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ABSTRACT 47 

Communication between cells is largely orchestrated by proteins on the cell surface, which 48 

allow information transfer across the cell membrane. Super-resolution and single-molecule 49 

visualization of these proteins can be achieved by genetically grafting HTP (HaloTag Protein) 50 

into the protein of interest followed by brief incubation of cells with a dye-HTL (dye-linked 51 

HaloTag Ligand). This approach allows for use of cutting-edge fluorophores optimized for 52 

specific optical techniques or a cell-impermeable dye-HTL to selectively label surface proteins 53 

without labeling intracellular copies. However, these two goals often conflict, as many high-54 

performing dyes exhibit membrane permeability. Traditional methods to eliminate cell 55 

permeability face synthetic bottlenecks and risk altering photophysical properties. Here we 56 

report that dye-HTL reagents can be made cell-impermeable by inserting a charged sulfonate 57 

directly into the HTL, leaving the dye moiety unperturbed. This simple, one-step method 58 

requires no purification and is compatible with both the original HTL and second-generation 59 

HTL.2, the latter offering accelerated labeling. We validate such compounds, termed dye-60 

SHTL (‘dye shuttle’) conjugates, in live cells via widefield microscopy, demonstrating exclusive 61 

membrane staining of extracellular HTP fusion proteins. In transduced primary hippocampal 62 

neurons, we label mGluR2, a neuromodulatory G protein-coupled receptor (GPCR), with dyes 63 

optimized for stimulated emission by depletion (STED) super-resolution microscopy, allowing 64 

unprecedented accuracy in distinguishing surface and receptors from those in internal 65 

compartments of the presynaptic terminal, important in neural communication. This approach 66 

offers broad utility for surface-specific protein labelling.  67 
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INTRODUCTION 68 

Self-labelling protein tags, e.g. SNAP and HTP, are at the forefront of approaches to label 69 

proteins of interest bio-orthogonally with chemical moieties in living cells and tissue.1–3 The 70 

main application is for fluorescence microscopy, where dyes are covalently attached to HTP 71 

fusion proteins to investigate protein localization and dynamics.4,5 A particularly important 72 

superfamily of signalling proteins are cell surface receptors, which mediate information 73 

transmission between cells. However, standard protocols label both the extracellular and 74 

intracellular populations, including proteins in endo/lysosomal compartments and translated 75 

proteins that remain in the endoplasmic reticulum (Fig. 1A, left). Selective labelling of the cell-76 

surface subset can be achieved with cell-impermeable dyes. Typically, this requires that the 77 

dye itself bears anionic residues, e.g. carboxylates and sulfonates (Fig. 1A, middle)6,7.  78 

However, many of the best dyes for single molecule and super-resolution microscopy8–11 are 79 

cell permeable, limiting their utility for selective surface labelling. 80 

Traditionally, dyes are made less cell permeable by custom modification to the dye 81 

itself. For instance, Jonker et al., added carboxylates on the 3-position of the azetidine of 82 

JaneliaFluor635 (JF635), yielding impermeable and fluorogenic JF635i for investigating 83 

endocytotic turnover6 (Fig. 1A, B), and Eiring et al. reported benefits for single-molecule 84 

localization microscopy with a highly charged Cy5b10. Our own laboratories have addressed 85 

this in a similar vein, by fusing a sulfonate on the same azetidine position via amide bond 86 

coupling using taurine, effectively converting JF549 and JF646 to Sulfo549 and Sulfo646 (ref 7), 87 

respectively (Fig. 1A, right and Fig. 1B), which have been used to study kainate receptor 88 

stoichiometry12 and intracellular trafficking properties of GPCR subtypes13. 89 

A more general and effective strategy would offer a universal solution for all dyes. For 90 

instance, we recently described a modified version of the SNAP ligand in which the 91 

benzylguanine (BG) leaving group carries a negative charge due to incorporation of a 92 

sulfonate on the 8-position of guanine, resulting in ‘SBG substrates’ that are released upon 93 

covalent reaction (Fig. 1A, right and Fig. 1B).14 Unfortunately, this approach is not possible 94 

for the HaloTag system, since the HTL leaving group is a chloride anion that cannot be 95 

chemically modified.  96 

In this study, we develop a simple approach for late-stage introduction of a sulfonate 97 

on the amide bond that links HTL to the dye (Fig. 1C). We determine the photophysical 98 

properties of the subsequent modified dyes, validate their lack of membrane permeability in 99 

cell lines and primary neurons, and devise a protocol to quantitatively convert commercially 100 

available JaneliaFluor-HTL reagents—and potentially other dyes—to enable straightforward, 101 

widespread application. 102 
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RESULTS 103 

