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Abstract: Many life-science techniques and assays rely on selective labeling of biological target structures with\
commercial fluorophores that have specific yet invariant properties. Consequently, a fluorophore (or dye) is only useful
for a limited range of applications, e.g., as a label for cellular compartments, super-resolution imaging, DNA sequencing
or for a specific biomedical assay. Modifications of fluorophores with the goal to alter their bioconjugation chemistry,
photophysical or functional properties typically require complex synthesis schemes. We here introduce a general strategy
that allows to customize these properties during biolabelling with the goal to introduce the fluorophore in the last step of
biolabelling. For this, we present the design and synthesis of ‘linker’ compounds, that bridge biotarget, fluorophore and a
functional moiety via well-established labeling protocols. Linker molecules were synthesized via the Ugi four-component
reaction (Ugi-4CR) which facilitates a modular design of linkers with diverse functional properties and bioconjugation-
and fluorophore attachment moieties. To demonstrate the possibilities of different linkers experimentally, we
characterized the ability of commercial fluorophores from the classes of cyanines, rhodamines, carbopyronines and
silicon-rhodamines to become functional labels on different biological targets in vitro and in vivo via thiol-maleimide
chemistry. With our strategy, we showed that the same commercial dye can become a photostable self-healing dye or a
sensor for bivalent ions subject to the linker used. Finally, we quantified the photophysical performance of different self-
healing linker—fluorophore conjugates and demonstrated their applications in super-resolution imaging and single-

molecule spectroscopy.
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Introduction

Fluorescence techniques are indispensable tools at the heart
of basic research, imaging,”) medical diagnostics,”! cancer
research,” personalized medicine and drug screening.!
Their merits are often not limited by physical instrumenta-
tion (e.g., detectors, light sources, filters etc.), but by the
performance and properties of the employed fluorescent

probes,”li.e., light-absorbing and emitting organic molecules
or proteins. Many commercially available synthetic organic
fluorophores (or dyes) suffer from various shortcomings:
often they are dim, undergo fast signal loss and cause
phototoxicity.*'!! For certain applications, they need func-
tional properties including blinking emission,”! sensor
capabilities™® or high photostability.”) Functional fluoro-
phores with favorable photophysical properties can be
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Figure 1. A) Schematic representation of the linker biolabelling strategy
consisting of two steps: bioconjugation of the linker to a biotarget
(e.g., for protein labeling via cysteine-maleimide chemistry) and
subsequent fluorophore attachment to the complex, e.g., via click-
chemistry. B) Retrosynthetic analysis of a possible linker structure.

obtained from linear multistep synthesis by coupling
commercial fluorophores to new functional moieties!"” or by
modification of the fluorophore core.'!l In both cases the
diversification of properties requires selection of the fluo-
rophore prior to synthesis. The use of the resulting
optimized and functional fluorophore is unfortunately often
limited to specific applications, e.g., for lipid-staining,'?
organelle marking,"¥ DNA sequencing,'” super-resolution
imaging,™” single-molecule detection,”'! or expansion
microscopy,!'”! to name only a few. After purchase, fluo-
rophore properties or bioconjugation chemistry cannot be
modified without major synthetic efforts, which may con-
sume large amounts of expensive commercial
fluorophores.= 1018l

0 0
>LOJlHN/\)LOH + ///\NH2 + O\j +
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The goal of this work was to overcome these obstacles
and to introduce new properties to commercial fluorophores
during biolabelling. This allows fluorophore and function-
ality selection at much later stages close to the actual
application. Our approach is based on a central “linker”
compound that allows selective labeling of biological targets
with a commercial fluorophore, which becomes tuneable in
its properties via the linker (Figure 1A).

Herein, we describe the design and synthesis of linker
compounds (Figure 1B) that comprise the required distinct
moieties for functionality, selective bioconjugation and
attachment of commercial fluorophores. Bioconjugation of
the linker and fluorophore attachment are based on well-
established linking chemistries (NHS esters, maleimides,
click chemistry or via tags) and can be combined with
existing protocols for labeling with commercial fluorophores
(Figure 1A). By retrosynthetic analysis of possible linker
structures, the Ugi-4CR reaction™ was identified as method
of choice for their synthesis (Figure 1B). The Ugi-4CR relies
on the reaction between an aldehyde, an amine, an
isocyanide, and a carboxylic acid in one-pot to obtain a-N-
acetoamido carboxamide derivatives (Scheme 1). The reac-
tion is straightforward, atom-efficient, cost-effective, and
usually produces the desired adducts with high selectivity.
With these features, the Ugi-4CR reaction has become the
most important isocyanide-based multicomponent reaction
to access peptide-like structures and has been widely applied
in organic-® and medicinal chemistry,?!! including
bioconjugation.” In the context of chromophores, it was
employed for the generation of functional dyes and
polymers.” To the best of our knowledge, it has never been
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Scheme 1. Synthesis route to linker compounds with photostabilizers (19, 20) or a metal-chelating unit (21) as functional moiety. Compound 18
lacks a functional moiety and was synthesized as a negative control. Boc protection of compounds 8-11 was removed in the form of 2-
methylpropene and carbon dioxide under acidic conditions, yielding 12-15. DCM, dichloromethane; TFA, trifluoroacetic acid; Boc, tert-

