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Organic fluorophores are the keystone of advanced biological imaging. The
vast chemical space of fluorophores has been extensively explored in search
of molecules withideal properties. However, within the current molecular
constraints, there appears tobe atrade-off between high brightness, robust
photostability, and tunable biochemical properties. Herein we report a general
strategy to systematically boost the performance of donor-acceptor-type
fluorophores, such asrhodamines, by leveraging SO, and O-substituted
azabicyclo[3.2.1] octane auxochromes. These bicyclic heterocycles give rise
toacollection of ‘bridged’ dyes (BD) spanning the ultraviolet and visible range
with top-notch quantum efficiencies, enhanced water solubility, and tunable
cell-permeability. Notably, these azabicyclic fluorophores showed remarkable
photostability compared to their tetramethyl or azetidine analogs while being

completely resistant to oxidative photoblueing. Functionalized BD dyes
aretailored for applications in single-molecule imaging, super-resolution
imaging (STED and SIM) in fixed or live mammalian and plant cells, and live
zebrafishimaging and chemogenetic voltage imaging.

Inthe past two decades, advanced fluorescence imaging techniques,
with spatial resolution surpassing the Abbe diffraction limit and
a near-millisecond temporal resolution, have become routine
tools in biological research'™. In parallel, the expanding palette
of organic fluorophores®® and modern labeling strategies’ > are
increasingly replacing fluorescent proteins™'* to meet the grow-
ing demand for four-dimensional (4D) (three dimensions (3D) plus
time-lapse) imaging while optimizing photon budgets and enabling

multiplexed labeling. An ideal fluorophore for contemporary imag-
ing technologies would feature high brightness; superior photo-
physical, chemical, and spectral stability; tailored hydrophilicity; and
excellent biocompatibility with and without excitation light. How-
ever, state-of-the-art fluorescent tools often have to compromise
to balance all these characteristics. In other words, the quest for dyes
withideal properties calls for the exploration of abroader chemical
space®.
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The structural and electronic properties of auxochromes are
crucial to photophysical and chemical properties of the donor-
acceptor-type (D-A type) fluorophores. Early designs generally
improved the performance of fluorophores through structural rigidi-
fication and sulfonation (for example, Alexa Fluor'® and ATTO Dyes
(https://www.atto-tec.com/produkte/Fluorescent-Labels/)). These
classic compounds are still mainstays in the field of immunofluores-
cence. In parallel, aslive-cellimaging and bio-orthogonal labeling strat-
egiesstarted to take the stage, anew trend of auxochrome engineering
emerged, aiming to suppress the formation of twisted intramolecular
charge transfer (TICT) to enhance brightness (Fig. 1a,b)"'®,In 2008, the
Foley group reported 7-azabicyclo[2.2.1]heptane as an auxochrome
moiety with a small steric hindrance that can inhibit the TICT state”.
This design utilized bridgehead carbon, which cannot form double
bonds, to prevent the generation of photo-oxidationintermediates and
eliminate photoblueing. More recently, the Lavis group systematically
engineered azetidine substituted fluorophores, dubbed JF dyes** 2,
which greatly improved brightness while preserving compatibility
with self-labeling protein tags®***.JF dyes have now become a popular
tool for live-celland in vivo labeling. Yet, owing to the high ring tensile
force of azetidine and the presence of a-H atoms, their photobleaching
(photophysical stability) and photoblueing (spectral stability) are evi-
dent, particularly under intense microscope lights??°. Subsequently,
deuterated auxochromes were created by the Lavis group” and the
Broichhagen group® to improve photostability and spectral stability.
Meanwhile, new strategies to prevent TICT state by adjusting electronic
effects were reported by the Xiao* and Guo® groups. Although the
fluorescence quantumyields of these dyes are close to the theoretical
limit, their photostability drastically decreased. At the same time, the
Hell group reported triarylmethane fluorophores with auxochromes
lacking alpha-H, which caneffectively resistant oxidative photoblueing
at the cost of installing a bulky yet hydrophobic tert-butyl group®. In
addition toissues of brightness and photostability, the water solubil-
ity and biocompatibility of fluorophores are gradually receiving more
attention. The Gibbs group introduced a negatively charged sulfonate
moiety to balance the cationic charge of rhodamine scaffolds to obtain
aseries of ORFluors with improved hydrophilicity while maintaining
photophysical properties and cell permeability*. Along the line of
auxochrome engineering, our group leveraged the hydrophilic mor-
pholino auxochromes*~** to address the nonspecific membrane stain-
ing issue of soluble Zinc indicators, enabling multiplexed time-lapse
imaging of orchestrated insulin secretion®. Although we are aware
that the morpholino auxochromes compromise the brightness of
rhodamine dyes, this initiative prompted us to further develop the
next-generation molecular motifs that can generally produce dyes
with high brightness, high photostability, and spectral stability, yet
customizable hydrophilicity.

Here we report a palette of bridged bicycle-strengthened fluo-
rophores (BriDye (BD)) with improved quantum efficiencies and
uncompromised photo- and spectral stability that spans the ultra-
violet (UV) and visible range. The BD family is composed of two series
of fluorophores using SO,- or O-substituted azabicyclo[3.2.1] octane
auxochromes. Both dyes exhibit excellent photophysical properties
while functionalized derivatives of BD dyes possess different hydro-
philicity and membrane permeability to meet the demands of in vitro
bioconjugationand live-cell proteinlabeling, respectively. By analyzing
thecrystal structure of the BD dye-proteinbinding complex, we have
discovered new polarinteractions between auxochromes and protein
residues. We also showcase that BD dyes are suitable for hybrid sensors
and functional neuronal imaging. Furthermore, bioavailable BD dyes
showed outstanding performance ongeneral state-of-the-artimaging
technologies (including, but not limited to, single-moleculeimaging,
stimulated emission depletion microscopy, and structured illumina-
tion microscopy) in fixed and live mammalian cells, plant cells, and live
animals for structural imaging.

Results

Rational design of bridged bicycle-strengthened fluorophores

We seek to synergistically integrate the biocompatibility of mor-
pholino auxochrome, the brightness of azetidine or pyrrolidine
auxochrome, and the photostability and spectral stability of bridged
7-azabicyclo[2.2.1]heptane auxochrome. Along this line, we specu-
late that SO,- or O-substituted azabicyclo[3.2.1] octane®® is a viable
auxochrome with synthetic accessibility*® (Fig. 1b). These designs are
expected to bring the following benefits: (1) the electron-withdrawing
groups substituted bridged bicyclic systems can optimize both steric
hindrance'** and electronic effects**° to prevent the formation of
the TICT state, thereby enhancing the brightness and photostability;
(2) following Bredt’s rule, inwhicha carbon double bond cannot occur
at the branching position of the bridgeheads™, the radical cation
and iminium intermediates will be energetically unfavored during
photo-oxidation, inhibiting this major photoblueing-photobleaching
pathway; and (3) two types of auxochromes contain different
hydrogen-bond acceptors that will render the dyes customizable hydro-
philicity and membrane permeability for various applications. Before
the chemical synthesis and characterization, we first examined these
two auxochromes in silico on rhodamine scaffold, the most popular
D-Atype fluorophoresinbiologicalimaging. First, we characterized the
steric hindrance effect of the auxochromes by the value ofthe C,-N-C,
bond angle. The steric congestion of the two [3.2.1] bridged bicyclic
rings was lower than that of N,N-dimethyl auxochromes or deuter-
ated pyrrolidine but higher than that of azetidine or azabicyclo[2.2.1]
heptane moieties (Fig. 1c). Next, we evaluated their electron-donating
capacity by calculating their vertical ionization energies (VIEs) (Fig. 1c),
revealing that two [3.2.1] bridged bicyclic rings have higher VIEs than do
other moieties. This suggests that they are less electron-richand more
resistant to potential single electron oxidation. Finally, we calculated
the potential energy surfaces of TMR, JF549, JFX554, and [2.2.1]R in
water, and did the same for BD528 and BD555, as a function of auxo-
chrome rotation angle (Fig. 1c and Supplementary Fig. 1). Our results
suggested that the TICT pathway is inhibited by a larger rotational
barrier (Ezg) in BD528/BD555 (0.46 €V and 0.43 eV, respectively) than
thatin TMR/JF549/JFX554/[2.2.1]R (0.18 eV, 0.10 €V, 0.20 eV,and 0.35 eV,
respectively).Inaddition, the TICT state of BD528/BD555 does not form
aminimum on the excited state potential energy surface, resultingin
apositive driving energy (Epg), meaning that these two fluorophores
areenergetically prohibited from transitioning into their TICT state’®,
renderingthe fluorescence emission their main pathway and resulting
in high fluorescence quantumyyields.

Photophysical properties of BD dyes in aqueous buffer
Encouraged by our results, we installed the above auxochromes into
different scaffolds including coumarin, rhodamine, carbon-rhodamine,
oxazine, and silicon-rhodamine classes, forming a palette of BD dyes
spanning the UV and visible range with different photophysical proper-
ties (Fig. 1d). BD dyes are generally synthesized in a modular fashion.
Starting from reported aryl triflates intermediates, we used the
Buchwald-Hartwig cross-coupling approach to install the corres-
ponding azabicyclo[3.2.1]Joctane in coumarin, rhodamine, carbon-
rhodamine, and oxazine fluorophores* (Supplementary Scheme 1a—c).
For silicon-rhodamine derivatives, the bicycles wereintroduced early
in the synthetic route through the Buchwald-Hartwig reaction, fol-
lowed by Friedel-Crafts type cyclization toyield the silicon-rhodamine
chromophore® (Supplementary Scheme 1d-f).