In this work, we aimed to introduce a sulfonate on the amide bond of available dye-HTL 104 

conjugates (Fig. 1C, D), giving access to dye-SHTL substrates. We first used molecular 105 

modelling to assess if this would be tolerated by the HTP, using AutoDock 4 engine alongside 106 

the two-point attraction method for covalent docking15,16 on the TMR-HTL bound HTP structure 107 

(PDB-ID 6Y7A)17. We found that the added C3-linker bearing the sulfonate does not sterically 108 

hamper the exposed dye on the protein surface (Fig. 1E) (see SI and Fig. S1-S4). Next, we 109 

synthesized two dye-SHTL substrates starting with our recently reported TMR-d12 and SiR-110 

d12 dyes, the latter of which has been shown to be an outstanding candidate for STED super-111 

resolution microscopy.18 Dissolving these dye-HTL substrates in DMF and subsequently 112 

adding sodium hydride (NaH 60% in mineral oil) before 1,3 propane sultone, led to clean 113 

conversion, yielding TMR-d12-SHTL and SiR-d12-SHTL within an hour in 94% and 91% yield, 114 

respectively, after HPLC purification (Fig. 1F) (see SI). Introduction of the charged sulfonate 115 

only slightly changed the excitation and emission profiles, as illustrated for TMR-d12 (HTL: 116 

lEx/Em = 553/577 nm; SHTL: lEx/Em = 554/579 nm) (Fig. 1G, L). Full protein mass spectrometry 117 

on recombinant HTP (ref 7) confirmed that TMR-d12-SHTL and SiR-d12-SHTL bind to HTP 118 

with quantitative stoichiometry (Fig. 1H), with no significant difference in labelling kinetics as 119 

determined by fluorescence polarization (t1/2 ~ 50 sec) (Fig. 1I). We next measured quantum 120 

yields (Fig. 1J, L) and fluorescence lifetimes (Fig. 1K, L) to test if sulfonation impairs dye 121 

photophysics. The same trend in increasing quantum yield upon binding to HTP was observed 122 

for all dyes (FHTP-free = 47–49%; FHTP-bound ~ 53%), while the sulfonated versions displayed up 123 

to 11% longer fluorescence lifetimes over non-sulfonated precursors (Fig. 1L). 124 

We next tested both dyes in HEK293 cells transiently transfected with our previously 125 

reported SNAP-TM-HTP and HTP-TM-SNAP constructs7. Having each tag residing on the 126 

opposite side of the cellular membrane separated by a single transmembrane (TM) domain 127 

enabled us to simultaneously assess membrane permeability and labelling with built-in 128 

controls for expression and cell health. We first used HTP-TM-SNAP cells, using the cell-129 

permeable BG-JF646 to label all intracellular proteins, co-applied for 30 minutes with either 130 

TMR-d12-HTL (Fig. 2A, upper row) or TMR-d12-SHTL (Fig. 2A, lower row). As expected, 131 

TMR-d12-HTL showed considerable intracellular signals (Fig. 2B) confirmed by the similarity 132 

of line-scan profiles to the BG-JF646 intracellular reference (Fig. 2C, raw fluorescence left and 133 

normalized right). By contrast, TMR-d12-SHTL (Fig. 2E) exhibited selective surface labelling, 134 

with line scans differing considerably from the intracellular reference. We then swapped the 135 

self-labelling tags with the SNAP-TM-HTP construct, switching to a cell-impermeable 136 

BG-SulfoJF646 so that the SNAP label serves as a surface-exclusive reference. Consistent 137 

with our prior findings, TMR-d12-HTL (Fig. 2F, upper row) exhibited intracellular labelling (Fig. 138 
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2G, H), while TMR-d12-SHTL (Fig. 2F, lower row) showed no detectable labelling (Fig. 2I, J). 139 

The same experiment was conducted with SiR-d12 fused to HTL (Fig. 2K-O) vs. SHTL (Fig. 140 

2P-T) and respective red fluorophores (BG-JF549 and BG-Sulfo549), confirming that SHTL 141 

shows no membrane permeability regardless of the fluorophore. We further titrated SiR-d12 142 