butyloxycarbonyl.
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employed for the fabrication of multifunctional linker
molecules that tailor the optical properties of adjacent
fluorophores. The modularity of Ugi-4CR allows the
exchange of functional groups in the linker, while the
chemical framework is maintained. This allows systematic
variations of bioconjugation site, the fluorophore tag or the
functional moiety of the linker (Figure 1). While there are
other trifunctional linkers described in the literature by us
for self-healing dyes,” the Hofkens lab for expansion
microscopy!™ and others,'"! these require the full assem-
bly of the functional dye before labeling. We thus believe
that our concept will be of great importance for many
groups in biology, biochemistry and biophysics who are
eager to obtain functional fluorophores or modify other
properties during biolabelling.

Here, we demonstrate the selective and efficient bio-
conjugation possibilities of our linker strategy (Figure 1) by
fluorophore attachment to proteins, nucleic acids, nano-
bodies in vitro and cellular targets via linkers with different
functional groups. We show that two distinct functional
properties can be imposed onto the same commercial
cyanine dye (sulfo-Cy5, sCy5) via variation of the functional
group of our linker: i) increased photostability making the
dye “self-healing” or ii) sensing of bivalent metal ions by
reversible binding to a chelating bipyridine unit. Further-
more, we characterize photophysical parameters of selected
self-healing linker-fluorophore conjugates based on fluoro-
phores from the classes of cyanines, rhodamines, carbopyr-
onines and silicon-rhodamines on double-stranded DNA
and a substrate binding protein of a membrane transporter.
Finally, we demonstrate the durable performance of self-
healing linker-conjugates of ATTO647N for improved data
acquisition in diffusion-based single-molecule Forster reso-
nance energy transfer experiments, where the linker dimin-
ishes photophysical artifacts, as well as in confocal and
super-resolution STED-imaging involving fixed HeLa-cells.

Results

For the biolabelling strategy (Figure 1A), we aimed at
obtaining linker molecules (Figure 1B) that allow a straight-
forward combination of at least three different chemical
groups, which can be altered by a mere change of starting
materials. The linker structures studied (Scheme 1, com-
pounds 18-21) were designed to contain the following
chemical moieties: A maleimide-group to attach the linker
to sulfhydryl-groups present in biological targets, a func-
tional moiety R and an alkyne-group that allows bioorthog-
onal copper-based click-chemistry for fluorophore attach-
ment. We investigated three different types of functional
groups, i.e., i) hydrogen as a non-functional negative control
(18), ii) the photostabilizers p-nitrophenyl (NP, 19) and
cyclooctatetraene (COT, 20), and iii) a metal-chelating unit
(2,2'-bipyridine, 21).

Considering the structures of desired reaction products
18-21 (Figure 1/Scheme 1) and the commercial availability
of reagents, we chose acid 1 as an anchor for the
bioconjugation site, an amine-functionalized alkyne-unit 2
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for click-chemistry and aldehyde derivatives 36 bearing the
different functional groups (Scheme 1). All starting materi-
als were commercially available except for compounds 5, 6
and 16, which were synthesized (for details see Supporting
Information Part I/II, Figure S2-S5, S18). The mixture of
four components, i.e., 1, 2, 7 in combination with either 3-6,
reacted in methanol over 48-72h to yield o-N-acylamino
amides 8-11 with reaction yields of 73-87 % for 8, 9, 11 and
49% for 10. Compounds 8-11 were purified and fully
characterized (for details see Supporting Information, Par-
t /II, Figure S6-S11, S19, S20). Subsequently, the Boc-
protecting group was removed via addition of TFA and the
crude products 12-15 were used in the reaction with 16 or 17
without any further purification. The linker molecules 18-21
were isolated and purified via column chromatography on
the 100-300 mg scale at yields of 25-81 % (0.23, 0.36, 0.40,
1.14 mmol respectively, for details see Supporting Informa-
tion, Part I/II, Figure S12-S17, S21, S22, S25-S28).

We next assessed the ability of compounds 18-21 to
serve as linkers between a commercial fluorophore and
different biological targets in vitro and in vivo (Figure 2A).
This was done in a realistic context, i.e., we integrated the
linker into well-established labeling procedures of proteins,
nucleic acids and live bacteria (Figure 2A). In our protocol,
we first attached 18-21 to sulfthydryl residues in the
respective targets as shown schematically in Figure 1A (for
details see Supporting Information, Part III). Once the
linker was bound to the target, a commercial fluorophore
was introduced via a bio-orthogonal click reaction with the
alkyne-moiety present on the linker. For the latter, we chose
the Cu'-catalyzed alkyne-azide cycloaddition (CuAAC)P
since it is a very selective and efficient bio-orthogonal
reaction, for which a wide variety of azide-functionalized
fluorophores are commercially available. Furthermore, the
formed triazole adduct is known to be stable against hydro-
Iytic cleavage or redox reactions under physiological
conditions.™ Importantly, all labeling steps were done
without advanced purification methods, which were required
in our previous work on self-healing dyes that we based on
an unnatural amino-acid scaffold.”

