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ABSTRACT

Fluorescence lifetime imaging opens new dimensions for highly multiplexed imaging in live
cells and organisms using differences in fluorescence lifetime to distinguish spectrally identical
fluorescent probes. Here, we describe a set of fluorescence-activating and absorption-shifting
tags (FASTs) capable of modulating the fluorescence lifetime of embedded fluorogenic
4-hydroxybenzylidene rhodanine (HBR) derivatives. We show that changes in the FAST
protein sequence can vary the local environment of the chromophore and lead to significant
changes in fluorescence lifetime. These fluorescence lifetime modulating tags enabled
multiplexed imaging of up to three targets in one spectral channel using a single HBR derivative
in live cells and live zebrafish embryo. The combination of fluorescence lifetime multiplexing
with spectral multiplexing allowed us to successfully image six targets in live cells, opening

great prospects for multicolor fluorescence lifetime multiplexing.
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INTRODUCTION

Fluorescence lifetime microscopy (FLIM) has recently gathered a broad attention in biological
imaging thanks to the development of easy-to-use acquisition setups and approaches for data
analysis'. FLIM leverages the fluorescence lifetime, i.e. the average duration of the excited
state, of a fluorescent species for probing a given biological sample. Characterization of the
lifetime properties of commonly used fluorescent reporters allowed the use of FLIM in a variety
of biological contexts. Combined with Forster Energy Transfer (FRET), FLIM enables detection
of protein-protein interactions through changes in the donor fluorescence lifetime?. Engineering
of fluorescent biosensors with FLIM responsiveness allowed for quantitative imaging of
biomolecules of interest through measurements of fluorescence lifetime instead of signal
intensity®.

One interesting use of FLIM is the possibility to simultaneously visualize several cellular
targets relying on their fluorescence lifetime. Multiplexed observation is usually achieved by
multicolor fluorescence microscopy using fluorescent tags displaying different spectral
properties (different “colors”). The wide excitation and emission spectra of most fluorophores
limit however the number of species that can be imaged simultaneously in fluorescence
microscopy to four or five. Recently, FLIM based on time-correlated single photon counting
(TCSPC) has gathered attention as it opens additional discrimination dimension to distinguish
fluorophores with similar colors*. Visualization of up to nine fluorescent proteins have been
recently achieved using multicolor FLIM®, demonstrating the potential of FLIM for highly
multiplexed imaging using readily available fluorescent reporters. To expand the possibilities
offered by fluorescence lifetime multiplexing, dedicated engineering strategies have been
developed using lifetime as a criterium to identify fluorescent proteins®® and HaloTag-based
chemogenetic fluorescent reporters’ that display a wider range of fluorescence lifetime
differences.

Here, we describe the identification of variants of the fluorescence activating and
absorption-shifting tag (FAST) that are able of modulating the fluorescence lifetime of
embedded 4-hydroxybenzylidene rhodanine (HBR) derivatives for fluorescence lifetime
multiplexing in live cells and organisms. Small proteins of only 14 kDa, FAST and its derivatives
are attractive alternatives to fluorescent proteins and self-labeling tags for monitoring gene
expression and protein localization with minimal perturbation®®. HBR derivatives only fluoresce
when embedded within FAST, enabling wash-free imaging with very high contrast in cells and
in multicellular organisms. FASTs have been shown to excel for imaging proteins in anaerobic
organisms'® , and to allow imaging of highly dynamic processes thanks to the extremely rapid
formation of the fluorescent assembly'". Here, we show that screening of a collection of FAST

variants allowed us to identify three variants that can modulate the local chromophore
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environment, leading to significant change in the fluorescence lifetime of the embedded
chromophore. These fluorescence lifetime modulating tags allow the imaging of three targets
in one spectral channel using a single fluorogenic chromophore in live mammalian cells and in

zebrafish larvae, opening great prospect for highly multiplexed imaging.

RESULTS
Identification and characterization of FAST variants for FLIM multiplexing

4-hydroxybenzylidene rhodanine derivatives are push-pull chromophores with fluorescence
properties highly dependent on the environment. When free, they are almost non-fluorescent,
as they dissipate light energy through ultrafast non-radiative de-excitation pathways. Rotations
around the methylene bridge bonds have been proposed to promote internal conversion by
conical intersection. When embedded within FAST, their anionic state is stabilized and locked
in a planar conformation, leading to fluorescence. Different FAST variants adapted to imaging
in different biological contexts have been developed over the last few years, mainly through

rational design' and directed evolution®'

. Recently, the use of proteins with homology
relationship enabled the engineering of new variants, with sequence similarity between 70 to
78 % relative to prototypical FAST, all binding prototypical fluorogens with good affinity and
yielding fluorescent assemblies with good brightness in vitro and in cells'. All together, these
different engineering efforts provide a collection of proteins with a wide diversity of sequences,
leading to different photophysical behaviors, and thus hypothetically to different fluorescence
lifetimes.