HTL and SHTL conjugates up to 5000 nM on HTP-TM-SNAP expressing HEK293 cells, and 143 

again observed clear membrane staining for sulfonated versions (Fig. S5) 144 

We next used lentiviral particles to transduce primary mouse hippocampal neurons 145 

with a HTP-fused metabotropic glutamate receptor 2 (HTP-mGluR2) (Fig. 3A), which has 146 

been shown to maintain identical glutamate sensitivity19 and trafficking13 compared to 147 

untagged receptors. mGluR2 is a family C member of the G protein-coupled receptors involved 148 

in modulation of synaptic transmission and serves as a potential target for the treatment of 149 

neurological and psychiatric disorders20. The endogenous localization of mGluR2 is along 150 

axons and presynaptic sites21, although the precise sub-synaptic localization is not fully 151 

understood.20,22 We aimed to determine the subcellular HTP-mGluR2 distribution by antibody 152 

staining against known markers of dendritic (MAP2), presynaptic (Bassoon) and postsynaptic 153 

(Shank) sites (Fig. 3B). One week after transduction, we applied 500 nM of SiR-d12 (-HTL or 154 

-SHTL)  to live cells for 30 minutes before fixation and imaging on a confocal microscope. The 155 

HTL variant gave rise to pronounced signals stemming from intracellular sites in the soma 156 

(Fig. 3C, and Fig. S6C), quantified by defining regions of interest around cell bodies, localized 157 

by terminating dendritic MAP2 staining, and calculating the mean intensity. Non-transduced 158 

neurons did not show SiR labelling (Fig. S6A, B), indicating that SiR-d12-HTL selectively 159 

labels HTP-mGluR2 in all cellular compartments. By contrast, with SiR-d12-SHTL, the 160 

fluorescent signal was significantly reduced in the soma (Fig. 3D), with all remaining 161 

fluorescence appearing to stem from the cell surface, and in processes that were either MAP2 162 

positive (Fig. 3E) or negative (Fig. 3F), revealing that a substantial intracellular population of 163 

HTP-mGluR2 likely exists in all 3 sites. 164 

As an important control, anti-MAP2 intensities were identical in SiR-d12-HTL and SiR-165 

d12-SHTL samples (Fig. 3G). Of note, MAP2 is known to locate in dendrites and not in axons, 166 

and most synapses in this preparation are axo-dendritic. To identify synapses, antibodies 167 

against Bassoon (presynaptic marker) and Shank (postsynaptic marker) were applied (Fig. 168 

3B, H) alongside SiR-d12-SHTL. Merging the channels (Fig. 3I) to perform line scans revealed 169 

a tendency towards pre-synaptic localization of HTP-mGluR2 with Bassoon (Fig. 3J), as 170 

revealed by plotting pixel distances of the respective intensity maxima (Fig. 3K). Such 171 

experiments outperform SiR-d12-HTL treated preparations (Fig. 3L), where signals likely 172 

include receptors in intracellular sites (Fig. 3M), therefore rendering synaptic allocation less 173 

precise, i.e. non-significant when comparing pixel distance (Fig. 3N, and Fig. S6D, E). This 174 

underlines the critical impact of true surface labelling to interrogate glutamate-responsive 175 
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protein pools, since distances to release sites have been shown to be important for neural 176 

activity23.  177 

After using confocal microscopy, we next turned to stimulated emission by depletion 178 

(STED) super-resolution imaging on these samples (Fig. 4A), keeping in mind that SiR-d12 is 179 

an excellent dye for this imaging technique18. Probing processes by a line scan revealed the 180 

extracellular HTP-mGluRs with a resolution of 134 nm (Fig. 4B) with full width at half maxima 181 

(FWHM) values of 60 and 68 nm (cf. confocal: FWHM = 259 nm). Furthermore, having a red 182 

fluorophore linked antibody targeted by immunohistochemistry against Bassoon, we were able 183 

to perform two-color STED on the contact site of a presynaptic site onto the process (Fig. 4C). 184 

This demonstrated the usefulness of addressing distinct pools of proteins in combination with 185 

super-resolution imaging, gaining information of neural ultrastructures. 186 

ATTO 647N is a prominent dye that has been employed in STED24,25 and structured 187 

illumination microscopy (SIM)26,27 super-resolution imaging, and its HTL derivative has been 188 

used to stain neurons in Drosophila28. It is characterized to be a bright dye in the far-red, which 189 

is favorable. However, when examining its molecular structure, we noted a four carbon linker 190 

on the 3 position for conjugation (Fig. 5A), which could exacerbate its intrinsic stickyness29. 191 

