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Self-labeling protein tags are widely used in advanced bioimaging where dyes with
high-photon budgets outperform their fluorescent protein counterparts. Further
increasing the emitted photon numbers of dye-tag systems is actively pursued by
both new fluorophore chemistry and protein engineering. By scrutinizing the protein
microenvironment of fluorophores, here we propose that proximal thioether groups
negatively affect the photostability of the dye-tag system. We attribute the disparity
in photostability of rhodamine dyes on HaloTag, SNAP-tag, and TMP-tag3 to the
influence of the inherent thioether linkage within the SNAP-tag and TMP-tag3. This
photochemical pathway leads us to further devise tags with higher photostability. We
first show that rhodamine dyes on TMP-tag3.1, which employs a proximity-induced
SuFEx reaction instead of a thiol-acrylamide addition to replace the thioether adduct,
achieve photon budgets comparable to those ligands on HaloTag. We further show-
case that by mutating the methionine near the fluorophore pocket, HaloTag: M175L
generally gives up to four times enhancement on photostability when labeled with
red and far-red rhodamines. The enhancement of HaloTag modification is demon-
strated with single-molecule fluorescence imaging, live-cell fluorescence imaging, and
voltage imaging. During time-lapse imaging, gradual photooxidation of Met leads
to a reduced photobleaching rate, mechanistically supporting the thioether pathway
hypothesis. Our findings suggest that thioether editing on self-labeling tags is a gen-
eral strategy to enhance the photostability of fluorophores for advanced time-lapse
imaging techniques.

self-labeling protein tags | photostability | thioether editing |
protein microenvironment | rhodamine dyes

Modern fluorescence imaging enables the real-time visualization of the localization,
dynamics, and functions of biological macromolecules in living cells. This accomplishment
necessitates the parallel development and advancement of microscopy techniques and
fluorescent molecules. Beyond genetically encodable fluorescent proteins, one of the most
commonly used labeling methods for recording biomolecules in living cells are self-labeling
protein (SLP) tags (1-4). The widely used SLP systems are HaloTag (5), SNAP-tag (6),
and TMP-tag (7, 8), offering several advantages over fluorescent proteins including higher
brightness, greater photostability, and a broader spectrum of fluorophores. Consequently,
SLPs are particularly suitable for super-resolution live-cell imaging, where the photosta-
bility of synthetic dyes made them privileged choices under strong excitation lights (4, 9).

In modern imaging techniques that demand a high photon budget, photobleaching of
fluorescent molecules reemerges as a major challenge. The most studied pathways for
fluorophore photobleaching involve their triplet states and the sensitized singlet oxygen
(10-12). For example, Cy5 and Cy7 bleach through 2 + 2 cycloaddition reactions with
singlet oxygen, which subsequently yield in C—C cleavage (13). Meanwhile, for rhodamine
dyes, the stepwise photochemical oxidation and N-dealkylation are well-explored pho-
tobleaching pathways (14). As both the pathways occur in the presence of oxygen, adding
oxygen scavengers and triplet state quenchers (TSQs) to the solution can alleviate pho-
tobleaching and enhance photon budgets for selected dyes (15, 16). Further along this
line, TSQ-dye covalent conjugates are emerging molecules for live-cell imaging, thanks
to their lower phototoxicity, yet their photostabilities are shown to be highly dependent
on the dye structures (17, 18). Based on these mechanistic insights into photobleaching,
chemists have made substantial progress through the modification of the structure of
fluorophores to improve photostability (14, 19-27).
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Significance

Self-labeling protein tags (SLPs)
are popular tools in fluorescence
imaging, particularly in
applications requiring high
photon budgets. Previously,
efforts to improve the
photostability of dye-tag systems
have primarily focused on the
molecular engineering of
fluorophores. Here, we identify
the thioethers as one of the
determinants of photostability in
SLPs. By employing a thioether-
editing strategy on TMP-tag3 and
HaloTag, rhodamine dyes on
SLPs can generally reach
enhanced photon budgets.
Notably, eliminating a thioether
by mutating Met 175 on HaloTag
to Leu gave an up to fourfold
increase in photostability, as
demonstrated by applications in
single-molecule imaging, live-cell
fluorescence imaging, and
voltage imaging.
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In parallel to the core structure of dyes, recent works have sug-
gested that the protein microenvironment surrounding a fluoro-
phore can significantly influence its photophysical properties.
Various factors, including the bioconjugation linkage between the
protein and the dye and the neighboring amino acid residues, can
affect brightness (28), fluorescence lifetime (29), and chemical
equilibrium of dyes (30, 31). Furthermore, the photostability of
fluorophores can also be influenced by the microenvironment of
surrounding biomacromolecules. Recent advancements such as
ultraphotostable fluorescent protein StayGold (32) and DNA
FluoroCube (33, 34) have demonstrated remarkably high photo-
stability due to the optimization of their microenvironments. In
our previous research, we demonstrated that the presence of a
thioether group in the maleimide-thiol bioconjugation linker sig-
nificantly diminishes the photostability of the dyes. In addition,
we reported that the total emitted photons of the same dye labeled
on different proteins or different positions on the same proteins
can vary up to five folds (35). These data collectively suggest that
the protein microenvironment plays an important role in the pho-
tostability of the dye. We therefore speculate that the SLP systems
can be potentially engineered toward higher photostability by
tuning the protein microenvironments of the labeled dye. In par-
ticular, as SNAP-tag features a thioether linker while HaloTag
exploits an ester bond, the thioether photobleaching pathway we
unveiled may contribute to the well-documented difference in
photostability between these two SLPs (36, 37).