To identify FAST:fluorogen assemblies suitable for fluorescence lifetime multiplexing
(Fig. 1a), we screened fluorogens able to form tight and bright fluorescent assemblies with the
largest possible number of variants. We tested the fluorogens HMBR, HBR-3,5DM and HBR-
2,5DM, which form tight (Ko 10-900 nM) and bright (FQY 20-50 %) green-yellow fluorescent
assemblies with the original FAST® (engineered from the photoactive yellow protein (PYP) from
Halorhodospira halophila), its variants, iFAST'?, pFAST®, oFAST?®, tFAST® and greenFAST™,
as well as the six recently-described FAST systems, HboL-FAST, HspG-FAST, RspA-FAST,
llo-FAST, TsiA-FAST and Rsa-FAST", engineered from six homologs of PYP from Halomonas
boliviensis LC1 (HbolL), Halomonas sp. GFAJ-1 (HspG), Rheinheimera sp. A13L (RspA),
Idiomarina loihiensis (llo), Thiorhodospira sibirica ATCC 700588 (TsiA), and Rhodothalassium
salexigens (Rsa) (Supplementary Text 1 and Supplementary Figure 1). We imaged each
variant:fluorogen assembly in cultured mammalian cells by TCSPC-FLIM (Supplementary
Figure 2). For the screening, we fitted the fluorescence decays of each assembly with a bi-

exponential model and computed the intensity-weighted average fluorescence lifetime (Ti)
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(Supplementary Figure 2a-c). The use of T; enables to compare systems regardless of their
mono or bi-exponential decay behavior. In agreement with their relative fluorescence quantum
yields, for a given variant, the T; of the fluorescent assembly gradually increased going from
HMBR to HBR-2,5DM and HBR-3,5DM. Interestingly, with the same fluorogen, although
displaying very similar fluorescence quantum yields, some FAST variants yielded fluorescent
assemblies with clearly distinguishable lifetime signatures. This behavior was already reported
for greenFAST and iFAST, which form assemblies with HMBR having similar fluorescence
quantum yields (23 % and 22 % respectively), but distinguishable T; values (respectively T; =
1.25 + 0.01 ns and 1.73 + 0.01 ns)'. Noteworthily, regardiess of the fluorogen used,
greenFAST was always the variant yielding the lowest Ti, while TsiA-FAST always gave the
highest T; (Supplementary Figure 2d). Computing of pairwise lifetime differences enabled the
identification of variants suitable for fluorescence lifetime multiplexing. Regardless of the
fluorogen, greenFAST displays lifetime difference large enough with most FAST variants for
multiplexing by FLIM (AT; > 0.4 ns), the best discrimination being observed with TsiA-FAST.
greenFAST and TsiA-FAST displayed a AT; of 0.78 ns with HMBR, 0.89 ns with HBR-2,5DM,
and 1.17 ns with HBR-3,5DM. We identified a third variant, oFAST, that forms fluorescent
assemblies with fluorescence lifetimes in between those obtained with greenFAST and TsiA-
FAST (Supplementary Figure 2), opening exciting prospects for fluorescence lifetime
multiplexing of three FAST variants in the same spectral channel. In this screening, HBR-
2,5DM appeared as the optimal fluorogen for lifetime multiplexing of the three FAST variants,
while HBR-3,5DM offered the best lifetime differences for the separation of two FAST variants.
Hereafter, greenFAST, oFAST and Tsi-FAST are renamed shortT-FAST, midT-FAST and
longT-FAST, respectively, in which the prefix indicates whether they give short, intermediate
or long fluorescence lifetimes. Moreover, when designating their assemblies with HBR-2,5DM
(resp. HBR-3,5DM), which emits at ~ 550 nm (resp. 560 nm) within FAST variants, we will use
the names shortT550, midT550 and longT550 (resp. shortT560, midT560 and longT560).

We next performed an extensive characterization of shortT-FAST, midT-FAST and
longT-FAST with HBR-2,5DM and HBR-3,5DM in three different mammalian cell lines,
HEK293T, HeLa and U20S cells (Fig. 1b-l and Supplementary Figures 3-7). The three
variants were expressed as fusions to the histone H2B. We fitted the fluorescence decays with
either a monoexponential or a biexponential model, and determined the best fit model using a
reduced y? goodness-of-fit test (Supplementary Figures 6 and 7). The variants shortT550
(a.k.a shortT-FAST:HBR-2,5DM) and shortT560 (a.k.a. short-FAST:HBR-3,5DM) clearly
displayed biexponential fluorescence decay. The variants midT550 (a.k.a. midT-FAST:HBR-
2,5DM) and longT550 (a.k.a. longT-FAST:HBR-2,5DM) displayed rather biexponential decay.
For midT560 (a.k.a. midT-FAST:HBR-3,5DM) and longT560 (a.k.a. longT-FAST:HBR-3,5DM),
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the goodness-of-fit with a monoexponential fit model and a biexponential fit model were very
similar. To analyze all the systems the same way and facilitate comparison, we use hereafter
Ti computed from the results of the biexponential fit. For a given variant, very similar T; values
were obtained in the three tested cell lines (Fig. 1b-d, f-h, j,f), suggesting that this parameter
is robust in various cellular contexts. This study confirmed that, for a given fluorogen, the
assemblies with shortT-FAST, midT-FAST and longT-FAST display distinguishable
fluorescence lifetimes. With HBR-2,5DM, the three variants show clearly different lifetime
signatures in the three cell lines. With HBR-3,5DM, the lifetime difference of the pairs shortT-
FAST/midT-FAST and shortT-FAST/longT-FAST was larger than with HBR-2,5DM in all cell
lines. However the pair midT-FAST/longT-FAST displays a lifetime difference smaller than with
HBR-2,5DM in HEK293T and U20S cells. In HeLa cells, shortT-FAST and midT-FAST display
a difference of lifetime AT; = 0.39 ns with HBR-2,5DM and AT; = 0.80 ns with HBR-3,5DM.
midT-FAST and longT-FAST display a difference of lifetime AT = 0.22 ns with HBR-2,5DM,
and AT; = 0.22 ns with HBR-3,5DM. Finally, shortT-FAST and longT-FAST display a difference
of lifetime AT; = 0.61 ns with HBR-2,5DM, and AT; = 1.0 ns with HBR-3,5DM. For each variant,
the T; values measured in the three different cell lines were close (Fig. 1e,i), demonstrating
the possibility to distinguish them regardless of the cell type used. We assume that the ability
of the three variants to modulate differently the fluorescence lifetime of the embedded
fluorogen is related to their different amino acid sequences that modulate the local environment
of the chromophore, affecting thus the fate of the excited state. shortT-FAST and midT-FAST
share 94 % sequence identity, shortT-FAST and longT-FAST 71 %, and midT-FAST and
longT-FAST 74 %. Estimation of the kinetic constants associated to radiative and non-radiative
de-excitation suggested that the differences in fluorescence lifetime we observed are mainly
due to differences in the non-radiative kinetic constants (Fig. 1k,l). While longT-FAST and
midT-FAST display close radiative and non-radiative constants regardless of the fluorogen,
short-FAST is characterized by a higher non-radiative kinetic constant compared to the two

