 and pH 

8.3 comparing to a ratio of 12, 55 and 10 for pHluo-Halo-1,-2 and -3 respectively (Table 1). 

Fluorescence-based pH titrations gave a pKa of 6.0 for both pHluo-Halo-1&-3 and a pKa of 6.6 

for pHluo-Halo-2 (Figure 2D, Table 1 and  Figure S1).The measured pKa values are slightly 

lower than that of SEP but are still relevant for the biological pH range involved during 

exocytosis. For  pHluo-Halo-Red, a pKa value of 7.6 was measured (Table 1 and Figure S1). 

Despites the its red-shifted emission, the pH sensitivity of pHluo-Halo-Red is not sufficient and 

it was not studied further.  
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Figure 2 Characterization of chemogenetic fluorogenic pH probes in tris buffers with 40 %w/v of 

glycerol. A Absorbance (dashed lines) and fluorescence emission (full lines) spectrum of pHluo-Halo 

probes. B UV-vis and C fluorescence pH titration of pHluo-Halo-1 in TRIS buffers with 40 %w/v glycerol 

D Fluorimetric pH titration curve of pHluo-Halo-1 (pKa = 6.0). Mean + SD of two independent 

experiments. 

Given that the pHluo-Halo-1-3 probes exhibit two distinct excitation spectra depending on pH, 

they can be used as well as excitation-ratiometric pH probes to perform quantitative pH 

measurement in cells. This is not necessary for the envisioned application in this work 

(exocytosis imaging) but it could be useful for other application and the radiometric response 

and calibrating curves were measured (Figure S2).5 

Table 1 Photophysical properties of pHluo-Halo probes in glycerol and in presence of HaloTag protein 

in PBS (pH = XX?). λabs and λem maximum absorption and emission wavelength, ε: molar absorptivity 

coefficient, ФF: fluorescence quantum yield, ε.ФF: brightness, F(HaloTag)/F(PBS) : fluorescence 

enhancement factor where F(HaloTag) and F(PBS) are the integrated fluorescence intensities in 

HaloTag and in PBS respectively. F(pH 8.3)/F(pH 4.3) : fluorescence enhancement factor where F(pH 

8.3) and F(pH 4.3) are the integrated fluorescence intensities of pHluo-Halo probes bound to HaloTag 

at pH 8.3 and pH 4.3 respectively. a Measurement conditions: 1 µM dye with 1.5 eq. of HaloTag in pH 

8.3 TRIS (0.05 M) buffer containing 100 mM NaCl, b Average of duplicate experiments. 

Molecule Solvent 

/Target 

λabs 

(nm)
a 

ε  

(M-1.cm-1) 

λem 

(nm)a 

ФF ε.ФF FHaloTag/FPBS
b FpH8.3/FpH4.3

b pKa
b 

pHluo-Halo-1 Glycerol (40%) 465 - 556 - - - 12 6.0 

HaloTag 470 42 500 553 0.04 1900 21 29 5.9 

pHluo-Halo-2 Glycerol (40%) 468 - 560 - - - 55 6.6 

HaloTag 478 28 400 553 0.01 340 18 31 6.5 

pHluo-Halo-3 Glycerol (40%) 449 - 543 - - - 10 6.2 

HaloTag 442 18 000 546 0.01 220 8 18 6.4 

pHluo-Halo-Red Glycerol (40%) 524 - 615 - - - 2 7.6 
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Characterization in HaloTag. The characterization in glycerol allowed us to determine the 

intrinsic pH-dependence of the photophysical properties of the pHluo-Halo molecular probes. 

These properties were next evaluated after reaction with HaloTag to study the influence of 

the protein environment on the fluorescence emission and on the pH sensing ability. We 

observed in our previous studies with molecular rotors that the rate constants of the reaction 

with HaloTag were much slower that the one reported for Halo-TMR (107 M-1.s-1).26,27 In the 

case of the pHluo-Halo probes, the reaction is quasi-instantaneous and too fast to measure 

the reaction rate constant using fluorescence spectroscopy. It is associated with a strong 

increase of fluorescence with similar wavelengths as observed in 40% glycerol buffer (Figure 

3A&B).  