Here, we examined the impact of nearby thioether groups on
dye photostability in SLPs. We confirmed the disparities in their
photostability under single-molecule conditions for the Halo,
SNAP, and TMP3-rhodamine complexes. Furthermore, tuning
the electronic properties of the thioether linkage can enhance the
photostability of fluorescent dyes in the TMP-tag system.
Subsequently, we substituted the thiol-acrylamide-based conju-
gation chemistry with a SuFEx reaction, which eliminates the
thioether in the linker. The photon budgets of our engineered
TMP-tag3.1 were higher than those of TMP-tag3 and comparable
to those of dye-HaloTag conjugates. On HaloTag, we showed that
the introduction of Met residues near the dye significantly dimin-
ishes photostability, recapitulating the thioether effect. Guided by
the thioether effect, replacing an M175 residue near the dye pocket
in HaloTag7 with selected amino acids generally improved the
photostability of labeled rhodamine dyes. We specifically high-
lighted HaloTag M175L with a palette of rthodamine fluorophores,
whose outstanding photostability enables general use in time-lapse
imaging including highly sought-after applications such as voltage
imaging and superresolution imaging such as Hessian-SIM
live-cell imaging. Finally, we characterized the photooxidation of
surface Met residues on HaloTag in the presence of a SiR-dye and
proposed a methionine-based mechanism for the difference in
photobleaching rates between the early and late stages of time-lapse
fluorescent imaging.

Results

Rhodamine Dyes Exhibit Notable Variations in Photostability on
Different Self-Labeling Tags. The optical properties of dyes can
be significantly influenced by their microenvironment, which is
related to both the nearby residues and the labeling strategies. The
covalent labeling of HaloTag involves the nucleophilic attack of
the carboxyl group in the Asp106 to an alkyl chloride in the ligand,
resulting in the formation of an ester adduct (Fig. 14) (5). For
SNAP-tag, the O%-alkyl group is transferred from the alkylguanine
substrate to the cysteine residue via an S;2 mechanism (Fig. 14).
The noncovalent TMP-tag was developed through the integration
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of noncovalent interactions with the small molecule trimethoprim
and its target protein, Escherichia coli dihydrofolate reductase
(eDHFR) (7). Taking advantage of proximity-induced reactivity,
a Cys residue was introduced on the surface of eDHFR (eDHFR:
L28C) to form a covalent bond with the neighboring acrylamide
electrophile on the TMP conjugates, leading to the generation
of a series of covalent TMP-tag (8, 38, 39) (Fig. 1A4). In our
previous work, we demonstrated that the presence of nearby
thioethers significantly decreased the photostability of dyes (35)
(Fig. 1B). Indeed, both SNAP-tag and TMP-tag3 yield a proximal
thioether moiety adjacent to the dye as a reaction product,
whereas the covalent labeling reaction of HaloTag does not result
in the formation of a thioether linkage. Previous studies have
reported higher photostability of the same rhodamine dye in the
HaloTag system compared to the one in the SNAP-tag (36, 37).
We speculate that the presence of inherent thioethers may
contribute to the observed differences in photostability between
the rhodamine-tag systems.

To investigate the impact of thioethers on the photostability of
rhodamine-tag systems and to guide tag engineering with
improved photostability, we initially examined two representative
rhodamine dyes, tetramethyl rhodamine (TMR) and silicon
rhodamine (SiR, Fig. 14), using three different self-labeling tags
under two conditions. PBS buffer was employed as a simple and
well-defined buffer containing dissolved oxygen, whereas antifade
buffer, containing oxygen scavengers and triplet state quenchers,
was used to examine the photostability of SLPs with depleted
oxygen and triplet-states. Comparison between them would pro-
vide further mechanistic insights into photobleaching pathways.
Specifically, the HaloTag used in this study is derived from the
HT?7 variant and the TMP-tag3 is from the previous work in our
group (5, 8).

By employing a single-molecule fluorescence assay, we aimed
to compare the total emitted photon count per protein-labeled
dye molecule under different conditions. This is limited by pho-
tobleaching as evidenced by the bleaching time of fluorescence
traces (SI Appendix, Figs. S1-S4). The HaloTag-labeled rhod-
amines exhibited higher photostability and higher brightness
compared to the other two tags, regardless of the presence of
antifade additives (Fig. 1 Cand D). With TMR, HaloTag exhib-
ited a 3.0-fold and 2.3-fold advantage in photostability in the
antifade buffer over the SNAP-tag and TMP-tag3 systems, respec-
tively. In PBS, the photostability advantage changed to 3.1-fold
and 2.5-fold, respectively. For SiR, HaloTag showed a similar
photostability advantage of 2.3-fold (over SNAP-Tag) and 1.7-fold
(over TMP-tag3) under antifade conditions and 1.6-fold (over
SNAP-Tag) and 3.1-fold (over TMP-tag3) in PBS, respectively
(Fig. 10).

The result that SNAP-tag and TMP-tag3 conjugates showed
decreased photostability compared to HaloTag conjugates is con-
sistent with our speculation based on our previous findings on
thioether-induced photobleaching (35), which pinpointed the
formation of inherent thioethers on the linkage of the binding
module and the fluorophores as a possible factor to reduce
photostability of a series of dyes on tags (Fig. 1B).