other reporters.

Fluorescence lifetime multiplexing in mammalian cells

To demonstrate the possibility of performing fluorescence lifetime multiplexing, we first tested
pairwise combinations of shortT-FAST, midT-FAST and longT-FAST labeled with either HBR-
2,5DM (Fig. 2) or HBR-3,5DM (Fig. 3). To test each pair, we co-expressed the two variants in
HeLa cells in two different cellular localizations, the nucleus and mitochondria, in order to
assign one localization to one variant. While the lifetime signature of an emissive species does
not depend on its concentration, attention must be given to fluorescence levels to achieve good
photon counting, in particular when multiplexing reporters with different cellular brightness’.

We thus optimized, for each pair, the expression of the two variants to achieve similar
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fluorescence signals for better photon counting. Various techniques can be used to analyze
the FLIM data and separate the contributions of two fluorophores. For each pair of reporters,
we compared the photon average arrival time image with the fluorescence decay fitting method
and the fit-free phasor approach for separation of the individual variants. Each separation
technique bears different advantages and drawbacks: while the fitting approach is widely used
to report values of fluorescence lifetime and characterize a given fluorescent reporter, the
phasor approach does not require any assumption on the mono, bi- or tri-exponential decay
behavior of the reporter’s lifetime and gives a visual representation of the different fluorescent
populations present in a given sample. In our case, while the different fluorescent assemblies
were undistinguishable in the intensity-only image, we achieved proper discrimination of each
variant of a given pair no matter the analysis method (Fig. 2 and Fig. 3), in agreement with
their differences in lifetime. For each pair of variants, mitochondria and nucleus displayed
different photon average arrival times, in agreement with the presence of two different variants
in these two locations (Fig. 2d,l,t and Fig. 3d,l,t). The phasor representation was used to
visualize these two populations, which, for each pair, appear as separate clusters (Fig. 2e,m,u
and Fig 3e,m,u). Segmentation based on the position of these clusters allowed to separate
the fluorescence lifetime modulating tags expressed in the mitochondria and the nucleus (Fig.
2f,n,v and Fig. 3f,n,v). Separate lifetime signatures were also observed on the intensity-
weighted average lifetime image obtained through fitting of the fluorescence decays with a
biexponential model (Fig. 2h,p,x and Fig3h,p,x). For all assemblies, the intensity-weighted
average lifetime distribution shows two separate bands, allowing the definition of two temporal
windows for lifetime-based separation of the two variants (Fig. 2i,q,y and Fig 3i,q,y). The
average lifetime difference remained close to the lifetime difference measured when the
variants were expressed alone as H2B fusions in HeLa cells (Supplementary Figure 8). Note
that, with HBR-3,5DM, the discrimination of midT560 and longT560 was more challenging
because of the larger overlap of the two individual lifetime distributions in this context.
However, as observed during our initial characterization, shortT560 and longT560 displayed
the largest lifetime difference (ATi > 1 ns), which makes this pair the best for FLIM multiplexing
of two targets.

Based on the analysis of their fluorescence lifetimes, we reasoned that it should be
possible to separate shortT550, midT550 and longT550 in the same sample. To demonstrate
lifetime multiplexing of these three variants, we first co-cultured populations of HEK293T
mammalian cells expressing respectively H2B—shortT-FAST, H2B-midT-FAST and H2B-
longT-FAST and imaged them in presence of HBR-2,5DM by spectral confocal microscopy
and FLIM (Fig. 4a). While spectral confocal microscopy did not allow separation of shortT550,
midT550 and longT550 because of their identical spectral properties (Fig. 4b-c), efficient

discrimination was possible through FLIM, as demonstrated by the presence of three separate
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lifetime populations on the photon average arrival time image (Fig. 4d) as well as three
separate clusters on the phasor plot (Fig. 4e), enabling the separation of the three variants
(Fig. 4f). When fitting the fluorescence decays with biexponential model (Fig. 4g), three peaks
in the intensity-weighted average lifetime distribution histogram were visible at T = 1.45 ns,
1.89 ns and 2.10 ns respectively, that were attributed respectively to shortT550, midT550 and
longT550 (Fig. 4h), allowing the separation of the three variants (Fig. 4i).