 

Figure 3 Reaction of the pHluo-Halo probes with HaloTag and characterization of the resulting 

chemogenetic pH sensors. A Reaction kinetics of pHluo-Halo-1 (Orange) and pHluo-Halo2 (green) with 

HaloTag. Conditions: [dye] = 100 nM, [HT] = 2 µM, T = 298 K. B Normalized absorption and fluorescence 

intensity of pHluo-Halo-1, pHluo-Halo-2 and pHluo-Halo-3 (1 µM) in HaloTag (1.5 eq.) at pH 7.4. C pH 

titration curve of pHluo-Halo-1&2 conjugated to HaloTag. Mean + SD of two independent experiments 

D Dual-input activation of fluorogenic pH probes. Fluorescence intensity normalized to integrated 

fluorescence of pHluo-Halo probe in PBS at pH 3.4 : the four states are represented (-) HaloTag at pH 

3.4 (yellow); (+) HaloTag at pH 3.4 (yellow); (-) HaloTag at pH 8.3 (green) and (+) HaloTag at pH 8. 

(green) for pHluo-Halo-1-3.  

The probes display comparable pH sensitivity in HaloTag than in glycerol, with similar pKa 

values, although slight differences in the dynamic range were observed: pHluo-Halo-1&-2 

exhibit a ratio F(pH = 8.3)/F(pH = 3.4) of 29 and 31 respectively while pHluo-Halo-3 displays 
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poorer pH sensitivity with a ratio of 18 (Erreur ! Source du renvoi introuvable.). The pH-

sensitive pHluo-Halo1&-2 probes exhibit the desired dual-input fluorescence properties with 

a good pH sensitivity and a strong activation of the fluorescence upon reaction with HaloTag 

with up to a 21-fold increase for pHluo-Halo-1 (Figure 3D, Table 1). However, due to its 

moderate fluorescence activation (8-fold increase) and pH sensitivity, pHluo-Halo-3 was not 

further studied.  

Evaluation of chemogenetic pHluo-Halo indicators in live cells. We next examined the 

properties of the selected dyes pHluo-Halo-1 and pHluo-Halo-2 in fluorescence imaging of live 

HeLa cells either wild-type or expressing a nuclear HaloTag protein to assess their selectivity 

and contrast under wash-free conditions. In non-transfected HeLa cells incubated with 0.5 µM 

of pHluo-Halo-1 and -2 without any washing steps (Fig. S3), pHluo-Halo-1 gave a negligible 

fluorescence signal, while pHluo-Halo-2 exhibited a detectable non-specific signal. This is 

consistent with our hypothesis that the non-specific activation is linked to the lipophily of the 

probes. Imaging of HeLa cells expressing a HaloTag-NLS protein after incubation of probes with 

the same protocol revealed efficient HaloTag labeling demonstrating that these 2 dyes are cell 

permeable and react selectively with HaloTag in cells (Erreur ! Source du renvoi 

introuvable.A). The comparison of the cytosolic background fluorescence intensity in non-

expressing cells versus the nuclear signal of expressing cells revealed that pHluo-Halo-1 

exhibits excellent signal-to-background ratio (Fnuc/Fcyt = 40) contrary to pHluo-Halo-2 (Fnuc/Fcyt 

= 5,2), which is consistent with the relative non specific signals observed in wild-type HeLa 

cells (Erreur ! Source du renvoi introuvable.B).  