Thioether Editing Increases the Photostability of the Rhodamine-
TMP System. To confirm the impact of alkyl thioethers on the
decreased photostability of dye-tag systems, we tested three different
labeling strategies Mal (Maleimide), POD (phenyloxadiazole),
and TMP-tag3 to label representative rhodamine dyes, TMR and
SiR, on the eDHEFR (L28C) proteins (Fig. 24). The specificity of
labeling can be achieved as the introduced L28C mutation is the
only reactive Cys on the surface of eDHFR. Subsequently, the
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Fig. 1. Photostability of rhodamine dyes varies significantly on different self-labeling tags measured by photon budget at the single-molecular level. (A) Labeling
biochemistry of HaloTag, SNAP-tag, and TMP-tag3 featuring different nucleophiles. (B) Thioether-induced photobleaching pathway affects both rhodamine and
cyanine fluorophores as demonstrated in previous studies (35). (C) Total emitted photons of TMR and SiR labeled on HaloTag, SNAP-tag, and TMP-tag3 without
(PBS) or with the oxygen-scavenging system and triplet-state quenchers (Antifade Buffer: 3 mg/mL glucose, 10 units/mL glucose oxidase, 1,200 units /mL catalase,
1 mM COT, 1 mM NBA, and 1.5 mM Trolox). Error bars represent the SD of three independent experiments. Laser power and time resolution: 10 mW (50 W-cm™
for TMR and 40 W-cm™ for SiR) and 100 ms. (D) Intensity (photons/100 ms) and bleaching time of TMR and SiR labeled on HaloTag, SNAP-tag, and TMP-tag3 in
PBS or the antifade buffer. Error bars represent the SD of three independent experiments.

labeled eDHER proteins were examined for their single-molecule
photon budget.

The POD strategy generates thio-adduct containing electron-
deficient aryl thioethers, which are relatively less influenced by
the electron-rich alkyl thioethers present in the Mal and TMP-tag3
labeling strategies (35). When introducing rhodamines to eDHFR
via POD chemistry, the brightness of dyes remained unaffected

PNAS 2025 Vol.122 No.30 2426354122

but the photostability of POD-labeled rhodamine dyes was the
best among their TMP3 and Mal-labeled counterparts (Fig. 28
and S Appendix, Fig. S5). For TMR dyes the photostability
improvement achieved with the POD strategy was most pro-
nounced in the antifade buffer showing 6.5-fold and 3.6-fold
higher photostability than the Mal and TMP-tag3 strategies,
respectively. We note that in PBS, the photostability improvement
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Fig. 2. Thioether-editing strategy enhances the photon budgets of rhodamine dyes labeled on eDHFR. (4) Schematic diagram of bioconjugation products
resulting from three different labeling strategies: TMP-tag3, MAL, and POD. (B) Total emitted photons of TMR and SiR when labeled on eDHFR using TMP-tag3,
MAL, and POD labeling strategies in PBS or the antifade buffer. Laser power and time resolution: 10 mW (50 W-cm™ for TMR and 40 W-cm™ for SiR) and 100 ms.
(C) The proximity-induced labeling reaction of TMP-tag3.1. (D) A structural model showing that three adjacent sites may give fast proximal-induced reactivity with
TMP-tag3.1. (F) Total emitted photons emitted by TMR and SiR, labeled on eDHFR at sites N23K, P25K, L28K, and L28C, are measured with an oxygen-scavenging
system and triplet-state quenchers. TMP3: L28C with a thioether adduct serves as a reference. Laser power and time resolution: 10 mW (50 W-cm™ for TMR

and 40 W-cm™ for SiR) and 100 ms.

was only 1.3-fold and 1.2-fold, respectively. Regarding SiR dyes,
the photostability enhancement with the POD strategy was
2.1-fold and 2.7-fold in PBS and 4.0-fold and 1.6-fold in the
antifade buffer relative to the Mal and TMP-tag3 strategies,
respectively. (Fig. 2B and SI Appendix, Figs. S6-89). Overall, the
POD conjugation generally gives better photostability, yet the net
gain is dependent on the dye scaffold and protein microenviron-
ments. These data support our hypothesis that thioether is one of
the main factors contributing to the faster photobleaching of
rhodamines on covalent TMP-tag compared to that of HaloTag.

Encouraged by these results, we proposed that bypassing the
Cys-based conjugation chemistry should further reduce the thioether
bleaching effect in rthodamine-tag systems. TMP-tag3 contains an
independent labeling module, acrylamide, for the formation of alkyl
thioethers through the Michael addition reaction. In recent years,
significant advancements have been achieved in proximity-induced
labeling techniques based on Lys rather than Cys (40-42). Aryl sul-
fonyl fluoride moieties are designed to undergo sulfur-fluorine
exchange reactions with neighboring weakly nucleophilic residues,

https://doi.org/10.1073/pnas.2426354122

such as Lys and His (43). Hence, considering the labeling speed and
synthetic convenience, we substituted the covalent labeling module
in TMP3 with a benzenesulfonyl fluoride module, resulting in the
TMP-tag3.1 substrate, that enables covalent labeling with adjacent
Lys residues without thioether formation (Fig. 2C).