We used the isolated substrate-binding domain SBD2 of
the ABC transporter GInPQ as our first test system.” To
this end, we produced a single-cysteine variant of the protein
(SBD2-T369C, details see Supporting Information, Fig-
ure S30), which was labeled using commercial maleimide
derivatives of sulfo-Cy3 (sCy3), TMR, sCy5 and AT-
TOG647N. For this, the protein was first immobilized on a
Ni’*-Sepharose resin, subsequently incubated with the
corresponding fluorophore-maleimide and eluted. Excess
fluorophore was removed via gel-filtration chromatography.
The eluent solution showed co-migration of protein and
fluorophore via corresponding absorbance in the UV
(280 nm for the protein) and visible absorption (for the
dye). With this strategy, we obtained labeling efficiencies
between 60-70 % for direct labeling with different commer-
cial maleimide dyes, derived from a comparison of the molar
concentrations of protein and dye (Figure 2C); for details
see Material and Methods in the Supporting Information,
Part III.
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Figure 2. Labeling performance of linker molecules 19 and 20 on different biotargets in comparison to commercially-available maleimide
fluorophore derivatives. A) Schematic view of biotargets and attachment strategy shown in the Figure. B) SEC-image of a successful labeling
procedure of SBD2-T369C labeled with 19-sCy5. The black curve shows absorption at 280 nm (protein absorbance) and the red curve shows
absorption at 647Nm (sCy5 absorbance maximum). Comparison of the area below the elution profiles allowed to determine labeling efficiencies in
(C) considering the extinction coefficient of the protein and the published values of the respective dyes (see Supporting Information, Part |1l for
details). C) Quantitative comparison of the labeling efficiency of SBD2-T369C with either maleimide-functionalized fluorophore (protein-maleimide
dye) or with azide-functionalized fluorophore clicked by 19 (protein-19-dye) or 20 (protein-20-dye). D) UV/Vis absorbance spectra showing the
characteristic bands for dsDNA (~260 nm) and the respective fluorophores (~650 nm, data shown for sCy5). Control indicates that the labeling
procedure of azide-functionalized fluorophore was conducted in the absence of a linker. E) Brightfield and fluorescence microscopy images of live
bacteria (E. coli K12), which were labeled with maleimide-functionalized Cy3B (left column), azide-functionalized Cy3B in the absence of a linker
(middle column) and azide-functionalized Cy3B clicked by compound 20 (right column).

Alternatively, we treated SBD2 first with the linker
compounds 19 or 20, washed and subsequently incubated
with azide fluorophores and copper-catalyst. Figure 2B
shows a typical SEC-chromatogram of successful SBD2-
labeling by a linker-fluorophore conjugate with a mono-
disperse peak showing protein and dye absorbance signals
(280 nm, protein and 650 nm, dye) with an elution volume of
~11 mL matching SBD2.” To exclude unspecific labeling
of the dyes, we performed a control experiment without
linker. We observed no labeling as deduced from missing
visible fluorophore absorbance (Figure S32 and S36). Next,
we compared the overall labeling efficiencies of both
approaches, i.e., direct maleimide labeling of SBD2 and
labeling via compound 19 or 20 (Figure 2C and Figure S33)
for commercially available cyanine (sCy3/sCy5), rhodamine
(TMR) and carbopyronine (ATTO647N) fluorophores. The
overall labeling efficiency was lower for the 19-fluorophore
combinations but like direct labeling of commercial mal-
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eimide dyes for all 20-fluorophore combinations. We also
tested a simplified synthetic scheme for a smaller linker
compound 22 (Figure S34) with a nitrophenyl-functional
group, where the maleimide is replaced by an acrylamide-
group (see also Supporting Information, Part I/II, Fig-
ure S23, S24 and S29). Again, with this molecule we could
link sCy5 to SBD2 via a light-induced thiol-acrylamide
Michael addition (Figure S34). All these experiments
demonstrate that protein labeling with commercial fluoro-
phores via linkers 19 and 20 is selective, shows a high
labeling efficiency and only occurs when the linker com-
pounds were attached to the cysteine residue on the protein
prior to fluorophore addition.