Figure 4 Selectivity of the pHluo-Halo probes in live HeLa cells. A confocal microscopy images of 

HaloTag-NLS-expressing and non-expressing HeLa cells. Cells were incubated with 0.5 µM pHluo-Halo-

1 (left) and pHluo-Halo-2 (right) for 10 min and imaged under no-washed conditions. The signal is 

measured in the nuclei of transfected cells, while the background is measured in the cytoplasm of non-

 

https://doi.org/10.26434/chemrxiv-2024-rcfzm ORCID: https://orcid.org/0000-0002-0455-7282 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-rcfzm
https://orcid.org/0000-0002-0455-7282
https://creativecommons.org/licenses/by-nc-nd/4.0/


transfected cells. Turn-on numbers represent average of n = 130 cells. Scale bar = 20 µm. B Contrast 

of pHluo-Halo-1 and pHluo-Halo-2 measured in HeLa cells expressing HaloTag-NLS of n = 130 cells.  

Detection of single exocytosis events in HeLa cells. To test the efficiency and capability of our 

novel pH-sensitive dual-input chemogenetic system for monitoring exocytosis, we used the 

well-characterized tetraspanin protein CD63 as a model (Figure 5A).36,37 CD63 is a 

transmembrane protein located in exosomes, which are small endosome-derived extracellular 

vesicles found in multivesicular bodies (MVB). These vesicles play a crucial role in cell-cell 

communication,37 and are released when MVBs fuse with the plasma membrane (PM). 

Building on the existing CD63-SEP construct, we designed a CD63-HaloTag construct and first 

confirmed its expression in HeLa cells by western-blotting (Fig. S4). Subsequently, we tracked 

the exocytosis of CD63 in HeLa cells using Total Internal Reflection Fluorescence (TIRF) 

microscopy, a technique commonly used to monitor alterations in the fluorescence intensity 

of a pH-sensitive FP at the PM of cells. Thus, it is ideally suited to detect single-vesicle 

exocytosis events.5,6,38–40 For data analysis, we used the recently developed ExoJ plugin for 

automatic and accurate detection of single exocytic events.41 Time-lapse live imaging of 2 min 

enabled the detection of multiple fusion events scattered across the PM under basal 

condition. These events were characterized by as an abrupt brightening followed by spreading 

of the fluorescence signal (Figure 5B). We focused on MVB-PM fusion events that display an 

intensity profile similar to Figure 5B. Although a proportion of exosomes remain attached to 

the cell surface,42  they were not included in our analysis. To validate the specificity of our 

pHluo-Halo-1 labeling through CD63-tagged exosomes, we performed simultaneous dual-

color TIRF microscopy using co-transfected HeLa cells expressing both CD63-pHuji and CD63-

HaloTag constructs (Figure 5C).39 We observed colocalization of vesicles between CD63-pHuji 

and CD63-HaloTag labeled with pHluo-Halo-1 with similar fluorescence dynamic of exocytosis 

events (Figure 5C). We calculated a Pearson’s coefficient of 90% for the colocalization 

between exosomes labeled with CD63-pHuji and exosomes labeled with CD63-HaloTag 

conjugated to pHluo-Halo-1 indicating significant overlap of fusion events in HeLa cells (Figure 

S5). These results confirmed the specificity of the CD63 labeling using our locally activated 

chemogenetic pH probe in living-cells. To further evaluate our chemogenetic pH probes, we 

decided to stimulate HeLa cells with histamine (Figure 5D).  Histamine has been previously 

shown to stimulates MVB-PM fusion activity and the secretion of CD63.37,39 Consequently, 

upon addition of 100 µM histamine, the rate of fusion events between MVB and the PM 
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immediately increased compared to basal fusion activity. The higher number of detected 

events could be attributed to increased fluorescence intensity (Figure 5D). However, the 

exocytic events detected between basal conditions and stimulated cells exhibited comparable 

normalized peak intensity (∆F/F0) (Figure 5E), indicating an increase in the exocytosis of MVB. 