Based on this ligand and eDHFR: 1.28C, a model was built using
Maestro (version 12.0, Schrédinger). Considering the slightly larger
size of the benzenesulfonyl fluoride compared to acrylamide, we
selected residues 1.28, along with its neighboring residues at positions
P25 and N23, for the introduction of Lys mutations (Fig. 2D).
Protein mass spectrometry analysis revealed that both the N23K and
P25K mutants exhibited faster labeling compared to the L28K pro-
tein, achieving half-labeling times under 10 min, which is similar to
those of TMP-tag3 (SI Appendix, Figs. S10-S13 and Table S1).
Moreover, we applied single-molecule assays to quantitatively com-
pare TMP-tag3.1 labeled with TMR and SiR dyes to TMP-tag3.
Though the protein environment of the rhodamines may be altered
by the different covalent labeling methods, the P25K and
L28K-TMP-tag3.1 conjugates yield higher total emitted photons

pnas.org
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compared to the TMP-tag3 conjugate by 1.6-fold and 1.8-fold for
TMR as well as 1.7-fold and 1.5-fold for SiR. This brings the total
emitted photon count of TMP-tag3.1 close to HaloTag labeling with
the same dye (Fig. 2 and ST Appendix, Figs. S14-S17). These results
mechanistically support that eliminating thioether can enhance the

photostability of SLPs.

Engineering of Proximal Thioether Influences the Photostability
of Rhodamine Dyes on HaloTag. To further investigate the
impact of thioether groups on rhodamine dyes, we introduced
methionine residues onto HaloTag close to the dye binding area
and assessed the changes in photostability. Based on the crystal

structure of TMR-HaloTag7 (PDB: 6Y7A) (44), we engineered
several single-site mutations close to the dye-binding region
and conducted single-molecule fluorescence recordings after
labeling the mutated proteins with CA-TMR and CA-SiR dyes,
respectively. To better present the differences among various
mutants, selected single-molecule fluorescence experiments were
conducted at a lower power of 1 mW (Fig. 3 Band C). Under the
same dye and buffer conditions, the results obtained at 10 mW
power exhibited lower photon budgets and smaller intergroup
differences (S7 Appendix, Fig. S18C). The results indicated that
mutating proximal residue V167, G171, or T172 to methionine
(Fig. 34) gives the most significant reduction in photostability of

Dyes and conditions
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Fig. 3. Proximal thioether editing drastically influences the photostability of rhodamine dyes labeled on Halo mutants. (A) Schematic representation of the
crystal structure of TMR-HT7 (PDB: 6Y7A). The protein is displayed as a light gray cartoon with relevant residues represented as sticks, the fluorophore ligand
is in magenta. The M175 is represented as a cyan stick. (B) Normalized photon budgets of TMR and SiR labeled on various X—M mutants of HaloTag in PBS or
the antifade buffer. Laser power and time resolution: a) 1 mW (5 W-cm™2) and 1,000 ms; b) 10 mW (50 W-cm™ for TMR and 40 W-cm™2 for SiR) and 100 ms. (C)
Normalized photon budgets of TMR and SiR, labeled on different mutants at site 175 of the HaloTag, are measured in PBS or the antifade buffer. Laser power and
time resolution: a) 1 mW (5 W-cm™ for TMR and 4 W-cm™ for SiR) and 500 ms; b) 10 mW (50 W-cm™? for TMR and 40 W-cm™ for SiR) and 100 ms. (D) Fluorescence
images of HaloTag-expressing nuclei labeled with CA-dyes before (Top) and after (bottom) continuous live confocal imaging. Dashed boxes delineate the area
subjected to photobleaching by confocal lasers. (Scale bar, 10 pm.) (E) Normalized fluorescent decay curves of H2B-Halo-M175X with CA-TMR (Left) and CA-SiR

(Right). Error bars represent SEM (n = 6).
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rhodamine-HaloTag in PBS (Fig. 3B). In the antifade buffer, for
CA-TMR, single-site mutations to Met at residues V167, 1169,
G171, T172, L173, and P174 resulted in similar decreases in
photostability (Fig. 3B and SI Appendix, Fig. S18). On the other
hand, for CA-SiR, the mutation to Met at residue T172 exhibited
the poorest photostability (Fig. 3B and ST Appendix, Fig. S19).
Therefore, our experiments demonstrated that the introduction
of methionine close to the dye-binding region significantly
reduced the photostability of TMR and SiR on HaloTag, and
this effect is more pronounced in the presence of the antifade
buffer. Notably, the tested mutated sites were at the alpha helix
closest to the dye-binding region. The overall trend in the total
emitted photons of TMR and SiR on HaloTag mutants exhibited
a periodical variation of every 3 or 4 amino acids, which matches

the 3.6-residue-per-turn characteristic of a-helices. This finding
further supports that the thioether photobleaching pathway is
sensitive to spatial factors.