We then measured the photophysical properties of these BD dyes
and compared them with N,N-dialkyl analogs inaqueous buffer (Table 1
and Supplementary Fig. 2). On coumarin scaffolds, BD350 and BD356
exhibited significantly increased fluorescence quantumyield (13.7-fold
and10.3-fold respectively), lifetime, and blue-shifted absorption spec-
trum compared to coumarin 460. On rhodamine scaffolds, BD528
bearing SO,-substituted azabicyclo[3.2.1]Joctane auxochromes exhibit
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Fig.1| Development of fluorophores with bridged bicyclic auxochromes. C,-N-C,,,—C,» dihedral angle; Eg, rotation barrier; £, driving energy;
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and calculation results. 6, the value of C,~N-C, bond angle; a, the value of
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Table 1| Photophysical properties of fluorophores?®

Prototype structure Dye AuxochromeNR,= A, (hm) A, (hm) eM'em") ¢g,.,(M'cm™)® @ t(ns) K.;°
BD350 2 350 444 19,000 20,000 0.96 3.9 -
'%'N ] S\\O
RN 0._0 BD356 356 474 21,000 29,000 0.72 4.2 -
U %%
Coumarin 460 — 383 472 28,000 28,000 0.07 0.6 -
-N
AN
BD528 2 528 554 93,000 143,000 0.98 4.0 0.090
'E_Ni j :S\\
o]
BD555 E 555 587 97,000 120,000 0.79 3.6 2.6
-$-N o)
TMR / 548 572 80,000 114,000 0.43 2.3 41
=N
N
BD586 2 586 610 2,100 152,000 0.90 4.2° 0.0012
'%'N: ] S\\O
RyN NR;
O“ . BD615 615 646 61,000 138,000 0.65 37 0.019
-E-N o]
coo~
O CPY / 606 628 100,000 128,000 0.54 3.3 0.85
-$-N
RS
BD623 2 623 648 100,000 105,000 0.36 29 -
'E_Ni j :S\\
[e]
RN o NR;
\@N/ji:r Oxazine 1 — 654 669 101,000 102,000 009 07 -
-$-N
A
- BD634 o 634 652 128,000 136,000 0.60 4.2 -
RN Si NR, %_N Y
90e k
=
O SiTMR / 648 662 116,000 124,000 0.31 2.7 -
3N
=
BD655 655 680 1,400 158,000 0.37 37° <0.0010
RoN Ssil NR, -§-N o
90¢ 2
644 663 26,200 139,000 0.39 3.5° 0.0036

O coo SiR —E_N/
\

2Unless noted, properties were measured in HEPES buffer (10mM; pH, 7.3). "Measured in ethanol containing 0.1% trifluoroacetic acid (coumarin, oxazine, and Si-rhodamine) or in ethanol
containing 0.1% 2,2,2-trifluoroethanol (O- and C-rhodamine). °Equilibrium constant measured in 1:1 (vol/vol) dioxane/water. €, extinction coefficient; @, fluorescence quantum yield;

T, fluorescence lifetime.

quantumyields close to the theoretical limit (98%), blue-shifted spectra
(absorptionwavelength (1,,,)/emission wavelength (A.,) = 528/554 nm),
and reduced lactone-zwitterion equilibrium constant (K., = 0.090);
BD555 containing O-substituted azabicyclo[3.2.1Joctane auxochromes
exhibited 1.8-fold increases in quantumyield and bathochromic shiftin
absorption maximum and emission maximum (A,,/A., = 555/587 nm).
Comparedto[2.2.1]Rhod and TMR, BD555 and BD528 also exhibited sig-
nificantly improved water solubility (Supplementary Fig. 3). The bridge
auxochromes also showed a similar trend on the carbon-rhodamine
scaffold. Notably, the lower apparent extinction coefficients and
K,.; the compounds BD586 and BD615 indicated a greater tendency
toward their nonfluorescent lactone form in aqueous buffer. The
SO,-substituted azabicyclo[3.2.1]Joctane moiety on BD623 for oxazine
and BD634 for monomethyl-substituted silicon-rhodamine scaffolds

also exhibited markedly high fluorescence quantum yield (36% and
60%, respectively). Furthermore, the O-substituted azabicyclo[3.2.1]
octane moiety on BD655 for carboxyl-substituted silicon-rhodamine
scaffolds showed a bathochromic shift in absorption and emission
spectrum (A,,/A.m = 655/680 nm) and smaller K|, (<0.0010 versus
0.0036), suggesting that it could be a better far-red fluorogenic
labeling for protein tags. Overall, the bridge auxochromes generally
improve the fluorescence quantum yield of commonly used chromo-
phores to aremarkably high level.

Photostability of BD dyes in aqueous buffer

The main known photobleaching pathway for rhodamine dyes
is oxidative dealkylation at the N atom. Under irradiation and in
oxygen-containing environments, this process progresses through
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several stages: the formation of a radical cation, an a-aminoalkyl
radical, and animinium cation, whichis eventually hydrolyzed toyield
analdehyde and a dealkylated dye (Fig. 2a). Each step of the dealkyla-
tion process will result in a blue shift of 10-15 nm in the absorption
spectrum. These photodegradation reactions not only reduce the total
photon budget, but also cause spectral shift into shorter wavelength
channels, complicating data analysis in multiplexed imaging®*%*°.

Bredt’s rule suggests that double bonds are not favored at the
bridgehead carbon, implying that the bridged bicyclic auxochrome
prohibits the formation of the radical cation and iminium interme-
diate, blocking the dealkylative photobleaching and photoblueing
pathways. We monitored the photobleaching process of BD dyes and
other state-of-the-art fluorophores in aqueous buffer using UV-vis
spectroscopy (Fig. 2b). The bridge bicyclic dyes BD528 and BD555
exhibited the best photostability and spectral stability, with distinct
nonphotoblueing features (Fig. 2d,e). By contrast, other rhodamine
dyes undergo varying degrees of photoblueing (Fig. 2f-i). The pho-
tobleaching rate of BD528 in aqueous solutions is slower than that
of JF525 and Rhod524 (by 5.1-fold and 9.2-fold, respectively) (Fig. 2c).
BD555 also exhibited a strong photostability advantage compared to
TMRandJF549 (by 1.8-fold and 3.2-fold, respectively) (Fig. 2c). Notably,
electron-withdrawing groups significantly reduced the photoblueing
rate (comparingJF525 and Rhod524 versus JF549), but this pheno-
menon seems to be independent of the photobleaching process. On
thered-shifted carbon-rhodamine scaffold, the bridged bicyclic fluoro-
phore BD615 also shows improved photostability and spectral stability
compared to CPY (Figs. 2¢,j, k). Itisalso worth noting that the reactive
aldehyde species derived from the oxidative photoblueing byproducts
will contribute to cross-linking reactivity with proteins. In an in vitro
test, weirradiated bluing (JF549) and nonbluing (BD555) fluorophores
inair-saturated PBS buffer with bovine serum albumin (BSA) for 30 min.
SDS-PAGE analysis showed the formation of covalent dye-BSA conju-
gates with JF549, whereas BD555 did not exhibit this reaction (Fig. 21).
These experiments underscore the advantages of nonphotoblueing
dyes for labeling biomacromolecules.

BD derivatives inimmunofluorescence imaging
Encouraged by the excellent photophysical properties of BD dyes,
we tested their application inimmunofluorescence. Besides bright-
ness and photostability, a key factor for this technique is achieving a
high degree of labeling on secondary antibodies, which requires
superbsolubility and minimal aggregationinaqueous environments*-**,
Traditionally, such solubilization has been achieved through sulfona-
tion. We envisioned that BD dyes bearing sulfones in their bridged
bicycles are ideal candidates, as the neutral sulfones provide high
solubility without introducing excessive charges that could hamper
protein functions. To this end, the ortho-carboxyl groups on the pen-
dantring of BD rhodamines were functionalized with 4-(methylamino)
butanoicacid as coupling handles (Fig. 3a and Supplementary Scheme
2). Notably, this modification results in a bathochromic shift in the
absorption/emission spectrum (~15 nm), while locking the chromo-
phore inthe open form, as characterized by an increase in extinction
coefficient (Fig. 3b and Supplementary Fig. 4). In photostability tests
(Fig. 3c and Supplementary Fig. 5), BD Yellow showed 2.7-fold-higher
photostability than ATTO 532, with distinctive spectral stability (that s,
no photoblueing) (Fig. 3c and Supplementary Fig. 5¢,d). BD Orange and
ATTO 594 exhibited similar photostability (Fig. 3d and Supplementary
Fig.5e,f). Atto 647N, one of the most popular dyes for single-molecule
and super-resolution microscopy, showed significant blue shift
after irradiation, whereas BD Red was a nonphotoblueing dye with
8.0-fold-higher photostability (Fig. 3e and Supplementary Fig. 5g,h).
Then, the amino-reactive N-hydroxysuccinimide (NHS) esters of
BD Yellow, Orange, and Red were synthesized and conjugated with goat
anti-mouse secondary antibodies. The labeling degrees were 3.27,2.63,
and 2.42, respectively, showcasing their excellent solubility. BriDyes

still outperformed their ATTO counterparts in photostability when
conjugated toantibodies (Supplementary Fig. 6). Immunofluorescence
imaging of lamin-A/C and a-tubulin using BD Yellow, BD Orange, and BD
Redyielded strongsignalsin confocal mode (Fig. 3f~h). Owingto their
photostability, BD Orange and BD Red are compatible with stimulated
emission depletion microscopy (STED) imaging usinga775-nm deple-
tion laser (Fig. 3g,h). Single microtubules can be resolved with areso-
lution under 80 nm (Fig. 3h,i), and the ultimate resolution can reach
30 nm (Supplementary Fig. 7). Overall, bridged bicyclicrhodamines are
new additions to the toolkit for STED immunofluorescence imaging.