Moreover, we suspected that this linker would slow binding to HTP, given that secondary 192 

interaction sites between the HTP surface and rhodamine dyes are known to underlie the rapid 193 

labelling speed of dye-HTL conjugates, whereas ligands that do not bear a properly positioned 194 

dye or lack a dye are known to bind HTP inefficiently30. This limitation has been recently 195 

overcome by the design of a second-generation HTL.231, which dramatically improves the 196 

efficiency of the DART (drug acutely restricted by tethering) approach32.  197 

To examine whether our sulfonation approach could extend to HTL.2, we synthesized 198 

ATTO 647N-HTL and ATTO 647N-HTL.2, before subjecting both to the sulfonation protocol to 199 

yield ATTO 647N-SHTL and ATTO 647N-S2HTL.2, the latter of which bears two sulfonates as 200 

both amides are alkylated (Fig. 5B). To characterize nonspecific stickiness, we incubated non-201 

transfected HEK293 cells with 1000 nM of each compound, observing massive non-specific 202 

staining for ATTO 647N-HTL (Fig. S7B), which was reduced for ATTO 647N-SHTL and ATTO 203 

647N-HTL.2 (Fig. S7C, D), and lowest for ATTO 647N-S2HTL.2 (Fig. S7E).  204 

We confirmed that the ATTO 647-(S)HTL (Fig. S7A) and ATTO 647-(S2)HTL.2 (Fig. 205 

5C) cleanly react with recombinant HTP. We also investigated labelling kinetics by incubating 206 

50 nM solutions of the HTL ligands with an excess of recombinant HTP (200 nM) while tracing 207 

fluorescence polarization. While this did not reveal detectible differences (Fig. 5D), the assay 208 

lacked the sensitivity needed to examine the biologically relevant case, in which low-209 

nanomolar HTL in free solution outnumbers immobilized HTP molecules. We thus turned to 210 

the application of interest, using HEK293 cells encoding HTP-SNAP-mGluR2, incubated with 211 

HTL ligands in a titration series (1, 10 and 100 nM) for only 10 minutes before fixation. We 212 
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used sparse expression with low amounts of DNA (50 ng vs. 400 ng as in Fig. 2) to ensure 213 

that the labelling reaction does not deplete ligand in free solution, particularly at the low 214 

concentrations. We co-labelled with the cell-impermeable BG-SulfoJF549 (1 uM) to visualize 215 

the ideal pattern of surface-only labelling (note: HTP and SNAP are both extracellular).  216 

The non-sulfonated ATTO 647N-HTL exhibited little labelling at 1 to 10 nM, while 100 217 

to 1000 nM yielded predominantly nonspecific intracellular labelling that overshadowed any 218 

surface labelling (Fig. 5E-G). We believe this represents nonspecific stickiness as it was 219 

indistinguishable to that seen in mock-transfected cells, lacking HTP. The sulfonated first-220 

generation ligand, ATTO 647N-SHTL, substantially reduced this nonspecific intracellular 221 

labelling in mock cells (Fig. 5H-J), however surface-specific HTP labelling in transfected cells 222 

was inefficient, appearing incomplete even at 100 nM; thus, surface labelling could be seen, 223 

but with bothersome nonspecific labelling. By contrast, the sulfonated second-generation 224 

ATTO 647N-S2HTL.2 achieved clear labelling when delivered at only 100 nM, revealing bright 225 

surface labelling with negligible background (Fig. 5K). Even with 1 nM, clean surface labelling 226 

was evident after adjusting brightness and contrast (Fig. 5L, M). The non-sulfonated ATTO 227 

647N-HTL.2 also exhibited efficient labelling (Fig. S7F-H), however, nonspecific intracellular 228 

was seen if applied at 1000 nM. Thus, by combining HTL.2 with sulfonation, ATTO 647N-229 

