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Rhodamine fluorophores are setting benchmarks in fluorescence microscopy. Herein, we report the
deuterium (d12) congeners of tetramethyl(silicon)rhodamine, obtained by isotopic labelling of the four
methyl groups, show improved photophysical parameters (i.e. brightness, lifetimes) and reduced

chemical bleaching. We explore this finding for SNAP- and Halo-tag labelling in live cells, and highlight
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Accepted 2nd June 2022 enhanced properties in several applications, such as fluorescence activated cell sorting, fluorescence
lifetime microscopy, stimulated emission depletion nanoscopy and single-molecule Forster-resonance

DOI: 10.1039/d1sc06466e energy transfer. We finally extend this idea to other dye families and envision deuteration as
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Introduction

Fluorescence microscopy is the technique of choice in modern
biomedical research to elucidate structures or to interrogate
function. Efforts to improve performances resulted in the
development of super-resolution microscopy (nanoscopy),
which is defined to obtain resolution higher than the diffraction
limit described by Abbe's law.'* While optics and instruments
have been advanced constantly, the elaboration of synthetic
molecular dyes has driven the field to the current state-of-the-
art.* Given their small size, and the possibility to target them to
cellular organelles by linking them to molecular targeting
scaffolds (e.g. ER-Tracker™ or MitoTracker™) or to self-
labelling protein (e.g. SNAP/Halo-tag fusions) substrates, is
making them an attractive choice for the visualization and
interrogation of biomolecular function.>® Several chemical
scaffolds, for instance nitrobenzodioxazoles (NBDs)” and
coumarins,® remain interesting synthetic targets, yet xanthene
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a generalizable concept to improve existing and to develop new chemical biology probes.

dyes, which include tetramethylrhodamine (TMR) and silicon
rhodamine (SiR), experienced a renaissance in terms of novel
modifications to tune and boost important parameters, such as
color, brightness, lifetime and reactivity.”"* Isotopic labelling
was recently among this,"'® yet remained underexplored.

Results

We fill the gap of isotopic labelling by designing, synthesizing,
and testing carboxy-6-tetramethylrhodamines, in which each
CH; group is replaced by CD; (Fig. 1A and Scheme S1f).
Comparing deuterated and conventional rhodamines, we find
that some photophysical properties remained unchanged, such
as maximal excitation and emission wavelengths (Agyem(TMR(-
d12)) ~ 550/575 nm; Apyem(SiR(-d12)) ~ 650/670 nm) (Fig. 1A
and B), while others do change dramatically, such as extinction
coefficients (¢(TMR)® = 78000 wvs. ¢TMR-d12) =
90000 M™' cm™'; £(SiR)® = 141000 vs. (SiR-d12)
156 000 M~ "' cm™ ') and absolute quantum yields (®(TMR) =
0.43 vs. ®(TMR-d12) = 0.51; #(SiR) = 0.35 vs. P(SiR-d12) = 0.46)
leading to augmented brightness (¢ x @ x 107 TMR = 34 vs.
TMR-d12 = 46; SiR = 49 vs. SiR-d12 = 72) (Fig. 1A and Table
S1t). As silicon rhodamines are highly fluorogenic dyes, it is
important to assess their maximal extinction coefficients for
comparison in 1% TFA in EtOH,>* which on the flipside does
not resemble a physiological solvent system to acquire for
instance bleaching experiments. As such, we used TMR(d12) in
buffer and subjected samples to strong white light irradiation
and recorded fluorescence output after different time points.
Indeed, we obtained slower bleaching rates for the deuterated
compound (k(TMR) = 3.24 x 10> vs. ((TMR-d12) = 1.80 x 10>
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Fig.1 Deuteration improves tetramethylrhodamine brightness. (A) The isotopic deuterium incorporation on the four methyl groups leads to d12
variants of TMR (X = O) and SiR (X = SiMe,). Derivatization on the 6-carboxylate allows synthesis of BG-, CA- and Mal-congeners for SNAP-tag,
Halo-tag and thiol labelling, respectively. (B) Excitation and emission spectra of TMR(-d12) (top) and SiR(-d12) (bottom). (C) Fluorescence
polarization (mP) assay of BG-TMR(-d12) (top) and BG-SiR(-d12) (bottom) when incubated with SNAP; to determine labelling kinetics. (D) In vitro
FRET assay of a BG-TMR(-d12) and CA-SiR(-d12) labelled SNAP-Halo protein shows an increase of acceptor/donor emission ratio for deuterated
compounds. n = 3 measurements. °In PBS; in EtOH + 1% TFA; in activity buffer (containing in mM: NaCl 50, HEPES 50, pH 7.3); “R = BG and

SNAP in vitro in activity buffer; “SNAP bound in cells.

s~ ') with respect to the hydrogen-bearing molecule (Fig. 1A and
ESI Fig. 11). We furthermore equipped TMR-d12 and SiR-d12
with a bioorthogonal O°-benzylguanine (BG), a chloroalkane
(CA) or a maleimide (Mal) linker handle on their 6-carboxy
position for SNAP-, Halo-tag or thiol labelling, respectively. The
in vitro labelling of SNAP with BG-TMR-d12 and BG-SiR-d12
could be traced by an increase in fluorescence polarization to
determine labelling kinetics, which do not differ between
hydrogenated and deuterated substrates (((TMR) = 52.1 x 10 °
vs. k(TMR-d12) = 56.8 x 10~* s7"; k(SiR) = 29.5 x 10> vs. k(SiR-

8606 | Chem. Sci, 2022, 13, 8605-8617

d12) = 23.6 x 107* s7") (Fig. 1A and C). By labelling a SNAP-
Halo construct with CA-TMR/BG-SiR or BG-TMR/CA-SiR as
donor/acceptor pair, the improved photophysical properties
lead to an increased efficiency in Forster resonance energy
transfer (FRET) by 2% and 8%, respectively, for the d12 variants
(Fig. 1D). These results highlight that even subtle chemical
changes can have pronounced effects on spectroscopic proper-
ties, exploring the chemical space in a new direction.

We next turned to SNAP labelling and imaging in live cells on
targets that are expressed extracellular or intracellular to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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determine their tagging and permeability characteristics.® First,
we employed CHO-K1 cells stably expressing SNAP-tagged
glucagon-like peptide 1 receptor (SNAP-GLP1R:CHO-K1),"”
a cell line intensely used to study the physiology of this class B G
protein-coupled receptor (GPCR), which is involved in glucose
homeostasis and a drug target in diabetic patients,'®* as
a benchmark for d12 performances. As such, cells were labelled
with 1 pm BG-TMR/SiR(-d12) for 30 min, before washing and live
imaging by confocal microscopy, revealing staining of SNAP-
GLP1R with all deuterated and parental dyes tested (Fig. 2A).
Secondly, having established labelling on the outer plasma
membrane, we investigated intracellular staining in live HeLa
cells that stably express SNAP-tagged Cox8A (SNAP-Cox8A:HeLa)
in the inner mitochondrial membrane (Fig. 2B), which has been
used to study mitochondrial ultrastructures in live cells.**** As
for SNAP-GLP1R, we observed clean labelling with all dyes, and