BD dyes synergize with HaloTag in vitro and in cellulo

To evaluate the compatibility of BD derivativesin live-cellimaging, we
coupled HaloTagligands with BD555, BD615, and BD655, which exhibit
moderate hydrophilicity and suitable K| ; ratios for cell membrane
penetration (Fig. 4aand Supplementary Scheme 3). Upon binding with
purified HaloTag7 protein, the three BD,;;, derivatives showed amarked
increase in both the absorption and emission spectrum (Fig. 4b and
Supplementary Fig. 8), indicating that the protein environment has
aprofound influence on both K, .; and the fluorescence properties. In
contrast to their N,N-dimethyl or azetidine-containing analogs, these
BD,,;, derivatives showed a bathochromic shift in absorption spectra
around 8-13 nm and emission spectraaround16-22 nm uponbinding
toHaloTag. Sowe renamed these HaloTag ligands on the basis of their
maximum absorption after binding to protein (for example, BD555 to
BD566,,;; and so on). BD566,,;, and BD626,,;, are among the brightest
labels in their respective 561 and 640 channels, with extinction coef-
ficients higher than100,000 M cm™and quantumyields higher than
0.80 after binding to HaloTag7. BD666,,;; showed a 40x increase in
absorptionand a70xincrease in emission (Fig.4mand Supplementary
Fig. 8e,f) upon HaloTag binding, which is more fluorogenic than
the widely used far-red dye SiR,;;; *(4.8x increase in absorption and
15x increase in emission).

To better understand the interplay between BD,,;, dyes and
HaloTag protein, we obtained a single BD626,,;, crystal at the pocket
of HaloTag7, and its structure was solved at 1.7-A resolution (Protein
Data Bank (PDB): 9JHA). Compared to its N,N-dimethyl analog
CPY,;,-bound HT7 (PDB: 6Y7B, at 3.1-A resolution)***, the pockets
in which the dyes reside are generally similar (Extended Data Fig. 1a).
Inboth CPY,;;- and BD626,,;;-bound HT7, T172 and T148 engage with
the oxygen and the nitrogen of the amide bond linking the HaloTag
ligands to the fluorophore (Extended Data Fig.1b,c). Yet the positions
and angles of chromophores on the HT7 protein are slightly different
(Extended Data Fig. 1d). Notably, the distance from an O-substituted
azabicyclo[3.2.1Joctane on BD626,;, to the amide side chain of Q165is
only 2.8 A (Fig. 4c), indicating an active polarinteraction (2.5 A-3.5 A)
that is absent in its CPY,;; counterpart. This polar interaction sug-
gests that the hydrogen-bond acceptor on the auxochrome of fluoro-
phorebrings up new interaction sites with proteinresidues, giving new
biochemical space for further protein engineering for advanced
applications, such as chemogenetic hybrid sensors***,

Next, we evaluated the performance of BD,,;, at the single-molecule
levelina cellular context. To achieve sparse labeling for single-molecule
detection, we used a high dilution of HaloTag ligands (2.5 pM) on live
U20S cells stably expressing H2B-HaloTag7 to ensure sparse labeling
for single-molecule detection, followed by paraformaldehyde fixation.
Continuous imaging of single molecules was conducted using total
internal reflection fluorescence microscopy with highly inclined thin
illumination (HiLo)*® (Fig. 4d and Supplementary Video 1). BD56 6,1,
labeling exhibited the highest localization counts (Supplementary
Fig. 9a), featuring a 1.19- and 1.85 fold increase of single-molecule
brightness compared to JF549,,;; and TMR,;;, labeling, respectively
(Fig.4e). Moreover, BD566,;, exhibited the best photostability among
thethree dyesinsingle-molecule experiments (Supplementary Fig. 9b),
consistent with bulk in vitro measurements (Fig. 2d). Owing to the
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Fig. 2| Photostability and photoblueing properties of BD and benchmarking
dyes. a, General oxidative photoblueing pathway for fluorescent dyes with (di)
alkylamino auxochromic groups. hv, illumination. b, Normalized absorptions
at A, plotted against time. BD528, BD555, and various fluorophores (10 pM)
with similar spectral properties were irradiated withan LED lamp (0.5Wcm 2,
520-530 nm) in HEPES buffer (10 mM, pH 7.3) (n = 3 independent experiments,
dataare shown as mean +s.d.). ¢, Photobleaching and photoblueing rates of
selected fluorophores.K,.,.,, photobleaching rate; K., photoblueing rate.
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d-k, The absorption of dyes over time. I, Photocrosslinking is adownstream side
reaction of photo-oxidation. Solutions of fluorophores (10 pMin 0.1% (vol/vol)
DMSO-PBS, pH 7.4, air-saturated) were irradiated in the presence of BSA
(1mgml™,25°C,30 min) witha LED lamp (0.5 W cm,520-530 nm). The incubated
samples were analyzed using in-gel fluorescence and Coomassie blue staining
under denaturing conditions (SDS-PAGE). This experiment was independently
repeated three times.
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Fig. 3| BD derivatives for antibody bioconjugation and immunofluorescence
imaging. a, Chemical structures of BD derivatives for antibody bioconjugation.
b, Photophysical properties of BD derivatives. €,,, extinction coefficient at

260 nm; £,5, extinction coefficient at 280 nm. c-e, Photobleaching curves of BD
derivatives in HEPES buffer (10 mM, pH 7.3), (n = 3 independent experiments,
dataare shownasmeants.d.).c, Absorption atA,,,, of BD Yellow and ATTO 532,
plotted as a function of irradiation time with an LED lamp at 520-530 nm.

d, Absorption atA,,,, of BD Orange and ATTO 594, plotted as a function of
irradiation time with an LED lamp at 590-600 nm. e, Absorption atA,,,, of BD
Red and ATTO 647N, plotted as a function of irradiation time with an LED lamp
at 620-630 nm. f, Confocal images of lamin A/C structures in fixed HeLa cells
labeled by indirectimmunofluorescence with a secondary antibody bearing BD

0 100 200 300

Distance (nm)

400 500

Yellow (DOL, 3.27). Scale bar, 2 um. This experiment was independently repeated
three times. g, Confocal (right) and STED (left) images of lamin A/C structures
infixed HeLa cells labeled by indirect immunofluorescence with asecondary
antibody bearing BD Orange (DOL, 2.63). STED imaging was performed at at

775 nm (-120 mW). Scale bar, 2 um. This experiment was independently repeated
three times. h, Confocal (right) and STED (left) images of a-tubulin structures

in fixed HeLa cells labeled by indirectimmunofluorescence with asecondary
antibody bearing BD Red (DOL, 2.42). STED imaging was performed at 775 nm
(-140 mW). Scale bar, 1 um. This experiment was independently repeated three
times. i, Line-scan profile of fluorescence intensity at the dotted lineinh,and a
comparison of the full width at half maxima (FWHM) achieved under confocal and
STED conditions (n =16 filaments from 3 samples, data are shown as mean  s.d.).

higher brightness and photostability of BD566,,,, the track lengths
of single H2B molecules labeled by BD566,,;, (158 + 6 s) were 1.7- and
4.3-fold longer than those labeled by JF549,,;, (95 +5s) and TMR;y,
(37 £25), respectively (Fig. 4f). These data underscore the outstand-
ing performance of BD566,,, in cellular single-molecule imaging
experiments.