To further evaluate our ability to separate shortT550, midT550 and longT550, we co-
expressed in U20S shortT-FAST, midT-FAST and longT-FAST, respectively in fusion with
mitochondrial targeting sequence (mito) from the subunit VIII of human cytochrome C oxidase,
microtubule-associated protein (MAP)4 and H2B, and labeled them with HBR-2,5DM (Fig.
4j.k). Phasor plot-based identification of clusters allowed the separation of the three reporters
and their visualization in the expected localization (Fig 4l-p). In this context, the phasor plot
approach facilitated the separation of the three reporters using the positions of the individual
clusters.

To further push fluorescence lifetime multiplexing in the green channel, we imaged
shortT550, midT550 and longT550 together with the enhanced green fluorescent protein
(EGFP) using the co-culture experiment described above. Since the reported fluorescence
lifetime of EGFP is longer than that of longT550 (T; = 2.6 ns, AT; = 0.5 ns)®, we reasoned that
separation of four variants in the green channel would be possible. To unmistakably distinguish
EGFP from the FAST variants, we expressed it in the cytosol (Supplementary Figure 9a,d).
The phasor plot of the corresponding sample displayed four separated clusters
(Supplementary Figure 9b,c), and the longest lifetime corresponded to the cells with cytosolic
fluorescence, in agreement with EGFP localization. The intensity-weighted average lifetime
distribution in fields of view comprising cells expressing the four different reporters displayed
four separated peaks, with maxima at Ti = 1.26 ns, 1.64 ns, 1.82 ns and 2.08 ns, corresponding
respectively to shortT550, midT550, longT550 and EGFP (Supplementary Figure 9e,f).

This set of experiments allowed us to demonstrate the possibility of achieving lifetime

multiplexing of three different FAST variants with identical spectral properties in living cells.

Fluorescence lifetime multiplexing in zebrafish larvae

Next, we demonstrated our ability to achieve fluorescence lifetime multiplexing of shortT-
FAST, midT-FAST and longT-FAST in zebrafish larvae as model of multicellular organisms.
Zebrafish is a common biological model to study a variety of biological processes such as
development, inflammation, cell proliferation and metastasis'>'®. In this context, cancer cells

expressing fluorescent reporters can be injected in zebrafish embryo and larvae and their
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interaction with their environment as well as their proliferation can be assessed through
fluorescence microscopy. To demonstrate fluorescence lifetime multiplexing of shortT550,
midT550 and longT550 in a single spectral channel in zebrafish larvae, we injected a mix of
three HEK293T cell populations expressing respectively H2B—shortT-FAST, H2B-midT-FAST,
and H2B-longT-FAST (Fig. 5a) in the developing brain. Two days later, larvae were imaged
after treatment with HBR-2,5DM. Confocal imaging of the larvae shows clusters of green-
emitting cells near the injection point (Fig. 5b-c). Although some structures of the zebrafish
larvae displayed some autofluorescence, their fluorescence lifetime signal did not interfere with
those of the different reporters. The fluorescence lifetimes of each variant were also assessed
independently through injection of the individual cell populations (Supplementary Figure 10)
and were consistent with those measured previously in cultured mammalian cells (1.45 ns for
shortT550, 1.70 ns for midT550 and 1.93 ns for longT550, Supplementary Figure 10d,h,I).
Fluorescence lifetime multiplexing allowed us to discriminate the three fluorescence lifetime
modulating tags in the zebrafish larvae, as demonstrated by the presence of three fluorescence
lifetime signatures distinguishable in the phasor plot (Fig. 5e-f) as well as in the intensity-
weighted average lifetime distribution (Fig. 5g-i). This set of experiments allowed us to
demonstrate the possibility of achieving fluorescence lifetime multiplexing of three targets in a

single spectral channel in a multicellular organism.

Fluorescence lifetime multiplexing combined with spectral multiplexing

Finally, we further pushed multiplexing by combining fluorescence lifetime multiplexing with
spectral multiplexing. We combined shortT550, midT550 and longT550 in the green channel,
together with cyan, red and near-infrared (NIR) fluorescent reporters. For this purpose, we co-
cultured mammalian cells expressing respectively ECFP (cyan channel), shortT-FAST, midT-
FAST and longT-FAST (green channel), mCherry (red channel) and emIRFP670 (NIR
channel) and labeled the cells with HBR-2,5DM (Fig. 6a). Confocal imaging allowed the
spectral discrimination of ECFP, mCherry and emIRFP670 in addition to a population of green-
emitting cells (Fig. 6b-f), and we used FLIM to separate the green fluorescence emitting
reporters. Similarly to previous multiplexing experiments, fitting approach (Fig. 6g-k) and
phasor plot (Fig. 61) allowed the identification of three lifetime signatures, in agreement with
the different lifetimes of shortT550, midT550 and longT550. By combining spectral and lifetime
imaging, we were able to image and distinguish up to six different fluorescent reporters (Fig.
6m).
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DISCUSSION