View Article Online
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for both colors with an observable increase in brightness for the
d12 derivatives. With this enhanced performance in micros-
copy, we wanted to quantify brightness by fluorescence acti-
vated cell sorting (FACS) to obtain robust values over large
sample sizes. Accordingly, we labelled SNAP-GLP1R:CHO-K1
and SNAP-Cox8A:HeLa cells with both, BG-TMR(-d12) and BG-
SiR(-d12) to compare red and far-red color intensities by
subsequent sorting (Fig. 2C). Histograms of labelled SNAP-
GLP1R:CHO-K1 cells showed a right-shift in fluorescence
intensity when dyes were deuterated (Fig. 2C, left). In line with
this, labelled SNAP-Cox8A:HeLa cells exhibited a pronounced
shift to higher intensities for SiR-d12 compared to its non-
deuterated congener (Fig. 2C, right), while TMR(d12) only dis-
played a subtle change. By normalizing intensities and
comparison, we calculate higher mean intensities for our
deuterated dye versions (Fig. 2D). While no large increase was
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Fig. 2 Microscopy and cell sorting reveal increased intensities of tetramethylrhodamines. (A) BG-TMR(-d12) (top) and BG-SiR(-d12) (bottom)
label stable SNAP-GLP1R expressing CHO-K1 cells. Scale bar = 10 um. (B) BG-TMR(-d12) (top) and BG-SiR(-d12) (bottom) label stable SNAP-
Cox8A expressing Hela cells. Scale bar = 10 um. (C) Raw data from cell sorting of BG-TMR(-d12) (top) and BG-SiR(-d12) (bottom) labelled stable
SNAP-GLP1R:CHO-K1 and SNAP-Cox8A:Hela cells from (A) and (B). (D) As for C, normalized results including mock cells. (E) Fluorescence
lifetimes of BG-TMR(-d12) (top) and BG-SiR(-d12) (bottom) labelled SNAP-GLP1R:CHO-K1 cells. Measurements from individual cells pooled from
2 independent experiments. Mean + SD, **** indicates statistical significance (unpaired t-test, p < 0.0001). (F) As for (E) but bleaching curves.n =
3 independent experiments. Mean + SD. **** indicates statistical significance (unpaired t-test, p < 1079), n.s. = non-significant.
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observed in SNAP-Cox8A:HeLa cells for TMR-d12 (2%), mean
intensity was markedly increased in SNAP-GLP1R:CHO-K1 cells
(24%). Furthermore, SiR-d12 outperformed SiR on SNAP-GLP1R
and SNAP-Cox8A with an intensity increase of 29% and 50%,
respectively. In addition, fluorescent lifetime confocal micros-
copy (FLIM) revealed longer fluorescent lifetimes for di2
congeners compared to their counterparts (7(TMR) = 2.3 vs.
7(TMR-d12) = 2.6 ns; 7(SiR) = 2.9 vs. 7(SiR-d12) = 3.5 ns) (Fig. 2E
and Table S1t). Accounting for a higher chemical stability,
TMR-d12 was not as susceptible to bleaching as TMR, while SiR
and SiR-d12 exhibited similar, and compared to TMR, more
photostable trends of bleaching in this microscopic setup
(Fig. 2F). Setting the stage for more imaging opportunities, we
endowed our recently reported LUXendin651, a SiR-linked
antagonistic peptide with high affinity and selectivity towards
GLP1R,**** with the SiR-d12 congener via cysteine conjugation
to Mal-SiR-d12 (ESI Fig. 2A and Bf). While this peptide targets
the orthosteric site of GLP1R (ESI Fig. 2C7), we observed higher
signal intensities and longer lifetimes (ESI Fig. 2D, E and Table
S2+) of LUXendin651-d12 in fixed SNAP-GLP1R:CHO-K1 cells
when compared to its first generation LUXendin651. These
results demonstrate that rhodamines with CD; bearing amines
are not only applicable to live cell imaging but outperform non-
deuterated fluorophores, which is in line with our in vitro data
of the unbound dyes.

With these encouraging results, we decided to test our
deuterated probes in stimulated emission by depletion (STED)
microscopy, a state-of-the-art imaging technique to reveal
cellular dynamics and structures.* As such, and with SiR being
one of the most successful far-red dyes for nanoscopy,* we
investigated super-resolution images acquired in live SNAP-
Cox8A:HeLa cells and included JaneliaFluor646 (JFes6) as an
additional benchmark of dyes in the far-red regime. After
incubation with 1 um BG-SiR, BG-JFg, or BG-SiR-d12, we
recorded images of mitochondrial cristae under the same
conditions, and while all three dyes displayed labelling, SiR-d12
was able to resolve cristae sharper with less background
(Fig. 3A). While this can have multiple reasons that may not only
be attributed to dye performance, we targeted the cytoskeleton
by labelling and imaging live Tubb5-Halo> stably transfected
COS7 cells (Tubb5-Halo:COS7) with homogenous expression
levels (Fig. 3B). Microtubules resemble a classical benchmark
to demonstrate the power of nanoscopy due to their constant
diameter of ~25 nm. After incubation with 1 um CA-SiR, CA-
JFea6 Or CA-SiR-d12, we observed microtubular fine structures
with a full width half-maximum (FWHM) of ~78 nm for all far-
red dyes (Fig. 3C), notably with a marked increase in fluores-
cence intensity for SiR-d12 of 30% and 22% compared to SiR
and JFg46, respectively (Fig. 3D). Taken together, our deuterated
d12 silicon rhodamine displayed augmented brightness in
nanoscopic experiments while retaining resolution.

Single-molecule FRET (smFRET)* has become a well-
established method to study (dynamic) conformational
changes and heterogeneity of biomacromolecules.””?* Alter-
nating laser excitation®® (ALEX) describes one implementation
of smFRET that allows the study of freely-diffusing molecules in
solution at room temperature. Here, FRET efficiency is

8608 | Chem. Sci, 2022, 13, 8605-8617
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determined during short diffusional transits (on the timescale
of milliseconds) of individual donor-acceptor-labelled mole-
cules through the excitation volume of a confocal microscope.
The technique allows observation of relative distance changes*
but also absolute distances®® with a spatial and temporal reso-
lution limited by the available photon budget (count-rate).?”*
We thus tested whether higher count rates are available from
deuterated fluorophores that are specifically attached to
cysteine residues in proteins. Our test system was SBD2, the
soluble extracellular substrate domain of the amino acid
importer GInPQ from Lactococcus lactis.*'*> SBD2 shows ligand-
induced conformational changes between the ligand-free open
and the ligand-bound closed state (Fig. 4A, apo vs. holo). The
SBD2 variant has two label sites (T369C-S451C) that were
stochastically labelled with the dye combinations TMR-d12-SiR-
d12 (Fig. 4B and ESI Scheme 1) and their non-deuterated form
TMR-SIR, as well as Cy3B-ATTO647N as a control. For all dye
combinations we achieved average labelling yields of ~40-90%
for each of the dyes; see ESI Fig. 31 for details.

The resulting E-S histograms of all different donor-acceptor
pairs showed the expected donor-only (S > 0.8, D-only), acceptor-
only (S < 0.3, A-only) and a donor-acceptor-containing species (S
between 0.3-0.8, DA). The abundance of the DA population was
on average >30% (ESI Fig. 3), which generally facilitated fast
data acquisition within ~30 min. Analysis of the DA-species
revealed a low FRET apo and high-FRET holo state (Fig. 4C),
which is consistent with our previous investigations®"** and the
idea that the protein changes from the open to its closed state
dependent on the glutamine concentration in the buffer
(Fig. 4A). Also, the biochemical properties of SBD2 were
preserved after fluorophore labelling indicated by equal pop-
ulation of both conformational states at a glutamine concen-
tration close to the dissociation constant K4 of the protein of
around 1 uM (Fig. 4D).