We further assessed the performance of BDy;, on bulk imaging
experiments using HelLa cells stably expressing a nuclear-localized
H2B-HaloTag7-GFP fusion protein (Fig. 4g). After 2 hofincubationata
200 nM concentrationwith live HeLa cells, BD566,,; exhibited14% and
64% higher apparent brightness than JF549,,;; and TMR,;;;, respectively

(Fig.4h). Thelabelingkinetics of nuclear HaloTag7 with BD566,,;, was
about50% slower than TMR,;;; owingtoitsslightly lower permeability
attributed toits higher hydrophilicity (signal saturation within 30 min
versus 20 min, Supplementary Fig. 10a). Owing to the differences
in excitation spectra between CPY,,;; and BD626,,;,, a white light
laser (WLL) was used to excite them at 620 nm for a comparable
excitation efficiency. Under this condition, BD626,,;; showed 40%
higher brightness than CPY,,;, (Fig. 4i,j). Similarly, BD666,,;, exhib-
ited abetter signal-to-background ratio compared to SiR;, (42.7 ver-
sus 23.0)* under the no-wash condition (Fig. 4k-1) and 36% higher
brightness with a 658-nm excitation laser, at which channel the
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Fig.4|BD derivatives are exceptional HaloTag ligands for the labeling and
imaging of cellular targets. a, Chemical structures of BD derivatives and

their dimethyl/azetidine counterparts with HaloTag ligands. b, Photophysical
properties of fluorescent HaloTag ligands. ¢, A close-up crystal structure of
BD626,, in the pocket of HaloTag7, highlighting its polar interaction with Q165.
The 2F,-F.omit electron density in the BD626,,;;-HaloTag7 complex crystal
structure is contoured at 1.00.d, The indicated time points during continuous
time-lapse single-molecule imaging of fixed U20S cells stably expressing
H2B-HaloTag?7, labeled with tested dyes. Scale bars, 5 pum. e, Fluorescence
intensity per particle per frame for tested dyes. For TMR,;,, n=4,018;JF549,,,
n=7,464;BD566,; n=12,067; dataare shown as mean +s.e.m. a.u., arbitrary
units. f, Tracking time of tested dyes. For TMRy;y,, n=1,924;)F549,;,,n =1,054;
BD566,, n=1,909; data are shown as mean with 95% confidence interval.
g,i,k-1, Live-cell confocal images of HeLa cells stably expressing H2B-HaloTag7-
GFP labeled with tested dyes; the signal-to-background ratiois given (n =130
areasin2independent experiments). Scale bars, 10 pm. h,j,n, Comparison of
apparent cellular brightness for various HaloTag ligands in two independent
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experiments (data are shownas mean+s.d.). For TMR,;;, n =189 cells; JF549,;1,,
n=194 cells; BD566y;,, n =170 cells. For CPYy,, n =187 cells; BD626,,;,, n =175
cells. For SiRyr, n=176 cells; BD666y,5,, n =191 cells. Ex., excitation; Fyy,
fluorescent signal from dye; F, fluorescent signal from GFP.m, Normalized
absorption spectra of BD666,,;, and SiRyy, in the presence or absence of

excess HaloTag7 protein (n =2 independent experiments). 0, A cartoon of
chemogenetic voltage sensor Voltron2y,s.. P, A representative wide-field image
ofacultured rat hippocampal neuron expressing Voltron2 and labeled with
BD566,,;,. Scale bar, 10 um. This experiment was independently repeated three
times. q, Fluorescence trace of voltage imaging recorded from a neuron prepared
inp.r, Comparison of the voltage sensitivities between BD566,;; and JF552,,1,

on Voltron2in HEK293T cells. n = 4; dataare shown as mean + s.d. s, Normalized
fluorescence decay curves of Voltron2 labeled with tested dyes during time-lapse
confocalimaging on fixed neurons, n = 4 cells in two independent experiments;
dataare shown as mean +s.d. A two-sided unpaired Student’s t-test was used to
evaluate the significance of the mean. ***P<0.0001. Exact Pvalues are provided
inSupplementary Table1.
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Fig. 5| BDy, s are versatile tools for general imaging in cells, plants, and
animals. a, 2D-STED images of live HeLa cells expressing Cep41-HT7 labeled with
BD626,,;,, and acomparison of the FWHM achieved under confocal (conf.) and
STED (at 775 nm, ~160 mW) conditions (n = 15 filaments from 3 samples; data are
shownas mean+s.d.). Scale bar,1um. b, Orthogonal views of 3D-STED images

of HeLa cells expressing TOMM20-HT7 labeled with BD626,;;,. A volume 0f 2.2 x
5.8x1.2 um (xyz) was recorded using 30 z-stack images with a z-step of 40 nm.
Scale bar, 1 um. This experiment was independently repeated three times.

¢, Time-lapse STED images of live HeLa cells expressing TOMM20-HT7 labeled
withBD626,,;,, SiR;;, and JF646,,;,. Frame numbers are indicated at the top right
corner.Scalebar,1pum.d, Normalized fluorescence decay curves of samples
incwith half-bleaching frame numbers (7) given in brackets. n = 6 cells in two
independent experiments; dataare shown as mean +s.d. e, Two-color TIRF-SIM
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images of live N. benthamiana cells expressing HDEL-GFP and HIR1-HT7 labeled
withBD626,,;,. Scale bar, 5 um. This experiment was independently repeated

two times. f, Time-lapse TIRF-SIM images of live A. thaliana cells expressing
HT7-HIR1labeled with BD626,,;, or JF646,,;,. Scale bar,1 um. g, Normalized
fluorescence decay curves of samplesin f; n =4 cells in two independent
experiments; data are shown as mean + s.d. h-i, Z-stack confocal images of live
zebrafishes expressing elavi3-H2B-HT7 and labeled with BD566,,;, or BD626,,;,.
This experiment was independently repeated three times. The dashed red square
onthelarval zebrafish outlines the imaged brain region. For h, the colored image
shows the whole-body 3D reconstruction from 172 individual z-section images,
withaz-step size 2 um. Scale bar, 100 um. For i, the colored image shows the 3D
reconstruction of the hindbrain from 17 individual z-section images, with a z-step
size of 3 um. Scale bar, 30 pm.

excitationefficiencies wereequivalent (Fig.4n). There was nosignificant
differencein cell permeability between CPY,;;; and BD626,,;, (Supple-
mentary Fig. 10b); both fluorescence signals saturate within 2.5 min,
whichis also true for SiR,;;; and BD666,,;, (Supplementary Fig.10c).
Whenimaged at the single-molecule level using a 642-nm excita-
tionlaser, BD626,,;,-labeled single H2B molecules exhibited brightness
levels 1.30 and 2.18 times greater than those of SiR,;;; and BD666,,;,
respectively (Supplementary Fig. 11a). In bulk experiments using
a 640-nm excitation laser, BD626,,;, showed 352% higher brightness

than CPY,;, (Supplementary Fig. 10b), yet BD666,,;, showed 49%
lower brightness than SiR,;;; (Supplementary Fig.10c) The differ-
encesintheabove dataarelikely caused by the mismatchin excitation
efficiency and cannot fairly compare the performance of BD,;, with
other dyes. However, these data are a valuable reference owing to
the wide use of 640/642-nm lasers in fluorescence microscopy.
Encouraged by the outstanding performance of BDy, for the
structural imaging of live cells, we further applied BD566,,;, to func-
tional voltage imaging in cultured rat hippocampal neurons. We chose
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the chemogenetic hybrid voltage sensor Voltron2 as a model, which
contains aself-labeling HaloTag protein fused to the carboxy terminus
of avoltage-sensitive rhodopsin (Fig. 40)*. Owing to the requirement
of high-speed camera frame rate for voltage imaging, which typically
exceeds 500 Hz, Voltron2-based sensors are very demanding in bright-
ness and photostability for time-lapse data acquisition. Hippocampal
neurons expressing Voltron2 can be readily labeled with BD566,,7,,
resulting in a bright signal at the plasma membrane (Fig. 4p).
Voltron2gps, is capable of recording spontaneous neuronal action
potentials with a sensitivity of approximately 11.32 + 0.69% (Fig. 4q).
Thereis nosignificant difference in the voltage sensitivities of BD56 6,1,
and JF552,;, on Voltron2 (-23.8% versus -25.3%) in HEK293T cells
(Fig.4r). Comparedto the spectrally similar Voltron2ss,, Voltron2yps
is 2.6 times more photostable as measured by half-bleaching time in
fixed neurons (t;,, 609 s versus 234 s) (Fig. 4s). Together, the above
voltage imaging data demonstrate that the brightness and photo-
stability of Voltron2gys,, would make it an ideal sensor for the time-
lapse recording of neuronal activity.

BD,,;, are powerful tools forimaging in cells, plants, and
animals

Under confocalimaging, BD566,,;, and BD626,,;, exhibited high bright-
ness, ideal permeability, high photostability, and high spectral stability,
making them exceptional candidates for super-resolution imaging
with enhanced illumination schemes. Inlive-cell time-lapse structured
illumination microscopy (SIM) imaging, the fluorescence signal of
BD566,,;,-labeled TOMM20-HaloTag7 retains more than 75% inten-
sity after 100 frames (Extended Data Fig. 2). In live-cell STED micro-
scopy, BD626,,;, labeled microtubule-binding protein Cep41-HaloTag7
(Fig. 5a) showed markedly nanoscopic resolutions (41 + 3 nm) under
a775-nmdepletion laser (<160 mW). The resolution is comparable to
that of SiR,;r; (50 £ 5 nm), whichisrecognized as one of the best dyes for
live-cell STED imaging in the far-red channel (Supplementary Fig. 12).
Live-cell STED time-lapse imaging further captured the dynamics of
mitochondria (Fig. 5c and Supplementary Video 2). In this context,
the number of frames with >50% original intensity (,,) with BD626,;,
was around two times higher than that of SiR,;, and three times
higher than that of JF646,;, (Fig. 5c,d). Furthermore, BD626,;,
enabled 3D STED imaging, a task previously hindered by repeated
photobleaching during z-stacking. It provides >25 z-frames for 3D
reconstruction, enabling the visualization of the complete 3D struc-
ture of mitochondrial outer membrane (Fig. 5b) or the distribution
of the cytoskeleton (Cep41) throughout the entire cell (Extended
Data Fig. 3). BD566,;, and BD626,,;, are therefore recommended
reagents for live-cell time-lapse nanoscopic and 3D imagingin red and
far-red channels.