S2HTL.2 performed better than all other ligands tested.  230 

The power of chemical biology is often limited by reagent availability. While popular 231 

probes are commercially available, variants developed in an academic setting are not always 232 

readily available, particularly over longer periods or in larger quantities. We decided to tackle 233 

this issue by testing if our one-step protocol to make dye-HTL reagents impermeable can be 234 

performed on a small scale without the need for purification, so that any laboratory can perform 235 

the synthesis on demand. To facilitate this, we switched the base to sodium tert-butoxide, 236 

which is soluble to 100 mM in DMSO, making it easier to handle than sodium hydride (Fig. 237 

6A). Neat 1,3-propane sultone was warmed to 35 °C (melting point 32 °C) to obtain a liquid 238 

that can straightforwardly be pipetted (Fig. 6A). We tested a quick protocol, for which 5 nmol 239 

of a dye-HTL is dissolved in 4 µL of base solution, before addition of 1 µL of the sultone. 240 

Incubation for 5 minutes at room temperature before quenching with 5 µL PBS yields a 0.5 241 

mM dye-SHTL solution that can be directly used for cell application and imaging (Fig. 6B). We 242 

tested this protocol on commercially available HTL conjugates of JF549 and JF646, as well as 243 

HTL conjugates of our in-house developed probes TMR-d12 and SiR-d12 (Fig. 6C). Reactions 244 

were >99% quantitative according to LCMS analysis (Fig. 6D). It should be noted that the PBS 245 

quenching step hydrolyzes the remaining sultone to an impermeable sulfonate, and 246 

neutralizes the base. Importantly, we observed no toxicity within 30 minutes of the reaction 247 

cocktail when incubating HEK293 cells over 30 min with a 1:1000-dilution (resulting in: [DMSO] 248 
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= 564 µM or 0.1%; [sultone] = 108 µM; [KOtBu] = 4 µM) tested with a propidium iodide assay 249 

for cell death (Fig. S8). Furthermore, after exposing HEK293 cells to this cocktail for 24 hours, 250 

no effect on cell viability was observed by a WST-1 assay that measures metabolic impact 251 

(Fig. S9). Higher concentrations led to cell death (LD50 = 2.8 mM DMSO / 535 µM sultone / 20 252 

µM KOtBu), presumably caused by tert-butanol (i.p. LD50 (mouse) = 399 mg/kg), supported 253 

by the fact that 14.1 mM DMSO concentrations did not affect viability, and no toxicity reports 254 

exist for 3-hydroxypropane-1-sulfonic acid in the National Library of Medicine. Therefore, using 255 

a 1:10,000 dilution of the freshly prepared TMR-d12-SHTL (i.e. 50 nM) together with BG-256 

Sulfo646 on HEK293:SNAP-HTP-mGluR2 (both tags on the extracellular side fused to 257 

metabotropic glutamate receptor 2) expressing cells (Fig. 6E) in confocal imaging, and 258 

observed clear co-localization of both channels when using TMR-d12-SHTL and BG-Sulfo646. 259 

Similar performance was observed for JF549-SHTL, SiR-d12-SHTL, and JF646-SHTL (Fig. 6F), 260 

with the latter showing the cleanest performance.  261 

DISCUSSION 262 

The development of bright (and impermeable) fluorophores for microscopy has garnered 263 

increasing interest,11,33,34 particularly in the area of shadow imaging35,36 and protein 264 

labelling7,13,37,38. In this study, we aimed to install a sulfonate on the amide bond of existing 265 

dye-HTL substrates to render them impermeable to a cell’s plasma membrane lipid bilayer. 266 

This strategy was applied on rhodamine scaffolds, since these dye-HTL molecules only bear 267 

one acidic proton, and furthermore, in basic solutions form a non-fluorescent spirolactone 268 

form, preventing off-target alkylation on the carboxylate. The majority of dye-HTL reagents 269 

should be amenable to this method, however, the approach would not be applicable to certain 270 

scaffolds with more possible attachment sites, including biotin, dyes with nucleophilic sites, for 271 

instance NH-anilines (e.g. Rho6G, SiR595) or hydroxy groups (e.g. Oregon Green). We 272 

observed cis- and trans-amide mixture in 1H NMR (see SI), which we were not able to 273 

separate, however, we observed full protein labelling by mass spectrometry using recombinant 274 