In this work, we leveraged a collection of FAST variants with broad sequence diversity to
identify fluorescence lifetime modulating tags allowing multiplexed imaging in a single spectral
channel. We screened the fluorescence lifetimes of twelve different variants with three
prototypical fluorogens forming green-yellow fluorescent assemblies. Comprehensive
characterization of greenFAST, oFAST and TsiA-FAST, renamed shortT-FAST, midT-FAST
and longT-FAST, respectively, showed that these three variants formed fluorescent
assemblies with HBR-2,5DM and HBR-3,5DM that display distinct fluorescence lifetime
signatures, allowing their separation by FLIM although their spectral properties are identical.
These differences in fluorescence lifetime are not due to differences in their fluorescence
quantum yields, but rather originate from different non-radiative deexcitation behaviors. Our
results suggest that the fluorescence lifetimes of such fluorogenic reporters can be tuned
through engineering of the binding pocket of the fluorophore, opening interesting prospects for
engineering variants with more substantial differences in lifetime: while the screening strategy
previously used during the directed evolution process of FAST proteins focused more on
selecting the tightest and brightest assemblies, an additional screening based on fluorescence
lifetime could enable in the future the identification of variants displaying more significant
differences in lifetime, and allow multiplexing of more targets. Among the three variants
highlighted in this study, longT-FAST (a.k.a TsiA-FAST) was not obtained through directed
evolution like the two others, but by exploring proteins with homology relationship. While this
homology-based protein engineering strategy allowed the generation of variants with
sequence similarity of 70-78 %, exploring the use of homologs with lower similarity may allow
the generation of novel FAST variants with different photophysical behaviors and thus different
fluorescence lifetime signatures.

To demonstrate the possibility of achieving fluorescence lifetime multiplexing, we
performed pairwise combinations of shortT-FAST, midT-FAST and longT-FAST with either
HBR-2,5DM or HBR-3,5DM, and showed that, for a given fluorogen, proper discrimination of
each possible pair could be achieved. With HBR-2,5DM, shortT550, midT550 and longT550
could be combined in the same experiment for fluorescence lifetime multiplexing of three
targets in a single spectral channel as demonstrated in cultured mammalian cells. We
leveraged this feature in zebrafish larvae through injection of a mixture of three mammalian
cell populations, each expressing a different fluorescence lifetime modulating tag, and
successfully distinguished them via their different lifetime signatures.

One interesting feature of fluorescence lifetime multiplexing is the possibility to
distinguish variants with different lifetime signatures in one spectral channel, freeing up the

20,21

other spectral channels for observing additional biological targets®“'. The fluorescence
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lifetime modulating tags identified in this study are green fluorescent. We demonstrated that
spectral multiplexing and lifetime multiplexing could be combined to discriminate up to six
different fluorescent reporters, opening prospects for monitoring as many different processes
simultaneously.

The identification of fluorescence lifetime modulating tags for multiplexing enables us
to envision the use of these systems as reporters for the design of lifetime responsive
biosensors through coupling with recognition domains of specific analytes and biomolecules
of interest. We believe fluorescence lifetime multiplexing using chemogenetic fluorescence
lifetime modulating tags open exciting prospects for biological imaging: combined with spectral
multiplexing, it opens countless opportunities for observing several biological targets

simultaneously.

METHODS

General Commercially available reagents were used as obtained. The synthesis of HBR-
2,5DM?2, HBR-3,5DM??2 and HMBR® was previously reported. These fluorogens are
commercially available from the Twinkle Factory under the name matchsso, '"Amber and

Lime.

Biology. The presented research complies with all relevant ethical regulations.

General Synthetic oligonucleotides used for cloning were purchased from Integrated DNA
Technology. PCR reactions were performed with Q5 polymerase (New England Biolabs) in the
buffer provided. PCR products were purified using QIAquick PCR purification kit (QIAGEN).
DNase I, T4 ligase, fusion polymerase, Taq ligase and Taq exonuclease were purchased from
New England Biolabs and used with accompanying buffers and according to the
manufacturer’s protocols. Isothermal assemblies (Gibson Assembly) were performed using a
homemade mix prepared according to previously described protocols'’. Small-scale isolation
of plasmid DNA was conducted using a QlAprep miniprep kit (QIAGEN) from 2 mL overnight
bacterial culture supplemented with appropriate antibiotics. Large-scale isolation of plasmid

DNA was conducted using the QIlAprep maxiprep kit (QIAGEN) from 150 mL overnight
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bacterial culture supplemented with appropriate antibiotics. All plasmid sequences were

confirmed by Sanger sequencing with appropriate sequencing primers (GATC Biotech).

Cloning The plasmids used in this study have been generated using isothermal Gibson

Assembly or restriction enzymes cloning.

The plasmids pAG641, pAG261, pAG382 and pAG645 enabling the bacterial expression of
6 xHis—TEVcs—pFAST®, 6 xHis—TEVcs—greenFAST™, 6 xHis—TEVcs—TsiA-FAST™  and
6 xHis—TEVcs—oFAST?® were previously described.

The construction of plasmids pAG109 pAG374, pAG472, pAG657, pAG658 and pAG659
allowing the mammalian expression of H2B-FAST®, H2B-greenFAST'3, H2B-iIFAST'?, H2B-
pFAST®, H2B-tFAST® and H2B-oFAST® was previously described. The construction of
plasmids pAG372 and pAG673 allowing the expression of mito-greenFAST'® and mito-oFAST®
was previously described. The plasmids pAG765, pAG766, pAG767, pAG768, pAG769 and
pAG770 allowing the expression of cMyc-HboL-FAST-IRES-mTurquoise2, cMyc-HspG-FAST-
IRES-mTurquoise2, cMyc-RspA-FAST-IRES-mTurquoise2, cMyc-llo-FAST-IRES-
mTurquoise2, cMyc-TsiA-FAST-IRES-mTurquoise2, cMyc-Rsa-FAST-IRES-mTurquoise2
were previously described™. The plasmids pAG1367 and pAG1448 allowing the mammalian
expression of H2B-emIRFP670-cMyc and H2B-TsiA-FAST-cMyc respectively were
constructed by replacing the sequence of pFAST by the sequence of TsiA-FAST in the plasmid
pAG657 allowing the expression of H2B-pFAST-cMyc. The plasmids pAG324 and pAG1247
allowing the expression of H2B-mCherry'® and H2B-ECFP-pFAST1.114"® were previously
described. The plasmid pAG1052 allowing the expression of FRB-EGFP was obtained by
replacing the sequence of frFAST1.114 by the sequence of EGFP in the plasmid pAG499
allowing the expression of CMV-cMyc-FRB-N-frFAST'®