We then challenged whether the biocompatibility of BD dyes
canenable super-resolutionimagingin plants with cell walls, a crucial
area that has been relatively underexplored with fluorescent dyes.
The His-Asp-Glu-Leu (HDEL) endoplasmic reticulum retention sig-
nal is essential for correct folding and transportation of proteins®®,
and the membrane hypersensitive induced reaction (HIR) protein
plays a significant role in plant immunity*>. We transiently expressed
HDEL-GFP and HIR1-HaloTag?7 in Nicotiana benthamianaleaves, which
wereincubated withBD626,,;,. Two-color total internal reflection SIM
(TIRF-SIM) images show clear and specific signals of ER (HDEL) and
membrane protein (HIR1) (Fig. 5e). We also expressed HIR1-HaloTag7
inanother model plant cell: Arabidopsis thaliana. Live-cell time-lapse
recording showed that BD626,,;, (Fig. 5f, left column) is ~20 times more
photostable than]JF646,, (Fig. 5f, right column) at the same channel
(1y5,121.2 s versus 6.2 s) (Fig. 5g and Supplementary Video 3).

Finally, we test whether BD dyes can freely diffuse into live
zebrafish for in vivo imaging. Such an assay is challenging because
the dye has to be sufficiently soluble to reach a high concentration
for effective staining yet highly permeable to freely diffuse across

multiple membranes. Zebrafish larvae have transparent bodies and
sophisticated nervous systems, making them ideal model animals for
evaluating in vivo performance using fluorescence imaging. To this
end, elavi3-H2B-GS-HaloTag plasmids were injected into fertilized
zebrafish eggs, and labeling and imaging were conducted on the larvae
at4and 5 days post fertilization, respectively. BD566,,;; and BD626,,;,
(3.3 uM, 1 h) efficiently labeled the nuclear regions in the brain and
spinal cord of live larvae under confocal microscopy. The abundant
fluorescence signal allowed us to reconstruct the whole-body neural
system in 3D (Fig. 5h-i and Supplementary Video 4). These whole-
animal imaging experiments clearly demonstrate the in vivo labeling
capability of BD,;, dyes and their potential to advance neurobiological
research, ranging from studies using cell models to live animals and
spanning 3D structural imaging to long-time functional recordings.

Discussion

Here we establish SO,- and O-substituted azabicyclo[3.2.1Joctane
auxochromes as versatile molecular motifs to enhance fluorophores,
achieving high brightness, exceptional photo-spectral stability, and
tailored biochemical properties. From achemical perspective, bridged
bicycle-strengthened fluorophores represent a novel, modular, and
integrated approach to probe design. The compact motif achieves
five desired properties at once: (1) suppressing the formation of TICT
states through steric hindrance and electronic effects, resulting in
optimal fluorescence quantum yields; (2) blocking photooxidation
pathways that form blue-shifted compounds, completely eliminating
spectral artifactsin advanced imaging; (3) fine-tuning water solubility,
cell permeability, K;.; values, and the spectra of fluorophores by intro-
ducing different hydrogen-bond acceptors into the azabicyclo[3.2.1]
octane system, circumventing traditional modifications such as sulfo-
nation; (4) pre-installing hydrogen-bond acceptors that interact with
HaloTag and future engineered protein machinery; and (5) streamlin-
ing synthetic chemistry for easier preparations. We envision that this
class of auxochromes will open new chemical space for fluorophore
engineering®**.,

From the perspective of bioimaging applications, the BD dye
palette enables applications spanning antibody conjugation and immu-
nofluorescence, livemammalian and plant cell labeling, chemoegenetic
sensors, and zebrafish labelingin vivo. Their superb optical properties
are well suited for SIM and STED imaging, with rigorous neck-to-neck
comparisons with widely used state-of-the-art fluorophores. With
additional tuning and functionalization to further optimize the BD
dye palette, such as fine-tuning the spectra®, balancing the lactone-
zwitterion equilibrium®~¢, and alleviating phototoxicity”, we antici-
pate that these bridged-bicyclic fluorophores will serve as infra-
structure for advanced imaging applications, such as multiplexed
single-molecule tracking, volumetric super-resolution imaging, and
chemogenetic sensing (Extended Data Table 1).
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Methods

Optical spectroscopy

UV-vis absorption and fluorescence. Fluorescent dyes were prepared
as stock solutions in DMSO at a concentration of 1 mM and diluted
such that the DMSO concentration did not exceed 0.5% (vol/vol). All
measurements were taken at ambient temperature (23+2°C)in10 mM
air-saturated HEPES buffer, pH 7.3, unless otherwise noted. The UV-vis
absorption spectra of dye solutions were measured using a Deutta
spectrometer (HORIBA Instruments) ina3.5-mlsquare quartz cuvette
(1cm path length, Starna Cells). Emission spectra were measured
using a Shimadzu RF-5301PC spectrofluorometer in the same cuvette.
Normalized spectra are shown for clarity.

Extinction coefficient. Fluorescent dyes were quantified by quantita-
tive nuclear magnetic resonance using a dioxane standard (2.0 pl). A
dilutionseries 0f0.5,1.0,1.5,2.0,and 2.5 uM fluorophore was prepared
in HEPES buffer (10 mM, pH7.3) to determine the €. The ¢,,,,, was meas-
uredin 0.1% (vol/vol) trifluoroacetic acid (TFA) in 2,2,2-trifluoroethanol
(TFE) for the compounds BD528, BD555, TMR, BD586, BD615, and CPY,
or 0.1% TFA in ethanol for compounds BD350, BD356, coumarin 460,
BD623, oxazinel,BD634, SiTMR, BD655, and SiR. Absorbance spectra
were recorded on a Deutta spectrometer (HORIBA Instruments) and
the absorbance maxima were plotted against the concentration. A
linear function was fitted to the data using Origin 2023b, and ¢ values
were calculated from slope following the Beer-Lambert law. Reported
values for eand ¢, are averages (n = 3).

Quantum yield. Absolute fluorescence @ values were measured in
HEPES buffer (10 mM, pH 7.3) using diluted samples (absorption < 0.1)
onaFLS 980 lifetime and steady-state spectrometer (Instruments) that
contained anintegrating sphere to determine photons absorbed and
emitted. Datawere collected by Edinburgh Fluorade. Self-absorption
corrections were performed using the instrument software. Reported
values for @ are averages (n = 3).

Fluorescence Lifetime. 7 values were measured ona FLS 980 lifetime
and steady-state spectrometer (Edinburgh Instruments). Measure-
ments were conducted in HEPES buffer (10 mM, pH 7.3) for BD350,
BD356, coumarin460,BD528, BD555, TMR, BD615, CPY,BD623, oxazine
1,BD634,and SiTMR, and in 0.1% TFA inethanol for BD586, BD655, and
SiR. Single exponential fitting was performed using the instrument
softwareto obtain rvalues. Datawere collected by Edinburgh Fluorade.
Reported values for rare averages (n = 3).

The lactone-zwitterion equilibrium constant. The lactone-zwitterion
equilibrium constant K, , were calculated using the following equation,
asreported’®:

de/smax (1)

Ki-z =
1- de/smax

&q4visthe extinction coefficient of afluorophoreinal:lspectral-grade
dioxane (Sigma-Aldrich) to milliQ H,O (vol/vol) solvent mixture.
Emax Was measured in 0.1% (vol/vol) trifluoroacetic acid (TFA) in
2,2,2-trifluoroethanol (TFE) for BD528, BD555, TMR, BD586, BD615,
and CPY, or 0.1% TFA in ethanol for BD655 and SiR.

Water solubility measurements

[2.2.1]Rhod, TMR, BD528, and BD555 were dissolved in1 mI methanol,
withthefinalstock concentration ranging from10to 50 mM. Thesolvent
was removed in vacuo. After that, 250 pl double-distilled water was
added. The mixture was vortexed and sonicated in an ultrasonic bath
for 45 min at 95 °C. The undissolved pellet was separated through
centrifugation at 3,000g for 5 min. The concentration of dye in the
supernatant was measured using a Deutta spectrometer (HORIBA
Instruments) and then calculated using the Beer-Lambert law.

Bulk photobleaching

Fluorescent dyes were diluted with air-saturated HEPES buffer (10 mM,
pH7.3)to10 uM, followed by irradiation with an LED lamp (520-530 nm,
0.5W cm™for BD528, BD555, TMR, JF549, JF525, Rhod524, BD Yellow,
and ATTO 532 (AAT-Bioquest: 2820); 590-600 nm 0.5 W cm*for BD615,
CPY, BD Orange, and ATTO 594 (AAT-Bioquest: 2858); 620-630 nm,
0.5W cm™for BD Red and ATTO 647N (AAT-Bioquest: 2854)). UV-Vis
spectrawererecorded onamicroplate reader (TECAN Infinite M Nano®)
in 96-well plates with optical bottoms (Costar) every 15 min over the
course of 90 min. This experiment was independently repeated
three times.