Moreover, we tested whether it was possible to enhance the
photostability by eliminating the parental methionine residue
(M175) that was spatially adjacent to the rhodamine binding site
(Fig. 34). M175 were subjected to saturation mutagenesis, giving
alibrary of 19 HaloTag variants which were purified, labeled with
TMR/SIR, and tested in single-molecule imaging. Consistent with
our speculation, although M 175 is not the closest residue to the
dye, eliminating M175 through site-directed mutagenesis can
improve total photon counts in most of the cases (Fig. 3C and
SI Appendix, Figs. S20 and S21). Additionally, besides methionine
(M), certain other amino acids also exhibit similar negative effects.
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Fig. 4. HaloTag: M175L generally strengthens the photostability of the rhodamine palette. (A) Normalized fluorescent decay curves of H2B-Halo-M175X labeled
with JFs,5/CPY/JFgeq during time-lapse imaging in live cells under confocal microscopy. The error bars represent the SD from six independent experiments. The
embedded histogram showed the time required for photobleaching to 90% maximal fluorescence intensity. Statistical significances were calculated with the
two-tailed Mann-Whitney U test, and a P-value of <0.05* was considered significant. (B) Schematic illustration of Voltron, a chemigenetic voltage indicator. (C)
The time required to bleach 50% of maximum fluorescence (t,,,) of NRCMs expressing Voltron (Ace2-HaloTag7)-175 M/M175L labeled with JFs,s. The illumination
intensity of the 488 nm laser was 1.8 W-cm™, and the camera frame rate was 100 Hz. The bars indicate the mean of eight or eleven cells, and the error bars
represent the SEM. The significance was determined using a two-tailed unpaired t test followed by the Mann-Whitney test, resulting in a P-value significantly
less than 0.1. (D) Wide-field images of neonatal rat cardiomyocytes (NRCMs) expressing Voltron (Ace2-HaloTag7)-175 M/M175L and labeled with CA-JFs,s (both
at 100 nM concentrations) for a duration of 25 min at 37 °C. (Scale bar, 10 pm.) (E) A representative fluorescence trace of NRCMs expressing Voltron-175 M and
labeled with CA-JFs,s. 9 min (54000 frames) recordings at 100 Hz were performed. The gray dashed line represents the time required to photobleach 50% of the
original fluorescence of Voltrons,s. (F) A representative fluorescence trace of NRCMs expressing Voltron-M175L and labeled with CA-JF5,5. 15 min (90000 frames)
recordings at 100 Hz were performed. The gray dashed line represents the time required to photobleach 50% of the original fluorescence of Voltrons,s-M175L.
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Notably, M175D and M175E mutants gave the poorest photon
budgets, suggesting that the presence of negative charges nearby
the fluorophores tends to lead to faster photobleaching. Aromatic
residues like W, E and Y also appear to have significant nega-
tive effects.

Among all the improved mutations, M175L/P/R mutations
were selected for further validation in live-cell confocal imaging
where the environment is more complex than that of in vitro
single-molecule assays. HaloTag was genetically fused to the
C-terminus of human histone H2B, and the H2B-HaloTag was
transiently expressed in HeLa cells and labeled with CA-TMR or
CA-SiR for confocal imaging (Fig. 3D). The high expression level
of H2B enabled us to systematically compare the photobleaching
rates in representative 2 pim x 3 pm patches using samples with
comparable initial brightness levels (SIAppendix, Fig. S22).
Time-lapse confocal imaging indicated that M175L exhibited
higher resistance to bleaching than other mutations, especially
compared to the wild-type 175 M (Fig. 3F and S/ Appendix,
Figs. $23-526). Notably, the mutant M175L improved the pho-
tostability of SiR-HaloTag more than that of TMR-HaloTag. We
also tested the robustness of M175L mutation on circularly per-
muted HaloTag (cpHaloTag), which is a classical strategy to posi-
tion fluorophores closer to a sensing protein domain for boosted
response in sensors (45-47). Under the same H2B-HaloTag
bleaching assay, SiR-cpHaloTag M175L showed 4.4-fold higher
photostability than the wt SiR-cpHaloTag (87 Appendix, Fig. S27).
Opverall, our results proved that single-site mutation on HaloTag
(M175L) brought out a substantial enhancement in the photo-
stability of TMR/SiR-HaloTag.

HaloTag: M175L Improves the Photostability of Advanced
Rhodamine Dyes. To meet the evolving demands of cutting-edge
biological imaging techniques, a variety of rhodamine derivatives
have emerged in the past 20 y. Janelia Fluor (JF) Dyes were devised
using azetidine rings as auxochrome of rhodamine dyes which
exhibit enhanced brightness and tunable equilibrium between
chemical states (20, 48, 49). The replacement of the oxygen
atom in the rhodamine core with a carbon atom resulted in the
development of CPY with red-shifted spectra (50). Both JF Dyes
and CPY exhibit enhanced brightness and photostability while
compatible with self-labeling tags, offering a privileged palette
for bioimaging. To test the photostability of HaloTag: M175L
with advanced rhodamine derivatives, we conducted the H2B
bleaching assay with JFs,s, JF e, JFg35, JFs46 and CPY. Based on
the bleaching curves, HT: M175L-JF exhibited varying degrees
of enhanced photostability compared to HT: 175 M-JF (Fig. 44
and SI Appendix, Fig. S28). Notably, HT: M175L-CPY and HT:
M175L-]F ;5 exhibited 4.8-fold improvements in photostability.

HT: M175L-JF and HT: M175L-JF 4 showed > two-fold
enhancement in photostability. HT: M175L-JFs,5 demonstrated
the least improvement (1.3-fold) in photostability (Fig. 44,
Table 1 and ST Appendix, Fig. S28).