Further inspection of the data revealed differences in the
photophysical properties of the dyes. While bleaching artefacts,
i.e., bridges between the three major populations, were almost
absent for all pairs at the chosen laser powers of 40 pW green
and 15 uW red excitation, the overall sum count-rate of donor-
based donor-emission (DD), donor-based acceptor-emission
(DA) and acceptor-based acceptor-emission (AA) was distinct
for all dye combinations. In both apo and holo state Cy3B-
ATTO647N was by far brighter in comparison to TMR-SiR
with a significant number of molecules with count-rates >200
kHz (Fig. 4E). In agreement with results from Fig. 1-3, deuter-
ation results in enhanced count-rates for TMR-d12-SiR-d12 over
TMR-SiR. In summary, our results from smFRET investigations
show that deuteration of rhodamines is a simple solution to
improve spatial and temporal resolution in solution-based
experiments via enhanced count rates. It was particular useful
to see that both TMR-SIR (in deuterated and non-deuterated
form) did not require addition of photostabilizers to the
imaging buffer to obtain high-quality E-S histograms.
Furthermore, the dye pair TMR-SIR has not been characterized
and apparently shows a Forster radius similar to Cy3B-
ATTO647N, which is larger than for the most commonly-used
pairs in the field (e.g., ~5.0 nm for Alexa Fluor 555/647).>7%%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Deuteration improves tetramethylrhodamine performances and STED nanoscopy. (A) STED nanoscopy of BG-SiR (upper), BG-JFg46
(middle) and BG-SiR-d12 (lower) in live SNAP-Cox8A:Hela cells resolving mitochondrial cristae under identical imaging conditions. Scale bar = 1
um (B) STED nanoscopy of CA-SiR (upper), CA-JFeg46 (Middle) and CA-SiR-d12 (lower) in live Tubb5-Halo stably transfected COS7 cells resolving
microtubule structures under identical imaging conditions. Scale bar = 1 um. (C) FWHM of tubulin structures from (B), n = 100 line scans. n.s. =
non-significant (unpaired t-test). Mean + SD. (D) Intensity derived from tubulin structures from (B), n = 100. **** indicates statistical significance

(unpaired t-test, p < 0.0001). Mean =+ SD.

Following the results of deuterated rhodamines in various
sensitive state-of-the-art fluorescence applications, we next
asked if our deuteration approach is limited to rhodamine
scaffolds or a general concept to enhance fluorescent dye
properties. As such, we deuterated Coumarin 461 to obtain
Coumarin 461-d3 and -d6 (Fig. 5A, Scheme S2A and Table S37),
which showed similar extinction coefficients (¢(Coumarin 461)
= 28100 vs. ¢(Coumarin 461-d3) = 29 400 vs. ¢(Coumarin 461-
d6) = 27900 M ' em ') and similar maximal excitation and
emission wavelengths (Agyem(Coumarin 461(-d3/6)) ~ 372/470
nm) (Fig. 5B). As expected, quantum yield increased succes-
sively by deuteration level, giving rise to 43% higher brightness
of Coumarin 461-d6 vs. Coumarin 461. Along these lines, CD;
installment on NBDs (Fig. 5C, D and Scheme S2Bt) and meth-
ylene blue (Fig. 5E, F and Scheme S2Cf¥) to give NBD-d6 and
methylene blue-d12 followed the same trend: no change in
excitation and emission wavelengths (Fig. 5D and F), yet
brightness was enhanced in both cases by 4% and 37% for NBD
and methylene blue, respectively, stemming from the product
of extinction coefficient and quantum yield (¢(NDB) = 16 300 vs.
¢(NBD-d6) = 16 000 M~ ' cm ™ '; ¢(methylene blue) = 45 500 vs.

© 2022 The Author(s). Published by the Royal Society of Chemistry

¢(methylene blue-d12) = 49 800 M~ ' cm™'; ®(NBD) = 0.55 vs.
@(NBD-d12) = 0.59; #(methylene blue) = 0.010 vs. ¢(methylene
blue-d12) = 0.013). This is encouraging towards the exploration
of deuteration as a general approach to boost desired photo-
physical properties.

Finally, we were curious to find some mechanistic insights of
how deuterium incorporation improves fluorescent rhoda-
mines. Firstly, we determined excited-state lifetimes for TMR(-
d12) and SiR(-d12) by transient absorption spectroscopy,
which agree with the lifetimes obtained by fluorescence lifetime
imaging (Fig. 6A-D). This indicates that the decay of the lumi-
nescent state correlates with recovery of the electronic ground
state. Particularly, the decay of the emissive state does not yield
a long-lived triplet state, which would appear in a long-lived
transient absorption signature. This led us to further investi-
gate fluorescence lifetime, which depends on the rotation of the
alkyl amine group, and as such is temperature sensitive,
decreasing at elevated temperatures.®® If deuteration of the
methyl groups affects rotational movements, we would be able
to observe smaller changes in lifetime at increasing tempera-
tures. For this reason, we acquired fluorescent lifetimes of SiR

Chem. Sci., 2022, 13, 8605-8617 | 8609
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Fig.4 Deuteration improves tetramethylrhodamine performances in single-molecule FRET applications. (A) Crystal structure of GInPQ-SBD2 in
apo (grey, pdb file: 4KR5) and holo state (green, pdb file: 4KQP) with labeling positions indicated in blue. (B) Size-exclusion chromatography (SEC)
was used to purify the protein after fluorophore labelling with maleimide-fused TMR-SiR(-d12) and Cy3B-ATTO647N.**2 The degree of labelling
could be determined via measurement of the protein absorption was measured at 280 nm (black curve), donor absorption (TMR-d12) at 540 nm,
and acceptor dye absorption (SiR-d12) at 652 nm; molar concentrations were calculated based on published extinction coefficients.3*? As
indicated in grey, a fraction with high donor—acceptor yield was used for smFRET experiments. (C) E*-S* histograms obtained by pusALEX
showing donor only (D-only, S > 0.8), acceptor only (A-only, S < 0.3), and species with both donor and acceptor fluorophore (DA, S>0.3and S <
0.8). Data shown here were recorded at excitation powers of 40 pW green and 15 uW red excitation power in imaging buffer without (apo) and
with 100 puM glutamine (holo). (D) 1D-E* histograms of SBD2 in the absence (top), presence of 100 uM (middle) and 1 uM glutamine (low). (E)
Comparison of the total count rate (sum of photon-count rates DA + DD + AA) of donor—acceptor labelled SBD2 proteins for TMR-d12-SiR-d12,
TMR-SIiR and Cy3B-ATTO647N in both holo and apo state reveals increased brightness of deuterated dyes. Additional data for all dyes and

conditions is shown in ESI Fig. 3.1

and SiR-d12 bound to Tubb5-SNAP and Tubb5-Halo-tags
(Fig. 6E) in a temperature dependent manner by FLIM (Tables
S4 and S5%). Indeed, when comparing lifetimes at 20, 30 and
40 °C, we found that both Tubb5-SNAP:SiR-d12 and Tubb5-
Halo:SiR-d12 retained significant longer lifetimes at 40 °C
when normalized to lifetimes at 20 °C. We therefore reason that
non-radiative decay of the excited singlet state via rotation
around the dimethyl amino group is suppressed due to the
stronger and heavier nature of deuterium (Fig. 6F).

Discussion

In our study, we synthesized and tested deuterated fluorophores
with enhanced fluorescent properties in a set of applications.
The use of deuterium to improve fluorescence emission prop-
erties has been addressed in the past by using deuterated
solvents.** In a preprint' uploaded at the same time to our
preprint,*® the Lavis laboratory reported on a similar approach,
supporting our findings: by equipping the rhodamine nitrogen
atoms with deuterated ring systems, they describe Halo-tag
substrates with enhanced fluorescent properties (e.g. bright-
ness and single particle tracing) for protein labelling in live

8610 | Chem. Sci, 2022, 13, 8605-8617

cells.’® In this work, we install labelling moieties for SNAP- and
Halo-tag conjugation and apply them in different experimental
setups. This led to the finding that our TMR-d12 and SiR-d12
improve by swapping hydrogen with deuterium on the methyl
groups, enhancing photophysical parameters, such as bright-
ness and lifetime, while reducing critical chemical parameters,
such as bleaching. We employed quantitative "H NMR to assess
concentrations of dyes in solution to precisely determine
extinction coefficients, and measured quantum yields directly
by use of an integrating sphere, and found in both systems
significant higher values for d12 fluorophores.