Nonspecific labeling of bovine serum albumin with dye
photo-byproducts

JF549 and BD555 (10 M) and BSA (5 mg ml™) were dissolved in 1ml
air-saturated PBS buffer (pH 7.4). The mixture was irradiated under an
LED lamp (0.5 W cm™, 520-530 nm) for 30 min with continuous shaking.
Afterwards, the samples were mixed with 5x loading buffer (LBP6510-10,
COFITT) supplemented with 2-mercaptoethanol to a final concentration
0f10%.Samples were heated for 5minat 95 °C,and al0-pl aliquot of each
sample was loaded into the gradient 4-15% Mini-PROTEAN TGX precast
proteingels (Bio-Rad). SDS-PAGE was performed in Mini-PROTEAN Tetra
Cell (Bio-Rad) apparatus, with the voltage set to 125 V, until the loading
dye had runoutofthe gel. In-gel fluorescence was acquired with Bio-Rad
Image System (Cy3 channel). Afterwards, the gels were stained with
Coomassie Brilliant Blue G-250 for protein quantification. Image quan-
tification was performed using Fiji software region measurement tool.

Computational chemistry

All calculations were carried out with Gaussian16 software™. The B3LYP
functional®® was adopted for all calculations in combination with the
D3B]J dispersion correction®. For geometry optimization, frequency
calculations and TD-DFT calculations, the 6-311G(d) basis set®* was
used. The vertical ionization energies were further derived from single
point calculations using the 6-311+G(d,p) basis set®’. The SMD solvation
model®* was used to take account of the solvation effect of water for
allthe calculations.

Cell biology

Cell culture. HeLa (HARVEYBIO, MB5422-S), COS-7 (HARVEYBIO,
MBS5841), and U-2 OS EF1la-H2B-HaloTag7-expressing (gift from
W. Deng’s lab, Peking University) cells were cultured in Dulbecco’s
modified eagle medium (DMEM, 4.5 g L' glucose, Macgene catalogue
number CM10017) supplemented with10% (vol/vol) fetal bovine serum
(FBS, Thermo Fisher Scientific catalogue number 10500064) and
1% (vol/vol) penicillin-streptomycin solution (10 IU ml™ penicillin,
0.1 mg ml* streptomycin, Macgene catalogue number CC004) in a
humidified 5% CO, incubator at 37 °C. To prepare cells stably express-
ing histone H2B-HaloTag7-GFP, HeLa cells were integrated with an
expressing plasmid through the PiggyBac transposase. Cells were
split every 2-3 days or at confluency, and were regularly tested for
mycoplasma contamination.

Transfection of cells. HeLa and COS-7 cells were transfected 24-48 h
before imaging using lipofectamine 3000 (Thermo Fisher Scientific
catalogue number L3000015). Transfection was carried out according
to the manufacturer’s protocols. After 6-12 h, the residual transfection
reagent was removed and washed with DMEM. The cells were main-
tained in fresh medium for another 18-24 h before staining with dyes.

Fixation for immunofluorescence labeling. Hela cells were grown
for48-72 honglass coverslips and washed three times with PBS buffer
(pH 7.4) before fixation. Cells were prefixed in 4% (vol/vol) formalde-
hyde (FA) in PBS for 45 s, permeabilized in 0.4% (vol/vol) Triton X-100
in PBS for 3 min, and fixed in 4% (vol/vol) PFA and 0.1% (vol/vol) glutaric
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dialdehyde (GA) in PBS for another 15 min at 37 °C. PFA and GA were
quenched by 100 mM NH,Cl and 100 mM glycine in PBS for 10 min.
After washing twice for 10 min in PBS, the cells were labeled with the
corresponding antibodies.

Antibody labeling using NHS ester dyes

BD Yellow, Orange, and Red NHS esters (500 nmol) were dissolved in
20 pIDMSO. Then, the stock solutions were mixed with1 mgsecondary
antibody (in PBS buffer, pH 8.3, adjusted by NaHCO; solution) ina pro-
portion of20-25 equivalents of dye to protein. After that, the mixture
was incubated at room temperature for 2.5 hin the dark and was then
purified using a gelfiltration column (Sephadex G-25, Sigma-Aldrich).
UV-Vismeasurements were performedinaNanoDrop One small volume
spectrometer (Thermo Scientific) to determine the degree of labeling
(DOL, dye to protein ratio).

UV-Vis and fluorescence spectra of dye-HaloTag conjugates
HaloTag7 protein was recombinantly expressed and purified follow-
ing an established protocol and stored as a100 puM solutionin 50 mM
HEPES buffer containing 50 mM NacCl, pH 7.4. Fluorescent HaloTag
ligands were diluted to 2 uM in 10 mM HEPES, pH 7.3. Then an aliquot
of HaloTag7 protein (3.0 equivalents) was added, and the resulting
mixture was incubated at 37 °C for 4 h. UV-Vis and emission spectra
measurements were recorded on amicroplate reader (TECAN Infinite
M Nano®) in 96-well plates with optical bottoms (Costar). Reported
values are averages (n =3 independent experiments).

Cloning, protein expression, and purification

HaloTag7 was clonedina pET21b(+) vector (Zoman) for productionin
Escherichia coli, featuring anamino-terminal His7 tag and a PreScission
Protease (PP) cleavage site. Cloning was performed by Gibson assem-
bly using E. coli DH5a cells (Beijing Zoman Biotechnology catalogue
number ZC101). Proteins were expressed in E. coli strain BL21(DE3)
(Beijing Zoman Biotechnology catalogue number ZC121). Lysogeny
broth (LB) cultures were grown at 37 °C to an optical density at 600 nm
(ODy,() 0of 0.8. Protein expression wasinduced by the addition of 1 mM
isopropyl B-D-thiogalactopyranoside (IPTG), and cells were grown at
37 °Cfor4 hand18°Covernight. The cells were centrifuged at4,000g
and 4 °C for 20 min. The pellet was collected and sonicated on ice in
standard TBS buffer (20 mM Tris-HCI, 150 mM NaCl, pH 8.0) with2 mM
B-mercaptoethanol and 1 mM phenylmethanesulfonylfluoride (PMSF).
Then, the cell debris was removed by centrifugationat40,000g (JA-20,
Beckman) at 4 °C for 30 min. The supernatant was loaded onto the
TALON column (Clontech) and washed with 20 mM Tris-HCI (pH 8.0)
and 500 mM NaCl, 2 mM -mercaptoethanol, followed by TBS buffer
with10 mM imidazole. The column was eluted with 250 mM imidazole
in TBS. The eluted protein was concentrated using Amicon Ultra 15-ml
10-kDa centrifugal filters (MilliporeSigma), and loaded onto a Super-
dex20010/300 GL column (Cytiva) in TBS buffer, followed by purifica-
tion with AktaPure chromatography system (Cytiva). The N-terminal
His7 tag was removed by overnight cleavage with self-purified GST
tagged PreScission Protease at 4 °C. The proteins were further puri-
fied by affinity-tag purification using a 5 ml HisTrap FF crude column
(Cytiva) and a GSTrap HP Column (Cytiva) on an AktaPure chroma-
tography system (Cytiva), in which the flow-through fractions were
collected. Proteins were further separated by size-exclusion chroma-
tography (Superdex20010/300 GL column, Cytiva) inamobile phase
of standard TBS buffer and concentrated using Amicon Ultra 15-mL
10-kDa centrifugal filters (MilliporeSigma). Protein purity was verified
through SDS-PAGE. Proteins were aliquoted and stored at -80 °C after
being flash-frozenin liquid nitrogen.

Protein labeling and crystallization
HaloTag protein labeling was performed 2 hat 37 °C at a final concen-
tration of 10 uM (BD626,,1,) inthe presence of 5 uM HaloTag7 protein.

The protein was concentrated with Amicon Ultra15-m110-kDa centrifu-
gal filters (MilliporeSigma), and the excess of fluorophore substrate
wasremoved by a5 mlHiTrap Desalting column (Cytiva). Dye-protein
conjugates were further purified by size-exclusion chromatography
(Superdex20010/300 GL column, Cytiva) in amobile phase of crystalli-
zation buffer (10 mM Tris-HCI, 100 mM NacCl, pH 8.0) and concentrated
using Amicon Ultral5-mL10-kDa centrifugalfilters (MilliporeSigma) to
afinal concentration of 30 mg ml ™. Dye-protein conjugates underwent
crystallization trials using different commercial screens by mixingina
protein solution/crystallization solution (1:1; 200 nl final volume) using
aNT8 Drop Setter for Protein Crystallization (Formulatrix).