The enhanced photostability of the HaloTag-rhodamine system
would benefit time-lapse imaging applications, especially func-
tional imaging using chemigenetic sensors (46). For example,
voltage imaging serves as a valuable tool for investigating neuronal
activities, but its sensors are membranous molecules whose con-
centrations are relatively low. Therefore, achieving voltage response
signals with a high signal-to-noise ratio often necessitates the use
of high excitation light intensities, which poses a great challenge
for voltage indicators due to photobleaching. Voltron is one of
the most widely used hybrid voltage indicators that combines the
voltage sensitivity of microbial rhodopsin with the brightness and
photostability of JF dyes (Fig. 4B). These dyes effectively bind to
HaloTag capture protein domains to respond to membrane poten-
tial through fluorescence resonance energy transfer (FRET) with
rhodopsin (51). Voltrons,s, which uses JFs,5 as an acceptor, exhib-
ited the highest sensitivity among all Voltron-dye combinations.
We labeled neonatal rat cardiomyocytes (NRCMs) expressing
Voltron-WT (175 M) and Voltron-M175L with JFs,;-HaloTag
ligands respectively and recorded their spontaneous neuronal
activities by continuous imaging. The half-life of photobleaching
was 560 + 50 s for Voltrons,s-WT (175 M), compared with 750
+ 50 s for Voltrons,s-M175L (Fig. 4C). In two representative sam-
ple cells, the cardiomyocyte labeled with Voltrons,s-175 M took
443 seconds for the fluorescence signal to decrease by 50% due
to photobleaching (Fig. 4 D and E). In contrast, the cardiomyo-
cyte labeled with Voltrons,;-M175L was imaged for 840 s before
the fluorescence signal decreased by 50% due to photobleaching
(Fig. 4 D and F). These comparative voltage imaging recordings
demonstrate that thioether editing translates to an improved per-
formance of HaloTag-based tools.

Finally, we showcase that the photostable HaloTag: M175L
synergizes with time-lapse superresolution recording of live-cell
dynamics. The mitochondrial outer membrane, inner membrane,
and endoplasmic reticulum in U-2 OS cells were labeled with
TOMM20-Halo-M175L/WT (175 M)-SiR, PKMO, and
mStayGold(J)-SEC61p, respectively (Fig. 54 and Movie S1).
Using a low-phototoxicity HiS-SIM setup (52), 770 frames of
three-color SR images can be captured. During the first stage (until
90% fluorescence retention) of photobleaching, intensity analysis
revealed a 5.5-fold increase in the initial photostability for
TOMM20-Halo-M175L-SiR compared to the wtHaloTag coun-
terpart (Fig. 5B). Notably, the photobleaching of wtHaloTag-SiR
slows down afterward. Further analysis of two representative cells
indicated that cells expressing TOMM20-Halo-M175L required

Table 1. Photostability of rhodamine derivatives on HaloTag in live-cell confocal imaging

Bleaching time (s)"

Bleaching time (s)"

Excitation Post-objective Laser when bound to when bound to

Fluorophore wavelength (nm) Power (pW) HaloTag (M175L) HaloTag WT (175 M)  Enhancement factor
JFso5 488 14.7 3.1+0.2 2.4 +0.1 1.3%0.1

TMR 561 6.7 1.60 + 0.07 1.64 +0.03 0.98 +0.04
CPY 561 2.5 116 +18 241+1.3 48+0.8

JFess 640 0.78 31+15 6.6+ 1.1 48+2.4

JFess 640 3.1 60.5 + 3.0 28.8+2.5 21+£0.2

SiR 640 6.9 15.6 +0.7 5.0+0.4 3.1+£0.3

JFeeo 640 3.1 82.1+8.8 325+ 1.1 25+0.3

“Measured by the time at which the fluorescence was bleached by 10%. Pixel dwell time: 10 ps. NA of the objective: 1.45.
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Fig. 5. HaloTag M175L-SiR exhibits enhanced photostability in SIM imaging. (A) Three-color SIM imaging of HT: M175L-SiR targeted outer mitochondrial membrane,
PKMO labeled inner mitochondrial membrane and mStayGold(J)) targeted endoplasmic reticulum. The illumination intensity of the 488 nm, 561 nm, and 638 nm
laser was 15.432, 7.716, and 7.716 W-cm %(985 ms/loop, 10 ms exposure per channel). (Scale bar, 5 um.) (B) Normalized fluorescence intensities of TOMM20-
HaloTag-WT (175 M)/M175L using SIM (SEM of five independent experiments is shown as error bars). (C) Time-lapse SIM recording of the outer mitochondrial
membrane in U-2 OS cells expressing TOMM20-HaloTag-WT (175 M)/M175L labeled with SiR. (Scale bar, 10 pm.)

241 and 585 images to bleach to 80 and 60% of initial intensity,
respectively, whereas cell expressing TOMM20-Halo-WT (175
M) reached the same levels after only 44 and 344 images (Fig. 5C).
Consistently, HT: M175L-SiR was evaluated in both monochro-
matic and dual-color structured illumination microscopy (SIM),
yielding comparable outcomes across various SIM imaging con-
ditions (87 Appendix, Figs. S29 and S30). These findings under-
score that HaloTag: M175L offers enhanced photostability to SiR
when imaged using SIM, making it a general tool for long-term
superresolution imaging.

Dye-Sensitized M175 Oxidation Attenuates the Thioether Effect
in HaloTag-Based Live-Cell Imaging. In the photobleaching results
of the rhodamine-HaloTag conjugates across various cellular
imaging conditions, we consistently observed that the difference in
photobleaching rates between M175 and M175L was significantly
greater in the initial stages compared to later stages and we therefore
compared photobleaching rates using only the initial 10% of decay
time. Thus, we examined the mechanism of the thioether effect by
light-induced protein modifications. HaloTag protein was labeled
with SiR-S5, an exchangeable HaloTag Ligand (xHTL) (53), that
positions the SiR dye similarly to covalent labeling on the protein
surface but allows dye removal after illumination. SDS-PAGE
analysis revealed the appearance of high-molecular-weight protein
bands after just 5 min illumination with a 620-nm LED lamp
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in the presence of the dye, indicating cross-linking or putative
protein modification (S/ Appendix, Fig. S31).