While more mechanistic reasons for the enhanced proper-
ties may exist, we argue the following: (i) affecting the rotation
around the aromatic carbon-nitrogen bond (in our case due to
higher mass of the CD; groups) has marked effects on fluores-
which could suppress non-radiative decays
and in turn enhances quantum yield and lifetime;® (ii) a lower
zero-point energy of the C-D vs. C-H bond results in slower
reaction kinetics, as an higher energy barrier has to be over-
come,* and this would reduce bleaching through for example
generated reactive oxygen species. This is backed up by the
Lavis laboratory,' since (i) it was observed that deuteration of

cent properties,*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Deuteration improves fluorescent properties beyond tetramethylrhodamine dyes. (A) Deuterium installation on one or two methyl groups
leads to d3 or d6 variants of Coumarin 461. (B) Excitation and emission spectra of Coumarin(-d3/6). (C) Deuterium installation on both methyl
groups leads the d6 variant of NBD. (D) Excitation and emission spectra of NBD(-d6). (E) Deuterium installation on the methyl groups leads to d12
variant of methylene blue(-d12). (F) Excitation and emission spectra of methylene blue(-d12).

azetidines (which are rotationally more locked)® does not lead to
a large increase in quantum yield, and (ii) light-induced
demethylation of deuterated fluorophores is slower when
compared to their non-deuterated congeners. Both of these
arguments describe lower quantum yields of non-radiative
decays, and result in an improved quantum yield for emis-
sion. In particular, the phenomenon in question is twisted
intramolecular charge transfer (TICT), which is known to be
temperature-dependent,*” and has been explored in many ways
to enhance quantum yield of fluorophores by introducing steric
demand and/or donor engineering.*® This is further supported
by the Lavis lab, as it was shown that deuteration alters
quantum yield on dyes depending on the TICT donor/
acceptor.'® More experimentation is needed, ideally in combi-
nation with in silico calculations, that, for instance, have been
performed on dyes under acidic H/D exchange®” where “a close
examination of the low-lying singlet and triplet electronic states

© 2022 The Author(s). Published by the Royal Society of Chemistry

along the torsional motion of the amino groups revealed that
the key to the isotope effect is changes in non-radiative chan-
nels”.* As such, tunneling rates and intersystem crossing
differences may contribute to our observed changes in fluo-
rophore behavior. Keeping this in mind, we showcase deuter-
ated dyes that outperform their parent molecules in multiple
experiments.

The enhancements are significant and broadly applicable,
ranging from in vitro FRET, to live cellular labelling and sorting,
lifetime and super-resolution microscopy on SNAP- and Halo-
tags and sSmFRET using maleimide-thiol chemistry. We
observed “sharper” imaging on SNAP-Cox8A:HeLa cells with
SiR-d12 compared to JFg,6 and SiR. As these experiments were
performed in live cells, the subjective perception of enhanced
imaging may be attributed to different expression levels, more
or less healthy mitochondria, cell cycle phase, and the dynamic
change in cristae thickness. Although our observations were

Chem. Sci., 2022, 13, 8605-8617 | 8611
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Fig. 6 Mechanistic investigations for the deuteration effect. (A—D) Transient absorption spectroscopy for TMR (A), TMR-d12 (B), SiR (C) and SiR-
d12 (D) is in agreement with fluorescent lifetimes that directly shows the absence of a dark and long-lived triplet state (E). Fluorescent lifetime was
recorded in live COS7 cells stably transfected with Tubb5-SNAP:SiR(d12) (upper panel) and Tubb5-Halo:SiR(d12) (lower panel) in a temperature
dependent manner with SiR-d12 showing significant higher lifetimes at elevated temperatures. (F) Mechanistic explanation of the deuteration
effect by less non-radiative decay stemming from the suppressed twisted intramolecular charge transfer (TICT) and rotation around the dimethyl
amino groups in SiR-d12 leads to higher lifetimes and quantum yields. n = 3 independent experiments derived from each 50-70 cells. * indicates

statistical significance (unpaired t-test, p < 0.05). Mean + SD.

consistent in three independent experiments, it remains diffi-
cult to quantify, and as such, we aimed to include an unam-
biguous experiment to determine the STED performance of SiR-
d12. For this reason, we chose live Tubb5-Halo:COS7 cells,
where the distribution of Halo-tagged microtubules is homo-
geneous and the diameter of the fine-structure is constant at
25 nm. Indeed, in this setup, we found outstanding perfor-
mance of deuterated Halo:SiR-d12 compared to JFg;6 and SiR
with a marked increase in brightness and no significant
difference in resolution. In times where photon counts in
sophisticated imaging experiments (e.gz MINFLUX") are
becoming increasingly more important, we anticipate that flu-
orophore deuteration provides a method to advance in the field
as was shown by applications of deuterated dyes in single
molecule experiments.

Furthermore, the concept was expandable to other dye
scaffolds, such as coumarins, NBDs, and the thiazene contain-
ing dye methylene blue, giving enhanced brightness for all
deuterated species. It should be noted here that extinction
coefficients are within a close margin, however, quantum yields
are significantly increased for all dyes tested.

We anticipate this concept (i) to be generalizable to other
xanthenes (e.g. SNARFs, and quenchers like QSY7) at N-C,-H
positions for improving and fine-tuning spectroscopic proper-
ties; (ii) to be further explored with other isotopes, such as >C,
"N or even H that can be used as an additional, orthogonal
radioactive tracer; (iii) to be used in different labelling
approaches, such as the attachment to sulfonated BG (SBG)
scaffolds allowing the separation of SNAP-tagged receptor
pools,** to biomolecule targeting probes,””** to “click chem-
istry” reagents (e.g. cyclopropenes, cyclooctenes)* or to photo-
switchable ligands,***” and (iv) to serve as multimodal dyes for
isotope labelled mass spectrometric analysis, correlative light-

8612 | Chem. Sci, 2022, 13, 8605-8617

electron microscopy (CLEM)* and confocal Raman micros-
copy.*>*® Such efforts are of ongoing interest in our laboratories.

Methods

Synthesis

Chemical synthesis (ESI Schemes 1 and 21) and characteriza-
tion of compounds is outlined in the ESI.§ Purity of all dyes was
determined to be of >95% by UPLC-UV/Vis traces at 254 nm and
dye specific Amax that were recorded on a Waters H-class
instrument equipped with a quaternary solvent manager,
a Waters autosampler, a Waters TUV detector and a Waters
Acquity QDa detector with an Acquity UPLC BEH C18 1.7 um,
2.1 x 50 mm RP column (Waters Corp., USA).

Extinction coefficients, excitation and emission profiles and
quantum yield

To assess photophysical parameters, '"H NMR spectra of
TMR(d12) and SiR(d12) were recorded with an internal standard
(DMF) to determine concentrations. The same solutions were
diluted 1 : 1000 in activity buffer (containing in mM: NacCl 50,
HEPES 50, pH 7.3) or EtOH + 1% TFA, and absorbance spectra
were acquired on a NanodropOne 2000C using a 1 cm Hellma
Quartz cuvette. Extinction coefficients of d12 dyes were then
calculated referenced to literature values of their non-
deuterated parental molecules according to eqn (1).

(1)

Edeuterated = Eref X ((Absdeuterated/Absref) X (Cref/Cdeulerated))

1:100 dilutions in activity buffer were transferred into
Greiner black flat bottom 96 well plates and excitation and
emission profiles were recorded on a TECAN INFINITE M PLEX
plate reader (TMR: Agx = 505 £+ 10 nm; Agy, = 550-800 £ 20 nmy;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10 flashes; 20 ps integration time; SiR: Agx = 605 £ 10 nm; Agy, =
640-800 £ 20 nm; 10 flashes; 20 ps integration time; Coumarin:
Agx = 360 + 10 nm; Ay, = 400-750 + 20 nm; 10 flashes; 40 ps
integration time; NBD: Agx = 440 £ 10 nm; Ag, = 480-750 +
20 nm; 10 flashes; 40 ps integration time; methylene blue: Agx =
630 + 10 nm; Agy, = 660-850 + 20 nm; 10 flashes; 40 us inte-
gration time). Absorbance values and integrated emission area
(AUC) was used to calculate quantum yield (QY) according to
eqn (2) under the assumption that there is no change in
refractive indices between solutions (for Coumarin 461-d3/6,
NBD-d6 and methylene blue-d12):

Qchutcratcd = QYrcf X ((Absrcf/Absdcutcratcd) X (AUCdcutcratcd/
AUCref)) (2)

Experiments were run in quadruplicate. Data normalization,
integration and plotting was performed in GraphPad Prism 8.