Similar labeling was achieved for double-stranded DNA
(dsDNA) containing a terminal thiol-group (Figure 2D).
After incubation of the thiol-containing dsDNA with linker,
the conjugates were labeled via click-chemistry with fluo-
rophores and purified with PD-10 desalting columns after

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

551801 SUOWILLIOD SAI8ID) 3|ea ! [dde 8Ly Ag pouienob a2 S O 8N J0 S9N oy ARIGIT SUIIUO AB|IA UO (SUONIPUOD-PUR-SLLLIBIALIOY" A3 | 1M ARe.q 1 U1 |UO//SIY) SUORIPUOD PUB SUWLB 1 3U) 885 *[£202/0T/0T] U0 Aiq 1] U0 AB|1M ‘AURLLLIBS SUeIL0D) Ad 6G6ZTTZ02 @ ILUe/Z00T OT/10p/Wod"A8| W AZeid1jout Uo//sciy WwoJy popeojumod ‘6T ‘2202 ‘E2LETZST



GDCh
=

each step. Resulting adducts were characterized by UV/Vis
absorption spectroscopy (Figure S35). The UV/Vis spectra
display the absorption maxima for dsSDNA (=260 nm) and
the respective fluorophores of the dyes, e.g., for red dyes at
~650 nm (Figure 2D and Figure S35). As a control, direct
labeling of dsDNA by the azide-functionalized fluorophores
in the absence of the linker gave no characteristic peak for
the dyes (grey “control” curves in all absorbance spectra in
Figure 2D and Figure S35).

Finally, we tested compound 20 for membrane labeling
of accessible thiols in living E. coli K12 cells. To this end,
cells were grown on microscope coverslips and incubated
with maleimide-functionalized Cy3B to obtain outer-mem-
brane staining.”® Cells showed homogeneous labeling seen
by a comparison of bright field and fluorescence images
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using an epi-fluorescence microscope (Figure 2E, dye-(mal-
eimide)). We next demonstrated linker-specific labeling of
the cells (Figure 2E, 20-dye (azide)). The addition of
compound 20 as a linker between dye and outer membrane
thiols resulted in brighter cells in comparison to control
experiments, where cells were only incubated with azide-
functionalized Cy3B but no linker (Figure 2E, dye (azide)).

After successfully establishing the linker biolabelling
strategy for different in vitro and in vivo targets, we tested
whether the functionality of commercial dye molecules
could be altered based on the available linker structures
with distinct chemical moieties (Figure 3). We selected two
different linker functionalities, i.e., intramolecular triplet-
quenching via cyclooctatetraene (COT) and fluorophore
quenching via PET using 2,2'-bipyridine as unit for rever-
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Figure 3. Proof-of-concept experiments to demonstrate the ability of the linker to equip commercial sCy5 with self-healing or blinking properties on
model protein SBD2. A) Schematic view of protein surface immobilization strategy and linker/dye attachment. B) TIRF microscopy images show
individual sCy5 molecules at the start of the movie and after 30 s (related to self-healing sCy5). C)—F) Single-molecule fluorescence time traces of
(C) commercial sCy5 directly linked to SBD2 via maleimide and sCy5-azide dyes linked to SBD2 via (E) 18, (D) 20 and (F) 21. C, D) Comparison of
photostabilization between commercially available sCy5 maleimide without photostabilizer (C, left), with 2 mM COT in solution (C, right) and 20 in
the absence of photostabilizer in solution, respectively under deoxygenated conditions using POC in PBS buffer at pH 7.4; see Methods for Details.
E, F) Photoblinking induced by combination of 21 and Cu**. E) Negative control of compound 18 in the absence of photostabilizer (left) and in
buffer solution containing 2 mM TX and 5 uM CuSO, (right). F) Fluorescent transients of sCy5 linked via 21 under identical buffer conditions as in
(E, right). E, F) Were recorded in MOPS buffer at pH 7.0 using PCA/PCD for oxygen removal with 100 ms (E/F, left) and 20 ms (F, right) exposure
times, respectively. G) Quantitative blinking properties of sCy5 in the presence of 5 yM CuSO, on linker 18 (left) and on linker 21 (right). Values of
the three white fields in the left panel are 0.7122 and 0.1171, and 0.1125 in the right panel, from top to down, respectively. (F, left) recorded at

100 ms and (F, right) recorded at 20 ms exposure time for clearer characterization of blinking behavior. For a direct comparison of blinking
behavior between 18 and 21 under identical exposure times in presence and absence of CuSQO,, see Figure S37, Figure S38 and Figure $39. All
measurements were done with 640 nm laser excitation with a power density of 150 Wcm™.
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sible metal-chelation. We chose these, because they repre-
sent well-characterized chemical units with known and well
understood effects on fluorophores.” To show their effects
in the context of the linker, we chose compounds 18, 20, and
21 to demonstrate that commercial sCy5 (Figure 3A) can
become self-healing when connected via compound 20 or
show copper-induced blinking when linked via compound
21. All dye-protein constructs were investigated by TIRF-
microscopy (Figure 3B), which allowed the photophysical
behavior of many individual molecules to be studied in
parallel.®

As shown, linkage of commercial sCy5 maleimide (Fig-
ure 3C (and S44) or compound 18 (Figure 3E and S37) on a
model protein resulted in short fluorescence traces where
most of the dyes had noisy signals and bleached irreversibly
within a few seconds. A clear improvement of this was
observed for the addition of COT or TX to the imaging
buffer (Figure 3C/E, traces labeled with + COT/+TX).
Linkage of sCy5 via compound 20, which localizes a photo-
stabilizer (COT) close to the dye, forms a self-healing 20-
sCy5 (Figure 3D/S45) with stable, long-lived fluorescence
signal and high SNR. Such stable emission can be used very
well for state-of-the-art applications, which require high
photostability as will be shown below for 20-ATTO647N
conjugates.