Next, we performed electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) to detect low-molecular weight
modifications and focused on the oxidation with molecular oxy-
gen. The unlabeled full-length protein yielded MS signals with
the expected isotopic pattern at M, 35466.0104 Da (Fig. 6A4).
[lumination for 5, 30, or 180 min in the presence of the dye
caused progressive peak broadening and a shift toward higher
molecular weights (Fig. 64). Such shift was not observed in
absence of the dye even after 180 min illumination (Fig. 6B). The
illuminated dye-containing samples displayed characteristic oxi-
dation patterns (Am +15.99, +32.97, +48.97 Da, Fig. 60).
Light-induced photooxidation of exposed Met residues is well
documented (54) and peptide tandem mass spectrometry (MS/
MS) has been used as the method of choice to study such modi-
fications (55). After tryptic digestion, HaloTag peptides were
analyzed by ESI-HRMS and mapped against the HaloTag primary
sequence, revealing only trace amounts of Met oxidation (Fig. 6
D and E and SI Appendix, Fig. $32). In contrast, labeling with
SiR-S5 followed by 620-nm illumination yielded peptides with
substantial mono- and dioxidation, notably at M175 (Fig. 6 D
and E and SI Appendix, Fig. S33).

Based on these results, we prove a gradual increase in methio-
nine oxidation with longer illumination times and only in the
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Fig. 6. Mechanistic study on dye-sensitized HaloTag protein photooxidation. Recombinantly expressed His,,-TEV-HaloTag7 protein (2.5 uM) was illuminated
with a 620 nm LED lamp (4 W) collimated into an optical fiber for different illumination times (0, 5, 30, 90, 180 min) in the presence or absence of a twofold
excess of a SiR-conjugated exchangeable HaloTag Ligand (xHTL, SiR-S5, 5 uM). The protein was concentrated and the dye was removed using centrifugal filters.
(A and B) Charge deconvoluted MS spectra of His,,-TEV-HaloTag7 (10 uM). Samples were illuminated in the presence (A) or absence (B) of the dye. The intact
protein samples were analyzed by ESI-MS (expected monoisotopic mass = 35465.9103 Da). These experiments have been performed in triplicates with a similar
outcome (data not shown). (C) Zoomed-in charge deconvoluted MS spectrum of His10-TEV-HaloTag7 after 180 min illumination in dye presence (sample from A).
A precise protein oxidation pattern (Am +15.99, +32.97, +48.97 Da) was detected. (D) Peptide analysis and oxidation profile. Protein samples were subjected to
tryptic digest. Peptides were analyzed by MS and mapped against the HaloTag7 primary sequence. Oxidative protein modifications are shown according to the
legend of the untreated (control) and dye-labeled sample after 180 min illumination. Peptides with a -10IgP score < 15 were excluded from the analysis results;
gray bars represent partially matched de novo peptides. Qualitative analysis revealed an enrichment of methionine mono- and dioxidation after the irradiation.
(E) Semiquantitative enrichment of M175 mono-oxidation upon illumination. The percentages of accumulated areas of all mapped peptides bearing M175. (F)
Photooxidation of M175 disrupts its intrinsic ability to accelerate rhodamine photobleaching.
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presence of the dye. We propose a mechanism for the different
photobleaching rates in the initial stage, when M175 is presented
in the microenvironment of the rhodamine dyes, and at later
stages, when M175 is mostly oxidized. As photobleaching pro-
gresses, M175 is gradually converted to mono- or dioxidized
M175, thereby inhibiting the thioether effect and reducing the
difference in photobleaching rates of HaloTag M175 and M175L
mutants. (Fig. 6F). Corroborating the experimental photobleach-
ing kinetics (Figs. 3 £ and F, 44, 5B, and SI Appendix, Figs. S27
and S28), this photooxidation process mechanistically supports
the hypothesis of thioether photobleaching effect.

Conclusion

In summary, we generalize the “thioether photobleaching
effect” to self-labeling protein tags. Editing the thioether group
by either electronically tuning the sulfur atom or biochemically
eliminating the thioether bond would generally and positively
affect the photostability of proximal fluorophores. In time-lapse
imaging practice, this thioether-mediated photobleaching
enhancement represents an early-phase effect that decays with
accumulating methionine residue oxidation. From a photo-
chemistry perspective, this work adds to the emerging topics
where the surrounding microenvironment of the fluorophores
exerts a profound influence on its optical properties, including
fluorescent lifetime, fluorescence quantum yield, and here pho-
tobleaching pathways. The photophysical chemistry of thioether
with excited fluorophores, however, remains largely elusive and
warrants further mechanistic studies. In the context of advanc-
ing bioimaging tool development, we showcase thioether edit-
ing as a general strategy to mitigate the photobleaching of
SLP-labeled fluorophores in time-lapse live-cell imaging.
Particularly, by introducing a simple mutation, the HaloTag:
M175L renders remarkable enhancements in the photostability
of a palette of advanced fluorophores, opening wider space in
time-lapse functional imaging and superresolution imaging.