BD626,,;,-HaloTag7 crystallization

Crystallization was performed at 20 °C using the vapor diffusion
method. Crystals of HaloTag7 labeled with BD626,,;, fluorophore
substrate were grown by mixing equal volumes of a 30 mg ml™ pro-
teinsolutionincrystallization buffer (10 mM Tris-HCI, 100 mM Nacl,
pH8.0) and areservoir solution containing 0.1 M sodium cacodylate
(pH?7.3),0.2 Mammonium sulfate, and 32% (mass/vol) PEG 8000. The
crystals were briefly washed with a cryoprotectant solution consist-
ing of the reservoir solution with glycol added to a final concentra-
tion of 20% (vol/vol) before being flash-cooled in liquid nitrogen.
Single-crystal X-ray diffraction data were collected at 100 K in the
X-ray crystallography facility at Tsinghua University (XtaLAB Synergy
Custom FRX and a hybrid photon counting detector HyPix6000,
Rigaku). The structure of HaloTag7 labeled with CPY,,;, was deter-
mined by molecular replacement (MR) using Phaser®, and the
coordinates of PDB 6Y7A as a search model. Geometrical restraints
for BD626,,;, were generated using the JLigand®® program in CCP4
(ref. 67). The final models were optimized initerative cycles of manual
rebuilding using Coot®**’ and refined using phenix.refine’’. Data col-
lection and refinement statistics are summarized in Supplementary
Table 2, and the model quality was validated with MolProbity” as
implemented in PHENIX",

Confocal imaging

Confocalimaging was performed on a Leica SP8 FALCON microscope
(Leica Microsystems) equipped with a Leica TCS SP8 X scan head, a
SuperK white light laser (WLL), Leica HyD SMD detectors, and a x100,
1.40-NA oil objective. Data were collected using the Leica LAS X plat-
form.For Figure 4i, CPY,;; and BD626,,;, were excited at 620 nm (WLL,
10% intensity, emission 625-657 nm). For Fig. 4k,|, SiR;;, and BD666,,;,
were excited at 658 nm (WLL, 10% intensity, emission 663-713 nm).
Other selected images were acquired with an Abberior STEDYCON
microscope (Abberior Instruments) equipped with 488 (4.4 pW, emis-
sion 500-550 nm)/561(5.0 pW, emission 575-625 nm)/640 (8.5 pW,
emission 650-750 nm) laser and a x100, 1.4-NA oil objective. Data were
collected by STEDYCON 7.1.53. The Leica microscope was equipped
with alive cellincubator (Life Imaging Services, 37 °C).

Live-cell fluorescence signal, labeling kinetics, and signal-over-
background ratio. HeLa cell lines stably expressing histone H2B-
SNAP-eDHFR-L28C-HaloTag7-GFP were seeded. For TMR,;;; (Promega
catalogue number G8251), JF549,,;, (Promega catalogue number
HT1020), and BD566,,;,, cells were labeled with 200 nM dyes for 2 hat
37°C and washed once with culture medium (DMEM) before imaging.
For CPY,;, (SpiroChrome catalogue number SC306) and BD626,;,,
cells were labeled with 200 nM dyes for 1 h at 37 °C and washed once
before imaging. For SiR,;;; (SpiroChrome catalogue number SC506)
and BD666,,;,, cells were labeled with 200 nM dyes for 1 h at 37°C and
directly used for imaging without a washing step. Cells were focused
inthe 488 channel, and signals from the 561 or 640 channels were col-
lected. The fluorescence signal intensity was measured from 12 fields
of view in 3 repeated experiments (n > 150 cells) and normalized to
the green fluorescent protein signal to correct for expression levels.
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Pvalues were calculated using the T.TEST function in Microsoft Excel
16.88. Statistical charts were drawn using GraphPad Prism 9.5.1.

Live-cell labeling of kinetic experiments was performed using
200 nMdyein the staining medium. The cells were imaged every 10 min
for TMRy; and BD566,,;; and 2.5 min for CPYy;, BD626,;, SiRyyr, and
BD666,,;;. The nuclear fluorescence intensity was quantified from a
total of >100 cells in 3 individual experiments, averaged, and normal-
ized to theinitial and maximal fluorescence signal.

To determine the signal-over-backgroundratio, live HeLa cells sta-
bly expressing H2B-SNAP-eDHFR-L28C-HaloTag7-GFP and wild-type
Hela cells were coseeded (1:1) at 37 °C in a humidified 5% (vol/vol)
CO, environment for 1-2 days. The cells were labeled with 200 nM
of SiR,r; and BD666,;; and directly imaged after 60 min. The white
dashed lines (Fig. 4g) indicate the wild-type HeLa cells, which were
located on the basis of brightfield images. The fluorescence signal in
nucleus (F,,.:HeLaH2B-SNAP-eDHFR-L28C-HaloTag7-GFP cells) and
cytoplasm (F,:wild-type HeLa cells) was corrected by subtracting the
average density of adjacent background regions. The F,,.and F,, values
were determined on the basis of 150 cells in 3 repeated experiments.
Signal-over-backgroundratiois calculated as F,,./ Fy..
STED imaging
STED imaging was performed on an Abberior Facility microscope
(Abberior Instruments) equipped with a 640-nm laser and a x60,
1.4-NA oil objective. Pixel sizes of 20 nm were used for single-frame
super-resolution imaging. BD Orange, BD Red, BD626,;;,, and control
dyeswere excited at 640 nm (8.5 uW, emission 650-750 nm), and STED
was performed usinga pulsed depletionlaserat 775 nm (-60t0200 mW)
with gating of 1-7 ns and a dwell time of 10 ps. Data were collected by
Abberior Imspector 16.1.7098. The fluorescence intensity was fitted
using aGaussian fitin Origin 2023b software,and FWHM was estimated.

For3D STED imaging, BD626,,, (500 nM, 30 min, 37°C, one wash)
were excited at 640 nm (10 pW, emission 650-750 nm), and STED was
performed using a pulsed depletion laser at 775 nm (-80 mW, 80% to
two dimensions and 20% to 3D) with pixel sizes of 40 nm and a dwell
time of 8 ps.

For time-lapse STED imaging, BD626,,;, and control dyes (500 nM,
30 min, 37°C, one wash) were excited at 640 nm (5 pW, emission
650-750 nm), and STED was performed using a pulsed depletion laser
at 775 nm (-60 mW) with pixel sizes of 30 nm, gating of 1-7 ns, and a
dwell time of 10 ps (20 s per frame).

SIMimaging

SIMimaging was performed on the Polar-SIM system from Airy Technol-
ogy. The SIMis equipped with a wide-field objective lens (CFISRHP Apo
TIRF X100, 1.49-NA, Nikon). BD566,,;, was excited at 561 nm (200 mW,
25%, emission 575-625 nm). The original images were captured using
ansCMOS camera (Hamamatsu, Orca Flash 4.0 version 3). Images were
thenreconstructed using Airy SIM’s specialized processing software.

Single-molecule imaging

Microscopy setup. All single-molecule tracking (SMT) experiments
were conducted using a custom-built Nikon Ti2 microscope, as
described previously”. It was equipped with two EM-CCD cameras
(Andor, iXon Ultra897),a x100,1.49-NA oil-immersion TIRF objective
(Nikon apochromat CFI Apo TIRF x100 oil), a perfect focusing system
(Applied Scientific Instrumentation), and a stable-top chamber that
maintains 37 °C and 5% CO, (Tokai Hit). The HILO illumination was
achieved by a Nikon TIRF module, multiple lasers (405 nm: maximum
140 mW, OBIS, Coherent; 560 nm: maximum1W, MPB; 642 nm: maxi-
mum 1.5 W, MPB) controlled by the AOTF system (AA Opto-Electronic,
AOTFnC-VIS-TN), a multi-band dichroic mirror (405-, 488-, 561-, and
633-nm quad-band, Semrock) and emission filters (TMR,y7,, JF5491,,
BD566,: Semrock 593/40-nm band-pass filter; BD626,;,, SiR,r, and
BD666,;,: Semrock 676/37-nm bandpass filter).

Cell labeling for SMT. U20S stably expressing histone H2B-HaloTag
fusion proteins were generated by coexpressing the PiggyBac EFla-
H2B-HaloTag-IRES-Neo vector with the PiggyBac transposase,
followed by G418 selection (400 pg ml™) for 2 weeks and verifica-
tion through FACS sorting. U20S cells were plated on 8-well Cell-
vis chambers (Cellvis catalogue number C8-1.5H-N) with number
1.5 high-performance cover glass and were cultured in the complete
DMEM (Gibco, catalogue number C11995500BT) supplemented with
10% FBS (VisTech, catalogue number SE100-011) and 1% penicillin—
streptomycin (Hyclone, catalogue number SV30010)). To label Halo
fusion protein in living cells, Halo-ligand-conjugated fluorescent
dyes at the indicated final concentrations were added to culture
medium (2.5 pM for TMRy;,, JF549,1,, BD566,1,, BD626,,7,, SiRyyr., and
BD666,,r,) and incubated in a cell incubator for 30 min. The medium
was then removed, and two rounds of incubation (30 min) with fresh
medium were performed to remove free dyes and fixed cells with
500 pl 4% paraformaldehyde after 30 min. In each step, the medium
was prewarmed, and caution was taken to avoid detaching cells from
the glass bottom.

Acquisition and analysis of SMT data. The slowSMT experiments
used a long exposure time (500 ms) and continuous low-intensity
laser illumination to capture the position of slow-moving molecules.
Generally, each cell was captured for 2,000 frames with a 500-ms
exposure time at 10% maximal excitation power. The microscope,
laser lines, and camera integration were controlled using the Nikon
NIS-Elements software. The slowSMT movies were analyzed using
custom-made MATLAB scripts (https://gitlab.com/tjian-darzacq-lab/
SPT_LocAndTrack) implementing a multiple-target tracking algo-
rithm™ to generate single-molecule trajectories. The settings used
inthe MATLAB scripts for slowSMT were as follows: localization error,
1x10°%%; deflation loops, O; blinking (frames), 1; maximum com-
petitors, 3; maximum diffusion coefficient (um?s™), 0.7. For SPT
brightness, intensity values from the first frame of the imaging
experiment were analyzed. For SPT duration, the single-molecule
trajectories of each cell were combined, and a survival curve was
generated on the basis of the 1 - cumulative distribution function
(1- CDF) histogram.