To assess the accuracy of the identification of fusion events using our chemogenetic pH-

sensitive probe, we compared intrinsic parameters such as apparent vesicles size and fusion 

duration with values obtained with the well-established SEP biosensor (Figure 5F&G). The 

quantitative estimation of apparent sizes of events reported by CD63-SEP and CD63-HaloTag 

labeled with pHluo-Halo-1 were similar (around 150 nm) with each other and consistent with 

previous qualitative analysis at supra-optical electron microscopy resolution using a dynamic 

correlative light electron microscopy approach (Figure 5F).37 Likewise, the mean lifetime 

decay (𝜏, ns) of both constructs with regards to fusion duration, were of similar duration 

regardless of histamine stimulation (Figure 5G).   

Therefore, our chemogenetic pH-sensitive scaffold is able to detect exocytosis events with 

similar biological parameters as SEP in live HeLa cells. The excellent contrast and pH sensitivity 

of the pHluo-Halo ligands associated with HaloTag make this platform a powerful and versatile 

alternative to FP-based pH probes. 
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Figure 5 Detection of single CD63 exocytosis in HeLa cells. A Experimental scheme: prior to imaging, 

CD63-HaloTag transfected HeLa cells were incubated with cell-permeable pHluo-Halo-1 ligand to 

specifically label CD63-HaloTag fusion proteins. B TIRF microscopy images of HeLa cell expressing 
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CD63-HaloTag labeled with pHluo-Halo-1 undergoing fusion. Image of the whole cell with a fusion 

event indicated with orange arrow (top); Normalized intensity traces for a selected fusion event 

(bottom) ; Time-lapse of the marked exocytotic event (middle, 5 µm); C Left, merged stills of dual-color 

TIRF imaging with CD63-SEP and CD63-HaloTag labeled with pHluo-Halo-1 (top) at the moment of 

MVB-PM fusion (in the white dashed square). Scale bar, 10 µm. Enlarged stills of the MVB-PM fusion 

event 10 s before fusion, at the moment of fusion, and 10 s after fusion (middle). Normalized intensity 

traces for the marked fusion event labeled with CD63-HaloTag + pHluo-Halo-1 (Green) and CD63-pHuji 

(Red). D Comparison of fusion activity of HeLa cells stimulated with histamine (100 µM). 𝑛 ≥ 8 per 

condition. E Comparison of normalized peak intensity (∆𝐹/𝐹0) of fusion events from CD63-HaloTag 

labeled with pHluo-Halo-1 in basal condition (ctrl) and after histamine stimulation (100 µM). F 

Apparent size of single vesicles population labeled with CD63-SEP and CD63-HaloTag + pHluo-Halo-1 

in basal condition and after histamine stimulation (100 µM). G Event duration 𝜏 (ns) of fusion events 

from CD63-HaloTag labeled with pHluo-Halo-1 in basal condition (ctrl) and after histamine stimulation 

(100 µM). 

Conclusion & perspectives 

We developed of a locally-activated chemogenetic pH sensor that enables imaging protein 

exocytosis in live cells with high selectivity. Unlike other existing organic pH indicators such as 

rhodamine, cyanine or fluorescein dyes,15,43–45 our chemogenetic sensor benefits from the 

targeting selectivity of the genetically encoded protein HaloTag combined with tunable, 

chemically accessible pH-sensitive ligands. This system offers excellent contrast, low 

background and very fast incubation time, making it a powerful tool for performing 

fluorescence imaging under no-wash conditions. This is, to the best of our knowledge the first 

genetically encoded dual-input pH probes with a locally-activated fluorescence upon HaloTag 

reaction. It was applied to monitor the exocytosis of the CD63 protein exocytosis and exhibited 

excellent event detection with similar intrinsic biological properties as those observed using 

super ecliptic pHluorin (SEP). Recent examples show that HaloTag engineering can improve 

the interaction and fluorogenic activation of fluorogenic probes.28,46 In the future, the 

combination of protein and molecular engineering could help further improving such 

chemogenetic sensors. 
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