Materials and Methods

Single-Molecule Fluorescence Measurements of Dye Properties. (35, 56)
For characterizing the dye properties of proteins during photobleaching, specific
labeling was performed using streptavidin and biotinylated proteins. Dye-tag
conjugates were prepared by TMR or SiR ligands (10 pM) with proteins of self-
labeling tags (5 uM)at 37 °Cin PBS buffer for 1 h. For TMP-tag labeling, NADPH
(100 uM) and TCEP (1 mM) were added to the labeling buffer. For SNAP-tag
labeling, TCEP (1 mM) was added to the labeling buffer.

After labeling, a 20 pL reaction with labeled protein (2 nM) was applied to
PEG-passivated slides decorated with biotin-PEG and streptavidin. Excessive
unbound complexes were removed by washing with the same buffer as labeling.

Photobleaching procedures were performed on a home-built objective-type
TIRF microscope, based on a Nikon Eclipse Ti-E with an EMCCD camera (Andor iXon
Ultra 897), and solid-state 532 and 640 nm excitation lasers (Coherent Inc. OBIS
Smart Lasers). Fluorescence was collected and spectrally separated using a Dual-
Viewer spectral splitter (Photometrics, Inc., Tucson, AZ) with a specific dichroic
mirror (T635Ipxr, Chroma) and bandpass filters (ET585/65 m for TMR, ET700/75
m for SiR, Chroma). Data were acquired at 100 ms per frame for 400 s at 25 °C
without further elaboration. The same batch of labeled samples was measured
in at least three parallel experiments to estimate errors for all data. Under the
condition of single-molecule imaging, data were recorded in the labeling buffer
described above with an oxygen scavenging system, containing 3 mg/mLglucose,
10 units/mL glucose oxidase (Sigma-Aldrich), 1,200 units /mL catalase (Roche),
1 mM cyclooctatetraene (COT, Sigma-Aldrich), 1 mM 4-nitrobenzylalcohol (NBA,
Sigma-Aldrich), 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxyl
icacid (Trolox, Sigma-Aldrich, added from a concentrated DMSO stock solution)
under 50 W/cm? for 532-nm excitation TMR (or 40 W/cm? for 640-nm excitation
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SiR) labeled samples. The laser was reduced to 5 or 4 W/cm? for simulating the
cellimaging.

Confocal Imaging for Measuring Bulk Photobleaching. Prior to imaging, Hela
cells expressing H2B-HaloTag/SNAP-Tag were stained with Halo dyes and BG dyes
atafinal concentration of 100 to 250 nM and then were rinsed with PBS three times
before imaging. All confocal imaging experiments were performed with STEDYCON
STED microscopes (Abberior Instruments GmbH, Géttingen, Germany) equipped with
a CFI Plan Apochromat Lambda D 100x oil, NA1.45 objective (Nikon, Tokyo, Japan).
The fluorescence signal was accumulated over 2 to 5 line steps. Imaging parameters
were adjusted based on the individual samples. Pixel sizes of 100 nm were used in
the confocal mode, each line was scanned five times (line accumulations) and dwell
times were acquired forfive times. The pinhole was set to 1.0 AU. For photobleaching
analysis, 5 to 6 patches of 2 um x 3 um from 2 to 3 different cells were acquired for
each repeat. 9,000 frames were acquired for each patch with a dwell time of 10 ps
per pixel and a line accumulation of 1 or 10.

Voltage Imaging. Neonatal rat cardiomyocytes expressing Voltron (Ace2-
HaloTag7) and Voltron-M175L were labeled with JFs,5 (100 nM in DMEM) at
37 °C with 5% CO, for 25 min. After removing the staining solution, the cells
were then washed with HBSS once and maintained in a fresh culture medium.
Voltron imaging was performed with an inverted fluorescence microscope (Nikon-
TiE) equipped with an objective CFl Plan Fluor 40x oil, NA 1.3 (Nikon, Tokyo,
Japan), one laser line (561 nm, Coherent OBIS), and one scientific CMOS camera
(Hamamatsu ORCA-Flash 4.0 v2). The microscope, laser, and camera were con-
trolled by LabVIEW software (National Instruments, 15.0 version). Images were
captured using acameraon 2 x 2 pixel binning and a 100-ms exposure duration.
Images were analyzed using ImageJ/Fiji (version 1.52d).

HiS-SIM Imaging. U-2 OS cells were cultured in confocal dishes, and plasmids were
transfected after 24 h when the cell confluence reached 60% with Lipo3000. After 48
h, cells were maintained at 37 °Cand 5% CO, in a humidified chamber for live SIM
imaging. Superresolution imaging of cells was performed using commercialized HiS-
SIM, termed HiS-SIM (High Intelligent and Sensitive SIM) provided by Guangzhou
CSR Biotech Co. Ltd. Images were acquired using a 100x/1.5 NA oil immersion
objective (Olympus). For three-color imaging, 488, 561, and 638 nm lasers were
jointly used. The images were acquired sequentially at alternate 488, 561, and 638
nm excitation and 10 ms exposure using the Andor Solis software. SIM images were
collected and analyzed as described previously. Wiener and Sparse deconvolution
were carried out to further improve the image quality (52, 57).

More detailed methods including chemical synthesis of TMP-3.1 and Rhodamine-
Motif, plasmids construction, protein production and purification, preparation of PEG-
passivated slides, cell culture and transfection, in vitro protein labeling of eDHFR,
HaloTag photooxidation assay, intact ESI-HRMS protein analysis, protein digestion,
LC-MSMS analysis and peptide mapping, LC-MS analysis, data analysis, and ethics
approval and consent to participate are described in S/ Appendiix.

Data, Materials, and Software Availability. All Study dataareincluded inthe
article and/or supporting information.
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