Cell culture HelLa cells (ATCC CRM-CCL2) were cultured in minimal essential medium
supplemented with phenol red, Glutamax I, 1 mM of sodium pyruvate, 1% (vol/vol) of non-
essential amino acids, 10% (vol/vol) fetal calf serum (FCS) and 1% (vol/vol) penicillin—
streptomycin at 37 °C in a 5% CO, atmosphere. HEK293T (ATCC CRL-3216) cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with phenol red, 10%
(vol/vol) FCS and 1% (vol/vol) penicillin—streptomycin at 37 °C in a 5% CO_ atmosphere. U20S
cells (ATCC HTB-96) were cultured in McCoy’s medium supplemented with phenol red and
10% (vol/vol) FCS and 1% (vol/vol) penicillin—streptomycin at 37 °C in a 5% CO, atmosphere.
For imaging, cells were seeded in uDish IBIDI (Biovalley) coated with poly-L-lysine. Cells were

transiently transfected using Genejuice (Merck) according to the manufacturer’s protocols for
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24 h before imaging. Cells were washed with Dulbecco’s PBS (DPBS) and treated with DMEM
(without serum and phenol red) supplemented with the compounds at the indicated

concentration.

Protein expression in bacteria and purification Plasmids were transformed in BL21(DE3)
competent Escherichia coli (New England Biolabs) or Rosetta(DE3)pLysS E. coli (Merck).
Cells were grown at 37°C in lysogeny broth medium supplemented with 50 ug.mL™
kanamycin (and 34 ug.mL™" of chloramphenicol for Rosetta) to ODgoonm 0.6. Expression was
induced overnight at 16 °C by adding isopropyl p-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. Cells were collected by centrifugation (4,300 x g for 20 min at4 °C) and
frozen. For purification, the cell pellet was resuspended in lysis buffer (PBS supplemented with
2.5mM MgCl,, 1 mM of protease inhibitor phenylmethanesulfonyl fluoride and 0.025 mg.mL™’
DNase, pH 7.4) and sonicated (5 min, 20% of amplitude) on ice. The lysate was incubated for
2honice to allow DNA digestion by DNase. Cellular fragments were removed by centrifugation
(9,000 x g for 1 h at 4 °C). The supernatant was incubated overnight at 4 °C by gentle agitation
with pre-washed Ni-NTA agarose beads in PBS buffer complemented with 20 mM of imidazole.
Beads were washed with ten volumes of PBS complemented with 20 mM of imidazole and with
five volumes of PBS complemented with 40 mM of imidazole. His-tagged proteins were eluted
with five volumes of PBS complemented with 0.5 M of imidazole. The buffer was exchanged
to PBS (0.05 M phosphate buffer and 0.150 M NaCl) using PD-10 desalting columns or Midi-
Trap G-25 (GE Healthcare). The purity of the proteins was evaluated using SDS-PAGE

electrophoresis stained with Coomassie blue.

Physicochemical measurements Steady-state UV-Vis and fluorescence spectra were
recorded at 25°C on a Spark 10 M (Tecan). Data were processed using GraphPad Prism
v.10.0.3. Fluorescence quantum yield measurements were determined in 96-well plates using
either FAST:HMBR or pFAST:HBR-3,5DM as a reference. Solutions of 40 uM of proteins were
used, in which the fluorogen was diluted to the right concentration, usually from 6 uM to 0.375
MM, allowing > 99% of complex formation. Absorption coefficients were determined directly by
the previous experiments after determination of the optical path length. Thermodynamic
dissociation constants were determined by titration experiments in which we measured the
fluorescence of the fluorescent assembly at various fluorogen concentrations using a Spark

10M plate reader (Tecan) and fitting data in Prism 9 to a one-site specific binding model.

Fluorescence microscopy The confocal micrographs were acquired on a Zeiss LSM 980
Laser Scanning Microscope equipped with a plan apochromat 20 x dry (NA 0.8) objective and
with a plan apochromat 63x /1.4 NA oil immersion objective ZEN software were used to collect

the confocal data. Fiji was used to analyze the confocal data.
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Fluorescence lifetime imaging

General FLIM images were acquired on a Zeiss LSM 980 confocal system coupled with Becker
and Hickl FLIM module and equipped with a 20 x dry (NA 0.8) objective or a 63 x oil immersion
(NA 1.4) objective. A 488 nm pulsed diode laser (50 MHz) for the excitation, a green large
band bloc filter (DBS 450 + 538; DBP 467/24 + 598/110) and a HPM-100-40-ZEISS Hybrid
GaAsP Photodetector were used. Acquisitions were performed at 37°C for mammalian cells
and 30°C for zebrafish. All FLIM analysis was performed on the software SPCimage of Becker
and Hickl?.