Secondly, we altered the functionality of sCy5 towards
metal-sensing, which was previously realized in TMR-2,2'-
bipyridine-constructs using the proximity of TMR and a
metal-chelating moiety on two separate single-stranded
DNAs after hybridization.””®*! Our data in Figure 3E/F
shows that Cu?* induces sCy5-blinking via reversible bind-
ing to the 2,2’-bipyridine ligand. This idea is supported by
control experiments where no sCy5-blinking is observed
despite the presence of copper in solution, namely 18-sCy5
with 5 uM Cu’* (Figure 3E (right) and Figure S37B) and 21-
sCy5 with 5uM Cu’" in the presence of 10 M EDTA
(Figure S38). The analysis of the switching frequency vs. the
duty cycle (Figure 3G and Figure S39) clearly indicates the
impact of the linker structure and the ability of sCyS5 to
sense copper ions. We defined the switching frequency as
the number of completed blinking cycles divided by the time
until the last detected “on” state, and the duty cycle as the
fraction of total “on”-time to the total time until the last
detected “on” state (see methods section for a more detailed
description). Based on the data we anticipate potential of a
linker-containing bipyridine for future applications in super-
resolution imaging (via a STORM-like method)®"! or metal
sensing.[*!

The data shown in Figure 3 outline the potential of the
linker concept to alter the functionality of the very same
commercial fluorophore during established biolabelling
procedures. An important question is whether the linker can
have additional (unwanted) impact on biochemical function
of the respective biological target, as detailed in ref. [32] for
fluorophores alone. Since the linkers used here have a
molecular weight around 400-500 u, i.e., approximately half
of that of a fluorophore, its possible impact on biochemical
targets must be considered and characterized in future
studies, not only in the light of an overall “larger”
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fluorophore, but also in relation to an increased hydro-
phobic character of the construct.

To assess possible applications and the impact of our
labeling strategy, we next focused on characterization of
self-healing linker-dye conjugates. We decided to focus on
these (and not those of the metal-sensing dyes) since we can
benchmark the quantitative performance of the linker-dye
conjugates better in the context of our previous
work*¥*3] and that of others.'* We further reasoned
that successful self-healing linker-dye conjugates would be
able to fill an important gap in the field, since only very few
commercial solutions are available for self-healing dyes.
Blanchard and co-workers sell a selected number of self-
healing cyanine dyes (www.lumidynetechnologies.com), but
there is so far no commercial solution to use self-healing
dyes easily on different biotargets or for other dye classes.
So far, self-healing dyes are always pre-modified with a
photostabilizer for biolabelling and the only flexible scaf-
folding approach that allows use of other dye classes
requires sophisticated synthesis and dye modification,
which is not accessible to most user groups. As will be
shown below, the linker molecules 19/20 could fill this
important gap in the field of self-healing dyes®" since the
labeling strategy relies on the use of commercially available
fluorophores and can be integrated into established labeling
protocols (see Figure 1). Thus, any commercial fluorophores
with click-chemistry groups could be tested with photo-
stability-functionalities that are available on linker struc-
tures.

Figure 4 shows a quantitative characterization of photo-
physical parameters of dyes commonly used for single-
molecule and super-resolution microscopy. The parameters
of self-healing ATTO647N- and sCy5-linker conjugates
were characterized on both proteins and DNA in deoxy-
genated buffer. We compared the performance of the self-
healing dyes against the gold-standard of intermolecular
photostablization by solution additives (Trolox, +TX or
COT, +COT) with commercially available maleimide-
linked dyes (ATTO647N and sCy5). In our analysis of TIRF
movies we considered four parameters of individual fluo-
rophores on their respective biotarget (Figure 4A): dye
brightness (photon rate in kHz), total number of emitted
photons (N,w), signal-to-noise ratio (SNR) and photo-
bleaching lifetime ().

Both dyes in combination with the linker compounds 19/
20 showed increased photo- and signal-stability in compar-
ison to the reference dyes based on direct maleimide linkage
(Figure 4). For completeness, we also assembled 18-dye
combinations in absence of photostabilizer, which showed
similar performance as compared to the directly linked
maleimide dyes (Figure S37A/41C).