Absolute quantum yields were determined for TMR(-d12)
and SiR(-d12) by first measuring steady-state UV-vis absorp-
tion spectroscopy on a Jasco V780 spectrophotometer and
a Specord S600 (Analytik Jena) in 1 cm cuvettes. Steady-state
emission spectroscopy: emission spectra were measured on
an Edinburgh FLS980 emission spectrofluorometer in a 1 cm
cuvette at 90° angle. The solutions were prepared to have an
absorbance of 0.1 at 510 nm for TMR and at 600 nm for SiR in
PBS and quantum yields were determined on the same instru-
ment equipped with an integrating sphere.

In vitro photobleaching

Solutions (20 pM) of TMR and TMR-d12 were prepared in
activity buffer (containing in mM: NaCl 50, HEPES 50, pH 7.3 +
0.1% BSA). An aliquot of 10 pL was transferred into a 1.5 mL
Eppendorf vial and spun down to form an homogenous
aqueous drop at the bottom of the plastic tube. An aliquot was
exposed to a white light beam in order to bleach the fluorophore
with an Hg (Xe) arc lamp (LOT-QuantumDesign GmbH, Darm-
stadt, Germany) for 0, 1, 2, 3, 4, or 5 minutes. After bleaching,
each aliquot was diluted by addition of 90 pL activity buffer +
0.1% BSA and carefully mixed by pipetting up and down, and 50
uL of this solution were transferred into a 10 x 3 mm black
quartz cuvette with a side window (Hellma, Jena, Germany).
Fluorescence spectra were recorded with a Jasco spectrofluo-
rometer (FP-6500) at 25 °C from 300-750 nm with an excitation
wavelength of 544 nm over 1 nm steps (BW (Ex) 5 nm, BW (Em)
1 nm, PMT 475 V). The experiment was performed in triplicate
for each illumination time, the data points averaged and plotted
versus time.

SNAP; and SNAP-Halo expression and purification

SNAP; was expressed and purified as described previously'® and
complete amino acid sequences for constructs used can be
found in the ESL.{ SNAP-Halo with an N-terminal Strep-tag and
C-terminal 10xHis-tag was cloned into a pET51b(+) expression
vector for bacterial expression and complete amino acid
sequences for constructs used can be found in the ESLt{ For
purification, SNAP-Halo was expressed in the E. coli strain BL21

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pLysS. LB media contained ampicillin (100 ug mL ") for protein
expression. A culture was grown at 37 °C until an ODgq, of 0.6
was reached at which point cells were induced with IPTG (0.5
mM). Protein constructs were expressed overnight at 16 °C. Cells
were harvested by centrifugation and sonicated to produce cell
lysates. The lysate was cleared by centrifugation and purified by
Ni-NTA resin (Thermofisher) and Strep-Tactin II resin (IBA)
according to the manufacturer's protocols. Purified protein
samples were aliquoted in activity buffer (containing in mM:
Nacl 50, HEPES 50, pH 7.3), flash frozen and stored at —80 °C.

SNAP; labelling kinetics

Kinetic measurements were performed on a TECAN Spark Cyto
and on a TECAN GENios Pro plate reader by means of fluores-
cence polarization. Stocks of SNAP; (400 nm) and substrates (100
nm) were prepared in activity buffer (containing in mM: Nacl 50,
HEPES 50, pH 7.3) with additional 10 pg mL ™" BSA. SNAP; and
substrates were mixed (100 pL each) in a Greiner black flat
bottom 96 well plate. Mixing was performed via a built-in
injector on a TECAN GENios Pro or by manual pipetting on
a TECAN Spark Cyto for TMR and SiR substrates, respectively.
Fluorescence polarization reading was started immediately
(TMR: Agx = 535 £ 25 nm; Agy, = 590 + 35 nm; 10 flashes; 40 us
integration time; SiR: Agx = 605 £ 20 nm; Agy, = 670 £ 20 nm; 10
flashes; 40 ps integration time). Experiments were run in five
repetitions and raw polarization values were one-phase decay
fitted in GraphPad Prism 8.

Protein labelling for FRET and full protein mass spectrometry

For protein labelling, 1 pL of the corresponding dye(s) (200 pm
in DMSO) were diluted in 220 pL of a 227 num solution of SNAP-
Halo in activity buffer (10 ug mL™~" BSA was added to controls
where no SNAP-Halo protein was present). This resulted in a ~4-
fold excess of labelling substrate and mixing was ensured by
carefully pipetting the solution up and down. The reaction
mixture was allowed to incubate at r.t. for 1 h before 20 uL were
removed for QToF MS analysis to ensure full labelling. The
remaining solutions were subjected to spin column purification
(Sartorius Vivaspin 500 30 kDa MWCO PES, #VS0122) for three
times by adding 500 pL of activity buffer for each cycle. Finally,
the solutions were reconstituted in activity buffer, of which 200
uL were transferred into a Greiner black flat bottom 96 well
plate and emission spectra were recorded on a TECAN INFIN-
ITE M PLEX (TMR: Agy = 510 = 10 nm; Ay, = 550-800 + 20 nm;
25 flashes; 20 ps integration time; SiR: Agx = 610 &= 10 nm; Agyy, =
650-800 + 20 nm; 10 flashes; 20 us integration time) to observe
FRET. Donor or acceptor only labelled constructs, and donor
plus acceptor with the addition of 10 pg mL™" BSA served as
controls, and in these cases acceptor emission was not
observed. FRET efficiency was calculated from the sum of
maximal emission values derived from the raw spectra Ipvgr
(572-584 nm) and Iz (660-672 nm) according to eqn (3):

Eprer = Isip/(Itmr + Isip) (3)
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Cell culture and FACS of SNAP-GLP1R:CHO-K1 and SNAP-
Cox8A:HelLa cells

CHO-K1 cells stably expressing the human SNAP-GLP1R (Cis-
bio) (SNAP-GLP1R:CHO-K1) were maintained in DMEM sup-
plemented with 10% FCS, 1% penicillin/streptomycin, 500 pg
mL ! G418, 25 mM HEPES, 1% nonessential amino acids and
2% 1-glutamine. HeLa cells stably expressing SNAP-Cox8A (ref.
20) (Cox8A-SNAP:HeLa) were maintained in DMEM supple-
mented with 10% FCS, 1% penicillin/streptomycin. Cells were
incubated with 1 pm of BG-conjugated dye or with 500 nm
LUXendin651(-d12) and 5 pm of Hoechst33342 for 30 min at
37 °C, 5% CO,. For FACS, cells were washed with PBS w/o Ca**
and Mg”" and detached using Trypsin/EDTA. Detached cells
were pelleted at 300 g at 4 °C, resuspended in DPBS w/o Ca**/
Mg>" and kept on ice until fluorescence activated cell sorting
(FACS). FACS was performed in LSR-Fortessa (BD Bioscience) on
cells gated by SSC/FSC using 561 nm excitation and BP 586/18
(561-586/18 BD channel) for TMR(-d12) or 640 nm excitation
and BP 670/30 (640-670/30 BD channel) for SiR(d12). Mean
fluorescence intensities of >10 000 cells were analyzed and
measured using Flow Jo (BD Bioscience). Fixation for
LUXendin651(-d12) widefield microscopy was performed using
4% paraformaldehyde for 20 minutes before washing once with
PBS, quenched with a solution of 0.1 M glycine and 0.1 M NH,Cl
in PBS for 10 min and imaged in PBS.