Single variants characterization For each variant, at least six fields of view using a 20 x
objective from two biological replicates were acquired, first through confocal imaging then
through lifetime imaging. For lifetime determination, regions of interest were drawn around the
nuclei, and the corresponding fluorescence decays were fitted with mono- or bi-exponential
models (using maximum likelihood estimation (MLE) for better accuracy). For each fitting
model, the fluorescence lifetime components were reported, and the intensity-weighted
average lifetime was computed. For each FAST:fluorogen assembly, > 70 cells from two
biological replicates were analyzed this way. The mean of intensity-weighted average

fluorescence lifetime was used as a parameter to characterize the fluorescent assembilies.

Fluorescence lifetime multiplexing For each pair, confocal micrographs using 63 x objective
were acquired prior to lifetime imaging to ensure optimal focus and thus better data quality.

After lifetime acquisition, separation of the two variants was performed systematically through:

(i) Calculation of the first moment: this gives a distribution of average photon arrival
time. Variants that can be separated based on their lifetimes appear in different
colors.

(i) Fitting of the fluorescence decays with bi-exponential model and plotting of the
corresponding intensity-weighted lifetime distribution through the whole image.
Variants that can be separated will result in two distinct peaks in the resulting
histogram and selection of lifetime windows around the peaks enables separation
of the two variants.

(iii) After drawing a region of interest around the cell to analyze, the corresponding
phasor plot can be displayed, and pixels with similar lifetimes form a cluster. Two
distinct clusters are visible when the variants can be separated. Pixels forming each

cluster can be identified in the lifetime image and thus separated.
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Zebrafish experiments

Adult zebrafish (Danio rerio) were kept at around 27-29°C on a 14 hr-light: 10 hr-dark cycle
and fed twice daily. Natural crosses obtained fertilized eggs which were raised at 28°C in Volvic
water. Experiments were performed using the standard nacre strain. Developmental stages
were determined and indicated as days post fertilization (dpf). The animal facility obtained
permission from the French Ministry of Agriculture (agreement No. D-75-05-32.) and all animal
procedures were performed in accordance with French animal welfare guidelines. HEK293T
were seeded at 500,000 cells/mL concentration in 25 cm? flasks and transfected after 24h
using Geneduice (Merck) according to manufacturer's guidelines. After 24h, cells were
harvested at 10,000,000 cells/mL concentration in serum free DMEM. Cell suspension was
loaded into a borosilicate glass needle pulled by a Flaming/Brown micropipette puller
(Narishige, Japan, PN-30). 5~10 nanoliters suspension were implanted into anesthetized
(0.02% MS-222 tricaine (Sigma)) 2 dpf zebrafish larvae within the developing brain by using
an electronically regulated air-pressure microinjector (FemtoJet, Eppendorf). After injection,
zebrafish larvae were placed in Volvic water and examined under a stereoscopic microscope
for the presence of fluorescent cells and then raised for two more days at 28°C before imaging.
For imaging, living zebrafish larvae were anesthetized in MS-222 tricaine solution and
embedded in a lateral orientation in low-melting agarose (0.8%). Larval zebrafish were studied