For ATTO647N all photophysical parameters were
improved for both 19- and 20-ATTO647N compared to the
parent fluorophore (Figure 4B). While there were only
moderate increases for count-rate and SNR, the photo-
bleaching time increased strongly for 20-ATTOG647N (see
Supporting Movie 1) and in a moderate way for 19-
ATTOG647N in comparison to the directly linked AT-
TOG647N (Figure S40/S42). Strikingly, the photobleaching
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Figure 4. Photophysical characterization of biotargets containing 19/20—dye conjugates with single-molecule TIRF microscopy. Data was recorded
in aqueous buffer at pH 7.4 in the absence of oxygen (POC) under continuous 640 nm excitation with ~75 Wcm™ A) Representative image frame
(left panel) showing single fluorescent molecules (10x 10 ym, exemplarily for ATTO647N). Subsequent images recorded over a period of 450 s
showed an exponential decrease in the number of fluorescing molecules with a photobleaching lifetime 7 as shown for SBD2-ATTO647N (black,
fitted in grey). The curves shown were obtained by averaging over 4 TIRF movies. The photobleaching times of 20-ATT0647N on SBD2, ATTO647N
+TX, ATTO647N + COT, 20-ATTO647N on DNA are inaccurate and underestimated due to large fraction of fluorophores that did not show
bleaching over the course of the experiment. B), C) Left panel: chemical structures and right panel: respective photophysical parameters obtained
from background-corrected fluorescence traces for ATTO647N (B, carbopyronines) and sCy5 (C, cyanines) on SBD2 protein or double strand DNA
(hybridization of P1 with P2, sequences shown in the Supporting Information). Values and error bars (s.d.) in bar graphs obtained from > 400
molecules. For further details of the experimental techniques, data acquisition and analysis, see the Methods section.

Angew. Chem. Int. Ed. 2022, 61, €202112959 (7 of 12)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

551801 SUOWILLIOD SAI8ID) 3|ea ! [dde 8Ly Ag pouienob a2 S O 8N J0 S9N oy ARIGIT SUIIUO AB|IA UO (SUONIPUOD-PUR-SLLLIBIALIOY" A3 | 1M ARe.q 1 U1 |UO//SIY) SUORIPUOD PUB SUWLB 1 3U) 885 *[£202/0T/0T] U0 Aiq 1] U0 AB|1M ‘AURLLLIBS SUeIL0D) Ad 6G6ZTTZ02 @ ILUe/Z00T OT/10p/Wod"A8| W AZeid1jout Uo//sciy WwoJy popeojumod ‘6T ‘2202 ‘E2LETZST



GDCh
=

and total number of observed photons of 20-ATTO647N
exceed that of the commonly-used buffer systems to 8x 10°
total photons on proteins and 2x107 total photons on
dsDNA, respectively. We should highlight that for 20-
ATTO647N on proteins and DNA the photobleaching was
so slow that the photobleaching time could not be
determined accurately even in 30 minute long movies. So,
we assume that the reported photobleaching times are
underestimated.

We also observed positive effects for the photostability
of sCy5 (Figure 4C) and a commercially available silicon-
rhodamine fluorophore (Figure S48, SiR) developed by
Johnsson and co-workers!"'®! that we combined with either
19 or 20. For sCy5 both stabilizers performed equally well as
compared to solution-based healing (Figure S44/S46). De-
tailed data sets for all conditions for linker-dye conjugates of
ATTO647N, sCy5 and SiR are provided in Figure S41 and
S45 (for proteins) as well as Figure S43, S47 and S48 (for
dsDNA).

In summary, we find very good photophysical perform-
ance of our linker-dye conjugates rendering them useful
self-healing dyes for future applications. Strikingly, 20-
ATTOG647N shows the unique features of higher photo-
stability in comparison to solution additives, which was so
far only realized for a handful of intramolecular dye-
photostabilizer combinations.'3343¢¢l Additionally, the ap-
proach presented allows to assemble a self-healing dye on a
biomolecular target via a simple labeling procedure. We
thus believe that it will find wide-spread use, provided that
the linker compounds become commercially available, which
is planned in the near future.

Finally, we tested 20-ATTO647N in two state-of-the-art
applications. First, we removed acceptor bleaching artifacts in
diffusion-based smFRET experiments on nucleic acids (Fig-
ure 5SA/B) and secondly used the high resistance to photo-
bleaching of 20-ATTO647N in confocal and STED-microscopy
via nanobody labeling (Figure SC-H).

For demonstration of positive effects of linker com-
pounds in smFRET, we selected a dsDNA sample that is
frequently used in the lab for calibration purposes, where
strong acceptor-bleaching is present for Cy3B/ATTO647N.
Microsecond alternating laser excitation was used to identify
different sub-populations in our experiments: i) donor-only
molecules (high S*, low E*), ii) donor—acceptor molecules
(intermediate S*, high E*), and iii) acceptor-only (low S*,
broad E*). Dye artifacts such as blinking or photobleaching
appear as bridges between the corresponding populations in
our histogram (Figure 5A, bottom). For our analysis we
focused on region i/ii corresponding to an S*-range of 0.3-
1.0 (full data sets for all conditions shown in Figure S49).
For an inter-dye separation of 13 base-pairs (Figure 5A, top
row), we observe <20 % of the expected FRET population
at E¥*~0.8 for the dsDNA in PBS buffer. The data shows
that the addition of 2 mM TX to the imaging buffer recovers
the FRET population due to removal of acceptor-bleaching
with a donor-acceptor population of ~50 %. A similar result
is seen for use of 20-ATTO647N as acceptor dye, where
both the 1D-E* and 2D histogram show two well-separated
populations for donor-only (E*~0.15) and donor-acceptor
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(E*=~0.85). A power-dependent analysis of the useful
donor-acceptor containing molecules shows that this fraction
decreases as a function of excitation power (Figure 5B), yet
both 20-ATTO647N and 2mM TX show clean isolated
FRET species (Figure S49) and higher donor-acceptor
fractions compared to the non-stabilized dsDNA sample
(Figure 5B). The data also suggest a small alteration of the
Forster radius or shorter distance between both dyes for
usage of 20-ATTO647N due to the linker.