Confocal, FLIM, widefield and super-resolution microscopy

Live cell fluorescence lifetime and confocal microscopy on
stable SNAP-GLP1R:CHO-K1 or live STED imaging of COS7 cells
transfected with Halo-Tubb5 (COS7:Halo-Tubb5) (Addgene
plasmid #64691, gift from Yasushi Okada) was performed using
a Leica SP8 TCS STED FALCON (Leica Microsystems) equipped
with a pulsed white-light excitation laser (80 MHz repetition
rate, NKT Photonics), a 100x objective (HC PL APO CS2 100x/
1.40 NA oil), a temperature controlled chamber and operated by
LAS X. TMR(-d12) were excited using A = 561 nm and emission
signals were captured at A = 576-670 nm. SiR(-d12) were excited
using A = 640 nm and emission signals were captured at A =
655-748 nm. The confocal images were collected using a time
gated Hybrid detector (0.5-6 ns). FLIM images of sufficient
signal were acquired without gating on Hybrid detectors within
512 x 512 pxl of 114 nm/pxl with 10 repetitions. Fluorescence
lifetime decay curves from selected regions with clear plasma
membrane staining were fitted with two exponential functions
and the mean amplitude weighted lifetime is reported for each
region.

Confocal fluorescence microscopy for photobleaching
experiments were performed on living cells expressing SNAP-
GLP1R in PBS at room temperature on LSM710 or LSM780
(Carl Zeiss) operated by Zen Black Software using a 63 x (1.40 NA
oil) objective. TMR(d12) were excited using A = 561 nm and
emission signals were captured at A = 564-712 nm. SiR(d12)
were excited using 2 = 633 nm and emission signals were
captured at A = 637-740 nm. Emission signal were collected on
34 channel spectral detector (QUASAR, Zeiss), a typical gain of
750 over a scan area of 512 x 512 pxl.
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Confocal and STED microscopy experiments on living
Cox8A-SNAP:HeLa cells were performed in Life cell imaging
buffer (Gibco) at 37 °C using a 100x (1.45 NA lambda oil)
objective on a Nikon TiEclipse operated by Micromanager and
equipped with a STEDyCON (Abberior Instruments) with 405/
488/561/640 excitation and a 775 nm depletion laser. TMR(-
d12) were excited using A = 561 nm and emission signals
were captured at A = 580-630 nm. SiR(-d12) were excited using A
= 640 nm and emission was collected at A = 650-700 nm. Both
Emission signals were collected by a time gated APD (0.5-8 ns)
with 8 x signal accumulation and 100 nm pixel size for confocal
images. STED images for SiR(-d12) were collected with 41%
775 nm depletion laser power and 15 nm pixel size.

Live STED images of microtubules in COS7 cells expressing
Halo-Tubb5 labelled with Halo-SiR or Halo-SiR-d12 were
acquired using A = 640 nm excitation, 775 nm depletion and
emission signals captured at A = 655-700 nm using a time gated
Hybrid detector (0.5-6 ns) with 4x line averaging. Images of
1024 x 1024 pixel had a pixel size of 18.9 nm. Line profiles of
100 microtubules were selected in 4 cells and intensity, sigma
and FWHM = 2.35 x sigma were determined after Gaussian
fitting (Image J).

LUXendin651(-d12) was imaged on a TIE Nikon epifluor-
escence microscope equipped with a pE4000 (cool LED), Penta
Cube (AHF 66-615), 60x oil NA 1.49 (Apo TIRF Nikon) and
a sSCMOS camera (Prime 95B, Photometrics) operated by NIS
Elements (Nikon). For excitation the following LED wavelengths
were used: Hoechst: 405 nm; LUXendin651(-d12): 635 nm.

SsmFRET: labelling of SBD2 and analysis by psALEX
spectroscopy

We followed our published protocols for labelling and imaging
of SBD2.3*>°* In brief, His-tagged SBD2 was incubated in buffer
containing 1 mm DTT to keep all cysteine residues in a reduced
state. Subsequently, SBD2 was immobilized on a Ni Sepharose 6
Fast Flow resin (GE Healthcare) and then incubated overnight at
4 °C with 25 nmol of each fluorophore dissolved in labelling
buffer (50 mm Tris-HCl pH 7.6, 150 mm NaCl). Subsequently,
SBD2 was washed with one column volume labelling buffer to
remove unbound fluorophores. Fluorophore labelled SBD2 was
then eluted with 1 mL of elution buffer (50 mm Tris-HCI pH 7.6,
150 mum NaCl, 500 mm imidazole). SBD2 was then further puri-
fied by size-exclusion chromatography (AKTA pure, Superdex 75
Increase 10/300 GL, GE Healthcare) to remove remaining fluo-
rophores and aggregates. For all proteins, the labelling effi-
ciency was higher than 40% for each labelling site (ESI Fig. 37).

WUSALEX microscopy was performed on a home-built micro-
scope that was described in Gebhardt et al.>* ALEX experiments
were carried out by diluting the labelled proteins to concen-
trations of ~125 or ~250 pm in 50 mm Tris-HCI pH 7.6, 150 mm
NaCl supplemented with the ligand glutamine at concentra-
tions described in the text. Before each experiment, the cover-
slip was passivated for 5 minutes with a 1 mg mL ™" BSA solution
in imaging buffer. Data recording and analysis was described
previously.*” Single-molecule events were identified using an all-
photon and dual-colour burst-search® algorithm with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a threshold of 15, a time window of 500 ps and a minimum total
photon number of 100.

Transient absorption spectroscopy

Excited-state lifetimes were measured by transient absorption
spectroscopy using a home built set up.** Pump-pulses with
a temporal duration of 110 fs are generated by converting the
fundamental of a Ti:Sapphire laser by a TOPAS C (Light
Conversion Ltd). The pump pulse energy was adjusted to 100
uW at the sample position. The excited-state dynamics were
probed by a white light supercontinuum, generated by focusing
a small portion of the fundamental laser into a CaF, plate. The
polarisation between the pump beam and the probe beam was
set to magic angle (54.7°). The samples were placed in a 1 mm
cuvette with PBS as solvent. The sample concentration was
adjusted to yield an OD between 0.1 and 0.2 at the excitation
wavelength. To ensure sample integrity, absorption spectra of
the samples were measured before and after each experiment.
The transient absorption data were analysed using the
Python-based KiMoPack software. Prior to analysis, the data was
chirp corrected and globally fit using a sum of exponentials.

Data availability

Raw data can be provided from the corresponding authors upon
reasonable request.

Author contributions

JB conceived and supervised the study. JB designed, and with
KR and PP synthesized and characterized chemical compounds.
KR, CC and JB performed in vitro measurements. KCA, JE, HG
and ML performed cell culture, cell sorting and microscopy. TC
designed smFRET experiments. NW conducted smFRET
experiments and data analysis. KR, AV and BDI recorded and
evaluated quantum yields using an integrating sphere and time-
resolved experiments. BJ provided reagents. JB wrote the
manuscript with input from all authors.

Conflicts of interest

JB has a licensing deal with Celtarys Research for LUXendin
distribution.

Acknowledgements

HG and ML were supported by a grant from the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation,
GRK2318/TJ-Train A4). B] is supported by the Medical Research
Council, European Association for the Study of Diabetes, Society
for Endocrinology, British Society for Neuroendocrinology and
the NIHR Imperial Biomedical Research Centre. Research in the
lab of TC was supported by SFB 863 - Project number A13 -
111166240 and an ERC starting grant ERC-StG 638536 SM-
IMPORT. We thank Andrea Bergner and Julien Hiblot for
providing purified SNAP; protein, Bettina Mathes and Sarah
Mikami for synthetic assistance, Cornelia Ulrich and Sebastian

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Fabritz for mass spectrometry, Kai Johnsson for providing SNAP
plasmids, chemical precursors and constant support (all
MPIMR), Beatrice Cula, Dominic Groger and Oliver Seitz for
help and support (all Humboldt University), and Yves Car-
stensen (Leibniz-IPHT) for excellent experimental support. We
thank the developers of the KiMoPack software for the global
analysis of the TA data. We are grateful to Martina Leidert and
Anne Diehl for protein expression and purification, Peter
Schmieder for help with NMR spectroscopy, Ramona Birke and
the Fiedler and Hackenberger Laboratory for support (all FMP).