Voltage imaging

Cell culture and transfection. HEK293T cells (Solarbio, catalogue
number SCC-120511-1EA) were incubated in DMEM (Gibco) contain-
ing10% vol/vol FBS (Gibco) at 37 °C with 5% CO,. Cellswere seededina
24-well plate and grown to 70-90% confluent for transfection. Then,
500 ng plasmid of Voltron2 and 1 pl Lipofectamine 2000 reagent were
mixed in Opti-MEM medium and added to the culture cellin DMEM for
4-8 h. After that, cells were digested by trypsin-EDTA (0.25%, Gibco),
reseeded on a sterile 14-mm glass coverslip pre-treated with matrigel
matrix, and incubated in complete medium for 24 h before BD566,;7,
labeling.

Primary rat hippocampal neurons were digested from isolated
fromratbrains at postnatal day O and seeded on12-mm glass coverslips
precoated with 20 pg ml™ poly-D-lysine (Sigma) and 10 pg ml* laminin
(Gibco). Neurons were incubated at 37 °C with 5% CO, in neuronal
culture medium (Neurobasal medium, B-27 supplement, GlutaMAX
supplement, and penicillin-streptomycin). Neurons were transfected
on day 8 in vitro. For each well of a 24-well plate, 500 ng plasmid of
Voltron2and1 pl Lipofectamine 3000 reagent (Invitrogen) were mixed
in Neurobasal medium and then incubated neurons with the mixture
for 45 min at 37 °C with 5% CO,. Transfected neurons were labeled and
imaged after 3-10 days.

Voltage imaging. Neurons expressing Voltron2 were labeled with
BD566,,;, (100 nM in DMEM) at 37 °C with 5% CO, for 30 min. After
that, neurons were gently rinsed three times with DMEM and were
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transferred to Tyrode’s buffer before imaging. Voltage imaging was
conducted using an inverted microscope (Nikon-TiE) equipped
with a objective CFIl PlanFluor x40, NA-1.3 (Nikon), one laser line
(561 nm, Coherent OBIS), and one scientificCMOS camera (Hama-
matsu ORCA-Flash 4.0 v2). The microscope, lasers, and cameras were
controlled by a custom-built software written in LabVIEW (National
Instruments, 15.0 version). To record action potentials, fluorescence
images were captured at a frame rate of 400 Hz, under ~1.6 W cm™
561 nmillumination. Image analysis was performed in MATLAB (version
R2018b) and Image]/Fiji (version 1.53t).

To investigate photobleaching of BD566,,;, and JF552,,;, in cells,
Voltron2 was transfected in HEK293T cells. Transfected cells were
labeled with BD566y,;; and JF552,;,, and cells were fixed with 500 pl 4%
paraformaldehyde after 24 h. Cells were transferred to Tyrode’s buffer
and thenilluminated with 561 nm (-2 W cm™) lasers.

Imaging of plant cells

A. thaliana ecotype Columbia-0 (Col-0) and N. benthamiana
were used as the wild-type control. Constructs were introduced
into plants through the floral-dip method of Agrobacterium
tumefaciens-mediated transformation”. Seeds were surface-sterilized
using a4:1 mixture of ethanol and H,0, (70% ethanol:30% H,0,), then
stratified at4 °Cfor 24 hinthe dark. Arabidopsis was grown for 4 days
on1/2 MS medium supplemented with 1% sucrose under a16-h light-
8-h dark (23 °C-25°C) photoperiod before imaging. The leaves of
6-week-old N. benthamiana plants were coinfiltrated with equal vol-
umes of different Agrobacterium tumefaciens strain combinations, and
theimages were captured after 2 days at 23 °C-25 °C.

Arabidopsis seedlings and N. benthamiana leaves expressing
the HaloTag vector were transferred into centrifuge tubes and
infiltrated with HaloTag ligand solution (200 nM JF646,;,(Promega
catalogue number HT1060),200 nM BD626,,,), which wasincubated
forl1hinthedarkat23-26 °C. Careful washing foraminimum of4 hor
up to overnight in water was essential to minimize nonspecific back-
ground’. For imaging, a 4-day-old seedling was used and placed on a
35-mm-diameter,170-pm-thick cover glass slide. Live-cellimaging was
carried out on a GE Healthcare Delta Vision OMX SR imaging system
furnished with a high NA x60,1.42-NA objective. The GFP fluorophore
was excited at 488 nm (200 mW, 20%, emission 500-550 nm).JF646,;,
and BD626,,;, were excited at excited at 640 nm (200 mW, 5%, emis-
sion 650-700 nm). Reconstruction and image analysis of the TIRF-SIM
images were executed using SoftWoRx v5.9 (GE).

Invivo confocal imaging in larval zebrafish

For zebrafish experiments, larvae at 4-6 days postfertilization (dpf)
were used in this study. Zebrafish adults, embryos, and larvae were
maintainedat 28 °Cinsystem water onal4-hlight,10-h dark cycle. All
procedures were approved by the Institute of Neuroscience, Chinese
Academy of Sciences.

The elavi3-H2B-HaloTag plasmid (25 ng pl™), mixed with Tol2
transposase mRNA (25 ng pl™), was injected into fertilized embryos
with a Nacre background at the one-cell stage to generate chimeric
transgenic fish. Beforeimaging, larvae at 4 dpf were soaked in the dye
solution (3.3 pM in system water) for 1 h. Afterward, they were placed
backinclean system water for 2 hto wash off the surface dye, and then
imaging was performed. An FV3000 confocal microscope (Olympus)
equipped with a x20, 1.0-NA water-immersion objective was used on
fish embedded in 2% agarose gel to obtain 1,024 x 1,024-pixel z-stack
images. BD566,,;, was excited at excited at 561 nm (1 W, 5%, emission
593/40 nm); The BD626,;; was excited at excited at 633 nm (1.5 W, 5%,
emission 676/37 nm).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study are presented in the main text
or Supplementary Information. The raw high-performance liquid
chromatography, mass spectrometry, and nuclear magnetic resonance
spectroscopy data are provided in the Supplementary Information.
The structure of HaloTag7 bound to BD626,;, has been deposited in
the Protein Data Bank (PDB 6Y7B).

The raw imaging data for Figures 4d, and 5c,f,h are provided as Sup-
plementary Videos 1-4. All chemical probes reported in this work are
available from the corresponding author upon reasonable request.
Selected BDyy, dyes are commercially available from Genvivo Biotech
and Spirochrome. Source data are provided with this paper.
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15.0°

Extended Data Fig. 1| A crystal structure of BD626,,;, at the HaloTag7 shows or gray cartoons. Fluorophores and residues are shown as sticks. A polar
additional interactions between dye and protein. (a)Structural comparison interactionisidentified between the bridged auxochrome and Q165 and shown
between HT7-CPY (cyan, PDB 6Y7B) and HT7-BD626 (yellow, PDB 9JHA); as dashed lines with annotated distances; (d)A overlaid comparison of CPY
(b-c) Close-ups of the substrate binding sites. Proteins are represented as pink and BD626,,;, inthe pocket of HT7.
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BD566,,7, :HT-TOMM20 (SIM)

Frame

Extended Data Fig. 2| BD566,;, enables time-lapse SIMimaging. (a) Time-lapse SIM images of live COS-7 cells stably expressing TOMM20-HT7 labeled with BD56 6,1,
(500 nM,1h,37°C, one wash), scale bar=2 um; (b) Normalized fluorescence decay curves of samplesin (a), n = 4 in2independent experiments; error bar show +s.d.

Normalized Intensity
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YZ

BD626,,;, :HT7-Cep41

Extended Data Fig. 3| BD626,;, can offer 25 z-frames for 3D reconstruction, cells expressing Cpe41-HT7 labeled with BD626,,;, (500 nM, 30 min, 37 °C,
enabling the construction of the distribution of the cytoskeleton (Cep41) onewash). An area of 52.5 x 51.0 pm (x-y) was recorded in 65 nm z-stacks over
throughout the entire cell. Orthogonal views of 3D-STED images of fixed HeLa 25times; scale bar=1pm.
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Extended Data Table 1| The major advantages BriDyes bring out in the manuscript by head-to-head comparisons

Figures Assays Fluorophores Advantages of BriDyes
Nonspecific
2| protein BD555 v.s. JF549 Free from non-specific photocrosslinking
crosslinking
Crystal
4c BD626y, v.s. CPY,p New polar interaction between dye and protein
Structure
19% higher brightness
Single-molecule 70% longer tracking lifetime
4d,e,f BD566y, v.s. JF549,;
imaging > 3 folds counting lifetime
Highest localization counts
4s Voltage Imaging  BD566y v.s. JF552, 2.6 folds higher photostability
>30 Z-stack images
5b 3D STED BD626;,
covering the entire mitochondria
>25 Z-stack images
ED3 3D STED BD626;7,
covering cytoskeletal protein throughout the entire cell

scad Time-lapse BD6267, v.s. SiRyy t,2:~2 times longer than SiRy;_

C

STED &JF646, 1~3 times longer than JF646,,;
5g SIM (plant cell) BD626y, v.s. JF646, t,2:~20 times longer than JF646,,;,
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