Following the findings for 20-ATTO647N in smFRET,
we tested the performance of this dye-linker combination in
cellular imaging. To establish cellular staining with linker
compounds we labeled a specific binder for GFP called
GBP.®! Therefore, we converted surface-accessible lysines
in GBP via a commercial kit into thiols® and subsequently
labeled the nanobodies with 20-ATTO647N and AT-
TO647N (Figure S31). We then stained HeLa cells express-
ing GFP-aTubulin (Figure 5C) and GFP-H2B (Figure 5D)
for STED and confocal imaging. We selected oTubulin as an
example for structures, which can only be well-resolved by
STED microscopy and histone H2B because of high nuclear
expression levels. The targets thus allowed to characterize
whether a certain imaging modality reaches optical reso-
lution <250 nm with oTubulin (Figure 5C, see comparison
STED/confocal). Furthermore, the H2B staining allowed us
to perform systematic photobleaching studies, where we
compare the signal reduction in representative 2.8x2.8 um
patches in terms of the integrated fluorescence signal (Fig-
ure SE/G). For data analysis we normalized the intensity
values of confocal and STED imaging to first frames and
report the average decay times in frames for each condition.
Both in confocal and STED-imaging we see a statistically
significant retardation of bleaching for 20-ATTO647N in
comparison to ATTO647N (Figure SF/H). The observed
effects of compound 20 were larger for in vitro samples
using TIRF microscopy (Figure 4) in comparison to cellular
imaging studies via confocal and STED microscopy (Fig-
ure 5). We attribute this to differences in excitation intensity
along the z-axis. In TIRF excitation all excited molecules
are in an exponentially decaying evanescent field with
~100-200 nm thickness with homogeneous excitation inten-
sity. In confocal techniques, excitation extends in the z-
direction over more than 500-1000 nm. Assuming a non-
linear relation between excitation power and photostabiliza-
tion, the protective effect of compound 20 would be highly
dependent on the specific power and labeling density in
confocal techniques. Furthermore, additional interactions of
the fluorophores with the nanobody or redox-active mole-
cules present in the cellular environment might also reduce
the observed photostabilization effects.

Discussion and Conclusion

Many commercially available fluorophores have a limited
application scope, suffer from fast signal loss, induce photo-
toxicity, or are confronted with the requirement for
demanding functional properties. Unfortunately, there is so
far no simple (commercial) solution to modify their chemical
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Figure 5. Applications of linker-conjugated self-healing dyes in single-molecule FRET (usALEX) and STED super-resolution microscopy. A) 2D
histograms of joint pair values of S* (labeling stoichiometry) and E* (FRET efficiency, that correlates to interprobe distance) of Cy3B (donor)/
ATTO647N (acceptor) on dsDNA in the absence and presence of 2 mM TX and Cy3B (donor)/20-Atto647N as the acceptor in PBS pH 7.4 buffer.
B) Dependence of the donor-acceptor population of the corresponding conditions in (A) for increasing excitation intensity. C, left half) confocal
(top) and STED (bottom) images of tubulin stained with GFP-binder-20-ATTO647N in HeLa H2B-mRFP-mEGPF-aTubulin cells. Scalebar: 1 pm. (C,
right half) intensity profile along the line indicated in (C top and bottom) by an arrow showing increase of resolution through STED. Lines indicate
a gaussian fit for confocal (gray) and a double-Lorentzian fit for STED data (black), respectively. The fit to the STED data reveals a line distance of
273 nm and a Full Width Half Maximum (FWHM) of 65 nm and 62 nm for the resolved peaks, respectively. D)—H) Images and bleaching analysis
in Hela-H2B-GFP cells stained with GFP-binder prelabeled with either ATTO647N or 20-ATTO647N. D) Confocal images of nuclei labeled with GFP-
binder-20-ATTO647N before (top) and after (bottom) bleaching. Scalebar: 5 ym. E)—H) Bleaching analysis from stained cells as described in the
Supporting Information (Part I, Immunostaining). E), F) Under Confocal Scanning Microscopy and (G, H) under STED Microscopy conditions. E),
G) Normalized fluorescent time traces with exponential fit. Error bars correspond to one standard deviation of the data. F), H) Bleaching times
under 20% Confocal intensity (F, left), 50% Confocal intensity (F, right), 20% Confocal and 40% STED intensity (H, left), 50% Confocal and 40%
STED intensity (H, right). Error bars in (F), (H) correspond to one standard deviation of fitted bleaching times.