References

1 S. W. Hell, Angew. Chem., Int. Ed., 2015, 54, 8054-8066.

2 E. Betzig, Angew. Chem., Int. Ed., 2015, 54, 8034-8053.

3 W. E. W. E. Moerner, Angew. Chem., Int. Ed., 2015, 54, 8067—
8093.

4 S.J. Sahl, S. W. Hell and S. Jakobs, Nat. Rev. Mol. Cell Biol.,
2017, 18, 685-701.

5 L. Wang, M. S. Frei, A. Salim and K. Johnsson, J. Am. Chem.
Soc., 2019, 141, 2770-2781.

6 L. Xue, I. A. Karpenko, J. Hiblot and K. Johnsson, Nat. Chem.
Biol., 2015, 11, 917-923.

7 S. Benson, A. Fernandez, N. D. Barth, F. de Moliner,
M. H. Horrocks, C. S. Herrington, J. L. Abad, A. Delgado,
L. Kelly, Z. Chang, Y. Feng, M. Nishiura, Y. Hori,
K. Kikuchi and M. Vendrell, Angew. Chem., Int. Ed., 2019,
58, 6911-6915.

8 S. S. Matikonda, J. Ivanic, M. Gomez, G. Hammersley and
M. J. Schnermann, Chem. Sci., 2020, 11, 7302-7307.

9 J. B. Grimm, B. P. English, J. Chen, J. P. Slaughter, Z. Zhang,
A. Revyakin, R. Patel, J. J. Macklin, D. Normanno,
R. H. Singer, T. Lionnet and L. D. Lavis, Nat. Methods,
2015, 12, 244-250.

10 L. Wang, M. Tran, E. D'Este, J. Roberti, B. Koch, L. Xue and
K. Johnsson, Nat. Chem., 2020, 12, 165-172.

11 A. N. Butkevich, G. Y. Mitronova, S. C. Sidenstein,
J. L. Klocke, D. Kamin, D. N. H. Meineke, E. D'Este,
P.-T. Kraemer, J. G. Danzl, V. N. Belov and S. W. Hell,
Angew. Chem., Int. Ed., 2016, 55, 3290-3294.

12 A. Wieczorek, P. Werther, J. Euchner and R. Wombacher,
Chem. Sci., 2017, 8, 1506-1510.

13 Q. Zheng, A. X. Ayala, I. Chung, A. V. Weigel, A. Ranjan,
N. Falco, J. B. Grimm, A. N. Tkachuk, C. Wu, J. Lippincott-
Schwartz, R. H. Singer and L. D. Lavis, ACS Cent. Sci., 2019,
5, 1602-1613.

14 J. B. Grimm, L. Xie, J. C. Casler, R. Patel, A. N. Tkachuk,
H. Choi, J. Lippincott-Schwartz, T. A. Brown, B. S. Glick,
Z. Liu and L. D. Lavis, bioRxiv, 2020, DOI: 10.1101/
2020.08.17.250027.

15 K. Rofimann, K. C. Akkaya, C. Charbonnier, J. Eichhorst,
B. Jones, M. Lehmann and J. Broichhagen, bioRxiv, 2020,
DOI: 10.1101/2020.08.17.253880.

16 J. B. Grimm, L. Xie, J. C. Casler, R. Patel, A. N. Tkachuk,
N. Falco, H. Choi, J. Lippincott-Schwartz, T. A. Brown,
B. S. Glick, Z. Liu and L. D. Lavis, JACS Au, 2021, 1, 690-696.

Chem. Sci., 2022, 13, 8605-8617 | 8615


https://doi.org/10.1101/2020.08.17.250027
https://doi.org/10.1101/2020.08.17.250027
https://doi.org/10.1101/2020.08.17.253880
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06466e

Open Access Article. Published on 28 June 2022. Downloaded on 7/22/2025 8:46:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

17 T. Buenaventura, S. Bitsi, W. E. Laughlin, T. Burgoyne,
Z. Lyu, A. 1. Oqua, H. Norman, E. R. McGlone,
A. S. Klymchenko, I. R. C. Jr, A. Walker, A. Inoue,
A. Hanyaloglu, J. Grimes, Z. Koszegi, D. Calebiro,
G. A. Rutter, S. R. Bloom, B. Jones and A. Tomas, PLoS
Biol., 2019, 17, e3000097.

18 Z. Fang, S. Chen, P. Pickford, ]J. Broichhagen, D. J. Hodson,
I. R. Corréa, S. Kumar, F. Gorlitz, C. Dunsby, P. French,
G. A. Rutter, T. Tan, S. R. Bloom, A. Tomas and B. Jones,
ACS Pharmacol. Transl. Sci., 2020, 3, 345-360.

19 P. Pickford, M. Lucey, Z. Fang, S. Bitsi, J. B. de la Serna,
J. Broichhagen, D. J. Hodson, ]J. Minnion, G. A. Rutter,
S. R. Bloom, A. Tomas and B. Jones, Br. J. Pharmacol.,
2020, 177, 3905-3923.

20 T. Stephan, A. Roesch, D. Riedel and S. Jakobs, Sci. Rep.,
2019, 9, 12419.

21 T. Stephan, C. Briiser, M. Deckers, A. M. Steyer, F. Balzarotti,
M. Barbot, T. S. Behr, G. Heim, W. Hiibner, P. Ilgen,
F. Lange, D. Pacheu-Grau, J. K. Pape, S. Stoldt, T. Huser,
S. W. Hell, W. Mébius, P. Rehling, D. Riedel and S. Jakobs,
EMBO J., 2020, 39, €104105.

22 J. Ast, A. Arvaniti, N. H. F. Fine, D. Nasteska, F. B. Ashford,
Z. Stamataki, Z. Koszegi, A. Bacon, B. ]J. Jones, M. A. Lucey,
S. Sasaki, D. I. Brierley, B. Hastoy, A. Tomas,
G. D'Agostino, F. Reimann, F. C. Lynn, C. A. Reissaus,
A. K. Linnemann, E. D'Este, D. Calebiro, S. Trapp,
K. Johnsson, T. Podewin, J. Broichhagen and D. J. Hodson,
Nat. Commun., 2020, 11, 467.

23 J. Ast, A. N. Novak, T. Podewin, N. H. F. Fine, B. Jones,
A. Tomas, R. Birke, K. Rof$mann, B. Mathes, J. Eichhorst,
M. Lehmann, A. K. Linnemann, D. ]J. Hodson and
J. Broichhagen, JACS Au, 2022, 2, 1007-1017.

24 A. Stockhammer and F. Bottanelli, J. Phys. D: Appl. Phys.,
2020, 54, 033001.

25 S.-N. Uno, M. Kamiya, T. Yoshihara, K. Sugawara, K. Okabe,
M. C. Tarhan, H. Fuyjita, T. Funatsu, Y. Okada, S. Tobita and
Y. Urano, Nat. Chem., 2014, 6, 681-689.

26 T. Ha, T. Enderle, D. F. Ogletree, D. S. Chemla, P. R. Selvin
and S. Weiss, Proc. Natl. Acad. Sci. U. S. A., 1996, 93, 6264—
6268.