HTP, and observed no difference in labelling kinetics via fluorescence polarization compared 275 

to non-sulfonated HTL substrates. We demonstrate impermeability of SHTL conjugates in live 276 

cell staining using widefield microscopy on HEK cells transfected with extra- and intracellular 277 

localized SNAP and HTP. This allowed live-cell labelling of HTP-mGluR2 transduced 278 

hippocampal neurons with SiR-d12-SHTL prior to fixation, antibody staining and confocal 279 

imaging. By either specifically targeting the extracellular, exposed HTP-mGluR2 protein pools 280 

with SiR-d12-SHTL, or the total protein pool with SiR-d12-HTL, we found that there is a mix of 281 

surface and intracellular populations in the soma and both dendritic and axonal processes. 282 

Critically, SiR-d12-SHTL allowed us to find the presence of a surface pool of axonal and 283 
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presynaptically-localized mGluR2. As the trafficking mechanisms and nanolocalization of 284 

mGluRs is a highly active field of study,20,22,23,39 our observations point towards many surface 285 

and intracellular subpopulations of mGluR2, both in the soma and processes/synapses, which 286 

will warrant future study, amenable to super-resolution STED nanoscopy. Although we used 287 

an overexpression system, our findings open up interesting avenues to probe GPCRs and 288 

other receptors in different cellular compartments with precision for surface versus intracellular 289 

pools, which we aim to perform on endogenous HTP-fused proteins in the future. For these 290 

reasons, we showcase ATTO 647N on the HTL.2 substrate to exhibit cleaner labelling even at 291 

low doses down to 1 nM, which may be essential when applied to complex tissues or in live 292 

animals, where high concentrations are difficult to achieve. In addition, ATTO 647N has been 293 

reported be sticky, which may lead to nonspecific background labeling,40,41 and thus the 294 

addition of two negative charges on S2HTL.2 offers even greater attenuation of nonspecific 295 

stickiness. Other dyes that may be interesting, especially due to their performance in the near-296 

infrared, include 2XR-1 (ref42) and heptamethine cyanines43. Finally and generally, a one-step 297 

protocol without means of purification for direct application in biology are attractive,44,45 and 298 

we have added to this portfolio. Although the reaction is near-quantitative, small amounts of 299 

starting material left may give rise to intracellular staining (Fig. S10). As such, the use of far-300 

red JF646-SHTL alongside with 10,000-fold dilutions of the reaction mixture are recommended 301 

for surface labelling. We provide a one-page step-by-step protocol for straightforward 302 

implementation in the Supporting Information.   303 

SUMMARY 304 

We report on the synthesis and application of sulfonated HaloTag substrates, which can be 305 

performed in one step, to label HTP-fused cell surface proteins in the red and far-red. 306 

Demonstrated in live cell widefield imaging in HEK293 cells, and in confocal and STED super-307 

resolution microscopy on HTP-mGluR2 transduced hippocampal neurons, we confirm their 308 

impermeability and the ability to precisely localize the surface population of a GPCR involved 309 

in neurotransmission. We expand the strategy to the second-generation HTL.2, and provide a 310 

simple protocol that any laboratory can perform on small scale without the need for purification. 311 

While not all substrates are amenable to this approach, we envision wide adoption. 312 
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FIGURES 334 

  335 

Figure 1: Logic for impermeable dyes to label cell surface proteins. A-B) Known 336 
strategies to address extracellularly exposed self-labelling tags with cartoons and chemical 337 
structures indicating where anionic charges have previously been introduced. C-D) Our new 338 
strategy to install a sulfonate charge on the HaloTag Ligand (HTL). E) Modelling of the HaloTag 339 
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Protein (HTP) bound to TMR-SHTL. F) Synthesis of TMR-d12-SHTL and SiR-d12-SHTL. G) 340 
Excitation and emission profiles of TMR-d12 comparing HTL to SHTL conjugates. H) In vitro 341 
protein labelling of apo-HTP confirms binding by full protein mass spectrometry. I) Labelling 342 
kinetics of apo-HTP with TMR-d12-HTL and TMR-d12-SHTL. J) Fluorescence quantum yields 343 
of TMR/SiR-d12 conjugated to HTL/SHTL with or without HTP-bound. K) Fluorescence 344 
lifetimes of the same reagents. L) Table summarizing values from G, J, K. 345 
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 347 