properties or bioconjugation chemistry without major
synthetic efforts post purchase. We here present a solution
to these problems via introducing linker molecules that
allow to functionalize commercial fluorophores during
biolabelling which makes complex chemical modifications
redundant. We believe that both our biolabelling strategy
and the synthesis route of the linker are new versatile tools
for biochemical- and biophysical investigations and
fluorescence imaging. The biolabelling and fluorophore
attachment is based on commonly used linking chemistries
(NHS esters, maleimides, click chemistry) and can thus be
integrated into existing protocols. With such a simple
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strategy, users in all branches of academic and industry
research, but also in biomedicine will be able to modify
properties of commercially available fluorophores preserv-
ing their standard labeling routines. The synthesis strategy
of the linker molecules itself was realized with commercial
precursors, is cost effective, has high yields, and conse-
quently offers the possibility for extension into a larger
linker library. Systematic variations of single components in
the Ugi-4CR and post-modification approaches, which we
plan in future projects, will allow to modify either the
bioconjugation site, the fluorophore tag or the functional
moiety of the linker molecules.
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Diversification of bioconjugation aims at obtaining link-
ers for labeling of many relevant targets in vitro and in vivo.
This could be approached by replacing activated 3-maleimi-
dopropionic acid in the final conjugation step (Scheme 1).
We believe that attachment of reactive groups for bioconju-
gation via strain-promoted alkyne-azide or alkyne-nitrone
cycloaddition,””!  inverse-electron demand Diels-Alder
reaction,® condensation of 1_2-aminothiol with 2-
cyanobenzothiazole®® and protein- or peptide-based tags,
such as the SNAP-tag motif can be developed via a similar
synthesis.

Another key aspect will be diversification of the bio-
orthogonal attachment of the commercial fluorophore
derivative to the linker for attaching a fluorophore NHS
ester, sulfhydryl-groups for attaching a fluorophore malei-
mide, ring-strained alkynes®” for attaching a fluorophore
azide or ring-strained alkenes for attaching a fluorophore
tetrazine.”® With these most types of commercially available
reactive fluorophores can be used with the linker approach.
Importantly, the labeling chemistries for biological target
and fluorophore attachment must be chosen such that they
do not interfere with each other. It may thus be necessary to
alter the two in their nature or specific position in the linker
(Scheme 1), depending on the biological sample and the
desired fluorophore.

From a functional viewpoint, we hope to obtain linkers
in the future that can equip all kinds of commercial dyes
with new functional properties such as metal-ion sensing,”"!
tailored blinking kinetics,*! introduction of purification
tags, and others. Also, bio-reactive functional dyes might be
assembled directly using optimal combinations of fluoro-
phore, functional and bio-reactive unit via the Ugi-4CR
directly (as was also suggested in Ref. [23b]). For the latter,
the linker approach presents a fast pre-screening method to
identify the ideal combinations of fluorophore and func-
tional group.

We believe that linkers could enable novel live-cell
imaging aspects and modalities, e.g., an improvement of
dyes used for STED imaging (STAR635PF*)). They might
also help to cope with the presence of molecular oxygen,
i.e., to identify dye-photostabilizer combinations that show
good photostability in the presence of oxygen. Furthermore,
metal-chelating dyes for STORM imaging (CHIRON
method®) could be based on the linker. Also, the linker
could help to create new self-blinking dyes for STORM
where nucleophiles such as thiols or hydroxy-groups are
combined with silicone rthodamine dyes.” Another concep-
tual possibility with linkers is to create double fluorophore
anchoring sites, e.g., via the use of double-alkyne linkers
that facilitate fluorophore-fluorophore interactions. Two
fluorophore labeling sites in close proximity might be useful
for creation of photoactivatable dyes previously used in
STORM, i.e., to create a green/red activator combination.[*’!
Alternatively, two labeling sites might allow to convert the
stable emission of fluorophores such as ATTO655, TMR or
ATTO647N into self-blinking dyes via fluorophore—fluoro-
phore quenching processes. The latter strategy would not
require additional laser sources or buffer additives for
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fluorescence on/off-switching and could be a general strat-
egy to create a new class of self-blinking dyes.

As demonstrated by Blanchard and co-workers
recently,'® self-healing dyes are particularly suited for
FRET studies with high temporal resolution as high as
250 ps. With this, a direct observation of fast conformational
fluctuations on the sub-millisecond time range or analysis of
transition path times*!! becomes possible if sufficient count-
rates (and total number of detected photons) are available.
Since we demonstrated count-rates in the range of >1 MHz
with self-healing based on a combination similar to 18-
ATTO647N previously,™ we hope to obtain FRET traces
with a time binning in 10-50 ps steps using selected linker-
dye combinations. These would allow to resolve fast
conformational transitions in proteins for a detailed elucida-
tion of ligand-binding mechanisms, fast conformational
motion of enzymes relevant for catalytic activity,*™ or the
analysis of transition path times.*! We thus feel that if dye-
linker combinations can provide up to >10" photons per
single fluorophore (20-ATTO647N, Figure 4), this will pave
the way for novel applications of smFRET or other
molecular distance rulers."”)
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