27 E. Lerner, T. Cordes, A. Ingargiola, Y. Alhadid, S. Chung,
X. Michalet and S. Weiss, Science, 2018, 359, eaan1133.

28 E. Lerner, A. Barth, J. Hendrix, B. Ambrose, V. Birkedal,
S. C. Blanchard, R. Borner, H. Sung Chung, T. Cordes,
T. D. Craggs, A. A. Deniz, ]J. Diao, J. Fei, R. L. Gonzalez,
I. V. Gopich, T. Ha, C. A. Hanke, G. Haran, N. S. Hatzakis,
S. Hohng, S.-C. Hong, T. Hugel, A. Ingargiola, C. Joo,
A. N. Kapanidis, H. D. Kim, T. Laurence, N. K. Lee,
T.-H. Lee, E. A. Lemke, E. Margeat, ]J. Michaelis,
X. Michalet, S. Myong, D. Nettels, T.-O. Peulen, E. Ploetz,
Y. Razvag, N. C. Robb, B. Schuler, H. Soleimaninejad,
C. Tang, R. Vafabakhsh, D. C. Lamb, C. A. Seidel and
S. Weiss, eLife, 2021, 10, e60416.

29 A. N. Kapanidis, N. K. Lee, T. A. Laurence, S. Doose,
E. Margeat and S. Weiss, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 8936-8941.

8616 | Chem. Sci, 2022, 13, 8605-8617

View Article Online

Edge Article

30 B. Hellenkamp, S. Schmid, O. Doroshenko, O. Opanasyuk,
R. Kihnemuth, S. Rezaei Adariani, B. Ambrose,
M. Aznauryan, A. Barth, V. Birkedal, M. E. Bowen,
H. Chen, T. Cordes, T. Eilert, C. Fijen, C. Gebhardt,
M. GoOtz, G. Gouridis, E. Gratton, T. Ha, P. Hao,
C. A. Hanke, A. Hartmann, J. Hendrix, L. L. Hildebrandt,
V. Hirschfeld, J. Hohlbein, B. Hua, C. G. Hiibner, E. Kallis,
A. N. Kapanidis, J.-Y. Kim, G. Krainer, D. C. Lamb,
N. K. Lee, E. A. Lemke, B. Levesque, M. Levitus,
J. J. McCann, N. Naredi-Rainer, D. Nettels, T. Ngo, R. Qiu,
N. C. Robb, C. Rocker, H. Sanabria, M. Schlierf,
T. Schroder, B. Schuler, H. Seidel, L. Streit, J. Thurn,
P. Tinnefeld, S. Tyagi, N. Vandenberk, A. M. Vera,
K. R. Weninger, B. Winsch, I. S. Yanez-Orozco,
J. Michaelis, C. A. M. Seidel, T. D. Craggs and T. Hugel,
Nat. Methods, 2018, 15, 669-676.

31 F. Husada, G. Gouridis, R. Vietrov, G. K. Schuurman-
Wolters, E. Ploetz, M. de Boer, B. Poolman and T. Cordes,
Biochem. Soc. Trans., 2015, 43, 1041-1047.

32 G. Gouridis, G. K. Schuurman-Wolters, E. Ploetz, F. Husada,
R. Vietrov, M. de Boer, T. Cordes and B. Poolman, Nat. Struct.
Mol. Biol., 2015, 22, 57-64.

33 N. Kitamura, Y. Hosoda, C. Iwasaki, K. Ueno and H.-B. Kim,
Langmuir, 2003, 19, 8484-8489.

34 S. F. Lee, Q. Vérolet and A. Firstenberg, Angew. Chem., Int.
Ed., 2013, 52, 8948-8951.

35 J. V. Jun, D. M. Chenoweth and E. ]J. Petersson, Org. Biomol.
Chem., 2020, 18, 5747-5763.

36 P. Atkins and J. d. Paula, Physical Chemistry, WH Freeman
and Co, New York, 9th edn, 2010.

37 Z. R. Grabowski, K. Rotkiewicz and W. Rettig, Chem. Rev.,
2003, 103, 3899-4032.

38 C. Wang, W. Chi, Q. Qiao, D. Tan, Z. Xu and X. Liu, Chem.
Soc. Rev., 2021, 50, 12656-12678.

39 M. Kusinski, J. Nagesh, M. Gladkikh, A. F. Izmaylov and
R. A. Jockusch, Phys. Chem. Chem. Phys., 2019, 21, 5759-
5770.

40 F. Balzarotti, Y. Eilers, K. C. Gwosch, A. H. Gynna,
V. Westphal, F. D. Stefani, J. EIf and S. W. Hell, Science,
2017, 355, 606-612.

41 P. Poc, V. A. Gutzeit, J. Ast, J. Lee, B. ]J. Jones, E. D'Este,
B. Mathes, M. Lehmann, D. J. Hodson, J. Levitz and
J. Broichhagen, Chem. Sci., 2020, 11, 7871-7883.

42 S. Karch, J. Broichhagen, J. Schneider, D. Boning,
S. Hartmann, B. Schmid, P. Tripal, R. Palmisano,
C. Alzheimer, K. Johnsson and T. Huth, J. Med. Chem.,
2018, 61, 6121-6139.

43 G. LukinaviCius, L. Reymond, E. D'Este, A. Masharina,
F. Gottfert, H. Ta, A. Gilither, M. Fournier, S. Rizzo,
H. Waldmann, C. Blaukopf, C. Sommer, D. W. Gerlich,
H.-D. Arndt, S. W. Hell and K. Johnsson, Nat. Methods,
2014, 11, 731-733.

44 ]J. Jatzlau, W. Burdzinski, M. Trumpp, L. Obendorf,
K. Rofimann, K. Ravn, M. Hyvonen, F. Bottanelli,
J. Broichhagen and P. Knaus, bioRxiv, 2022, DOI: 10.1101/
2022.03.04.482944.

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1101/2022.03.04.482944
https://doi.org/10.1101/2022.03.04.482944
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06466e

Open Access Article. Published on 28 June 2022. Downloaded on 7/22/2025 8:46:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

45 B. L. Oliveira, Z. Guo and G. J. L. Bernardes, Chem. Soc. Rev.,
2017, 46, 4895-4950.

46 K. Hill, J. Morstein and D. Trauner, Chem. Rev., 2018, 118,
10710-10747.

47 A. Acosta-Ruiz, V. A. Gutzeit, M. J. Skelly, S. Meadows, J. Lee,
P. Parekh, A. G. Orr, C. Liston, K. E. Pleil, J. Broichhagen and
J. Levitz, Neuron, 2020, 105, 446-463.

48 A. Miiller, M. Neukam, A. Ivanova, A. SOnmez, C. Miinster,
S. Kretschmar, Y. Kalaidzidis, T. Kurth, J.-M. Verbavatz and
M. Solimena, Sci. Rep., 2017, 7, 23.

49 G. A. Matanfack, J. Riiger, C. Stiebing, M. Schmitt and
J. Popp, J. Biophotonics, 2020, 13, €202000129.

50 L. Wei, Z. Chen, L. Shi, R. Long, A. V. Anzalone, L. Zhang,
F. Hu, R. Yuste, V. W. Cornish and W. Min, Nature, 2017,
544, 465-470.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

51 M. F. Peter, C. Gebhardt, R. Machtel, J. Glaenzer,
G. H. Thomas, T. Cordes and G. Hagelueken, Cross-
validation of distance measurements in proteins by
PELDOR/DEER and single-molecule FRET, bioRxiv, 2020,
DOI: 10.1101/2020.11.23.394080.

52 C. Gebhardt, M. Lehmann, M. M. Reif, M. Zacharias,
G. Gemmecker and T. Cordes, ChemPhysChem, 2021, 22,
1566-1583.

53 C. Eggeling, J. R. Fries, L. Brand, R. Giinther and
C. A. M. Seidel, Proc. Natl. Acad. Sci. U. S. A., 1998, 95,
1556-1561.

54 R. Siebert, D. Akimov, M. Schmitt, A. Winter, U. S. Schubert,
B. Dietzek and J. Popp, ChemPhysChem, 2009, 10, 910-919.

Chem. Sci., 2022, 13, 8605-8617 | 8617


https://doi.org/10.1101/2020.11.23.394080
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06466e

	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e

	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e
	N-Methyl deuterated rhodamines for protein labelling in sensitive fluorescence microscopyElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d1sc06466e