Figure 2: Live cell imaging in transfected HE293 cells. A-E) HEK293 expressing HTP-TM-348 
SNAP. Intracellular SNAP labelled with BG-JF646; extracellular HTP labelled with TMR-d12-349 
HTL or TMR-d12-SHTL. Widefield imaging (A), zoom-ins (B, D) and line scans (C, E). F-J) 350 
HEK293 cells expressing SNAP-TM-HTP. Extracellular SNAP labelled with BG-SulfoJF646; 351 
intracellular HTP labelled with TMR-d12-HTL or TMR-d12-SHTL. Widefield (F), zoom-in (G, I) 352 
and line scans (H, J). K-O) As for A-E but staining with BG-JF549 and SiR-d12-(S)HTL . P-T) 353 
As for F-J but staining with BG-SulfoJF549 and SiR-d12-(S)HTL. 354 
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 356 

Figure 3: Revealing HTP-mGluR2 localization in hippocampal neurons. A) Viral DNA 357 
expression cassette with HTP-mGluR under hSyn promoter. B) Neural connection via 358 
synapses and localization of axonal MAP2, presynaptic Bassoon and postsynaptic Shank 359 
proteins (created in biorender.com). C) Confocal imaging of HTP-mGluR2 transduced mouse 360 
hippocampal neurons with SiR-d12-SHTL (left) and SiR-d12-HTL (right), co-stained with an 361 
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antibody against MAP2 for dendrite identification. D-G) Quantification of HTP-mGluR2 362 
labelling in the soma (D), in dendrites (MAP2 positive, E) and in axons (MAP2 negative, F) 363 
reveals significantly less signal using SiR-d12-SHTL, while no difference in axonal MAP2 364 
intensity is observed (G). Mean±SD. Student’s t-test. H) Confocal imaging of HTP-mGluR2 365 
transduced mouse hippocampal neurons cells with SiR-d12-SHTL (500 nM), and the pre- and 366 
postsynaptic markers Bassoon and Shank, respectively. I) Overlay of images in H. J) 367 
Representative line scan of a synapse shows mGluR2 co-localization primarily with the 368 
presynaptic marker Bassoon. K) Quantification of mGluR2 localization with respect to 369 
Bassoon and Shank. Mean±SD. Student’s t-test. L-M) As for I-K but labelling with SiR-d12-370 
HTL. 371 
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 373 

Figure 4: STED super-resolution imaging of surface HTP(:S-SiR-d12)-mGluR2. A) 374 
Confocal and STED images of HTP(:S-SiR-d12)-mGluR2 transduced neurons. B) Line scan 375 
profile of a process comparing confocal to STED performance, yielding a resolution of 134 nm 376 
across the ultrastructure. C) Confocal and dual color STED with zoom in of the process 377 
reported in (B). 378 

 379 
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 381 

Figure 5: Sulfonation on the HaloTag ligand v2.0 (HTL.2) for improved labelling with 382 
sticky ATTO 647N. A) Chemical structure of ATTO 647N, with a N-methyl amidated additional 383 
four carbon linker on the 3 position, which disallows proper dye:HTP secondary interactions. 384 
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B) Sulfonation protocol on second version HaloTag ligand HTL.2 yields double sulfonated 385 
S2HTL.2. C) qTOF full protein mass spectrometry of recombinant HTP labelled with ATTO 386 
647N-HTL.2 and ATTO 647N-S2HTL.2. E) HTP-SNAP- mGluR2 transfected HEK293 cells, 387 
labelled with BG-Sulfo549 (1 uM) and different concentrations of ATTO 647N-HTL.2 for 10 388 
minutes prior to fixation and imaging gives rise to unspecific signal. F, G) Zoom ins and 389 
brightness contrast adjusted images from (E). H-J) As for (E-G) but with different 390 
concentrations of ATTO 647N-SHTL leads to image improvements by removing unspecific 391 
signals. K-M) As for (E-G) but with different concentrations of ATTO 647N-S2HTL.2 allows 392 
clear membrane labelling even at 1 nM.  393 

 394 
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 396 

Figure 6: One step protocol on small scale to synthesize and apply dye-SHTL. A) 397 
Required stock solutions. B) Outlined 5-minute synthetic protocol (partly created in 398 
biorender.com). C) Structures of JF549/646-SHTL. D) LCMS traces of the reaction for TMR-399 
d12-HTL and JF646-HTL. E) Confocal imaging of HEK293:SNAP-HTP-mGluR2 transfected 400 
cells with TMR-d12-(S)HTL (50 nM) and BG-Sulfo646 (50 nM) including line scans. F) As for 401 
E, but with JF549-SHTL, SiR-d12-SHTL and JF646-SHTL. 402 
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