before the onset of sexual differentiation and their sex can therefore not be determined.
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Fig. 1. Fluorescence lifetime modulating tags. (a) Principle of fluorescence lifetime
multiplexing of FAST variants. FAST:fluorogen assemblies with similar spectral properties but
different lifetime signatures can be distinguished analyzing their lifetimes. (b-e) Intensity-
weighted average lifetime distributions of shortT550, midT550 and longT550 in HEK293T cells
(b), HelLa cells (c) and U20S cells (d). N cells from two biological replicates were analyzed
(the number N of analyzed cells is given in (j)). Each cell is color-coded according to the
biological replicate it came from. The solid circles correspond to the mean of each biological
replicate. The black line represents the mean + SD of the two biological replicates. (e) Means
of intensity-weighted average fluorescence lifetimes of shortT550, midT550 and longT550 in
the three cell lines. (f-i) Intensity-weighted average lifetime distributions of shortT560, midT560
and longT560 in HEK293T cells (f), HeLa cells (g) and U20S cells (h). N cells from two
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biological replicates were analyzed (the number N of analyzed cells is given in (j)). Each cell
is color-coded according to the biological replicate it came from. The solid circles correspond
to the mean of each biological replicate. The black line represents the mean + SD of the two
biological replicates. (i) Means of intensity-weighted average fluorescence lifetimes of
shortT560, midT560 and longT560 in the three cell lines. (j) Number of cells for each set of
experiments. (k,I) Photophysical properties of FAST variants with HBR-2,5DM (k) and HBR-
3,5DM (I). Each dot corresponds to one FAST:fluorogen assembly according to their radiative
and non-radiative decay constant values, and is scaled to the FQY of the assembly.
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Fig. 2. Multiplexed imaging of fluorescence lifetime modulating tags labeled with HBR-
2,5DM. (a) Principle of lifetime-based separation of two FAST:fluorogen assemblies within the
same sample. (b-y) Combinations of mitochondrial shortT550 and nuclear midT550 (b-i),
mitochondrial midT550 and nuclear longT550 (j-q) and mitochondrial shortT550 and nuclear
longT550 (r-y). For each pair, the variants were expressed in HelLa cells. For each pair, are
shown (b,j,r) the confocal image, (c,k,s) the intensity image, (d,l,t) the photon average arrival
time image, and (g,0,w) the intensity weighted average lifetime coded image (fit with double
exponential model). (e,m,u) Phasor plot analysis. Each cluster corresponds to a variant (time
in ns is shown on the universal circle). The clusters used for separation are circled. (f,n,v)
Composite image resulting from the clustering shown on the phasor plot (shortT-FAST is in
magenta, midT-FAST in yellow, longT-FAST in cyan). (h,p,x) Intensity-weighted average
lifetime distribution of the sample. Each peak corresponds to a variant. In color, are shown the
two windows of lifetimes used for separation. (i,q,y) Composite image resulting from the fitting-
based separation (shortT-FAST is in magenta, midT-FAST in yellow, longT-FAST in cyan).
Representative results of > 16 cells from at least three biological replicates. Scale bars, 10 ym.
(b,j,r) Excitation 488 nm / detection window 500-600 nm.
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Fig. 3. Multiplexed imaging of fluorescence lifetime modulating tags labeled with HBR-
3,5DM. (a) Principle of lifetime-based separation of two FAST:fluorogen assemblies within the
same sample. (b-y) Combinations of mitochondrial shortT560 and nuclear midT560 (b-i),
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mitochondrial midT560 and nuclear longT560 (j-q) and mitochondrial shortT560 and nuclear
longT560 (r-y). For each pair, the variants were expressed in HelLa cells. For each pair, are
shown (b,j,r) the confocal image, (c,k,s) the intensity image, (d,l,t) the photon average arrival
time image, and (g,0,w) the intensity weighted average lifetime coded image (fit with double
exponential model). (e,m,u) Phasor plot analysis. Each cluster corresponds to a variant (time
in ns is shown on the universal circle). The clusters used for separation are circled. (f,n,v)
Composite image resulting from the clustering shown on the phasor plot (shortT-FAST is in
magenta, midT-FAST in yellow, longT-FAST in cyan). (h,p,x) Intensity-weighted average
lifetime distribution of the sample. Each peak corresponds to a variant. In color, are shown the
two windows of lifetimes used for separation. (i,q,y) Composite image resulting from the fitting-
based separation (shortT-FAST is in magenta, midT-FAST in yellow, longT-FAST in cyan).
Representative results of over >13 cells from at least three biological replicates. Scale bars,
10 um. (b) Excitation 488 nm / detection window 517-600 nm. (j,r) Excitation 488 / detection
window 517-570 nm
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Fig. 4. Multiplexed imaging with three fluorescence lifetime modulating tags. (a) Principle
of lifetime-based separation of three FAST:fluorogen assemblies within the same sample. (b-
i) Populations of HEK293T cells expressing either H2B—shortT-FAST or H2B-midT-FAST or
H2B-longT-FAST were mixed together, labeled with 10 yM HBR-2,5DM, and imaged by
confocal microscopy and FLIM. Are shown (b) the confocal image (Excitation 488 nm /
detection window 517-600 nm), (c) the intensity image, (d) the photon average arrival time
image, and (g) the intensity weighted average lifetime coded image (fit with double exponential
model). (e) Phasor plot analysis. Each cluster corresponds to a variant (time in ns is shown on
the universal circle). The clusters used for separation are circled. (f) Composite image resulting
from the clustering shown on the phasor plot (shortT-FAST is in magenta, midT-FAST in
yellow, longT-FAST in cyan). (h) Intensity-weighted average lifetime distribution of the sample.
In color, are shown the three windows of lifetimes used for separation. (i) Composite image
resulting from the fitting-based separation (shortT-FAST is in magenta, midT-FAST in yellow,
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longT-FAST in cyan). Scale bars, 20 uym. (j-p) U20S cell expressing H2B-longT-FAST,
mito—short-FAST and MAP4-midT-FAST and labeled with 10 yM HBR-2,5DM were imaged
by confocal microscopy and FLIM. Are shown (j) the confocal image (Excitation 488 nm /
detection window 517-600 nm). (k) the photon average arrival time image. (I-p) The three
variants were separated using the indicated clusters on the phasor representation (I) and
overlayed over the intensity image (m-p) (shortT-FAST is in magenta, midT-FAST in yellow,
longT-FAST in cyan). Representative results of three independent experiments. Scale bars,
10 ym.
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Fig. 5. FLIM multiplexing in live zebrafish larvae. (a) Three populations of mammalian
HEK293T were transfected with plasmid encoding either H2B-shortT-FAST, H2B-midT-FAST
and H2B-longT-FAST. After 24h, they were mixed together and they were injected near the
developing brain of 2 dpf zebrafish larvae. Larvae were imaged at 4 dpf after 45 min incubation
with HBR-2,5DM. Are shown (b) the confocal image (Excitation 488 nm/ detection window 508-
570 nm), (c) the intensity image, (d) the photon average arrival time image, and (g) the
intensity weighted average lifetime coded image (fit with double exponential model). (e) Phasor
plot analysis (time in ns is shown on the universal circle). The clusters used for separation are
circled. (f) Composite image resulting from the clustering shown on the phasor plot. Separate
channels are overlayed on the intensity channel (shortT-FAST is in magenta, midT-FAST in
yellow, longT-FAST in cyan). (h) Intensity-weighted average lifetime distribution of the sample.
In color, are shown the three windows of lifetimes used for separation. (i) Composite image
resulting from the fitting-based separation. Separate channels are overlayed on the intensity
channel (shortT-FAST is in magenta, midT-FAST in yellow, longT-FAST in cyan). Scale bars,
20 um. Representative results of three independent experiments.
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Fig. 6. Spectral and lifetime multiplexing in live cells. (a) Principle of combined spectral
and lifetime-based separation of six fluorescent reporters. Confocal micrographs of HEK293T
cells expressing H2B-emiRFP670 (Excitation 639 nm / detection window 650-757 nm) (b),
H2B-mCherry (Excitation 561 nm / detection window 600-632 nm) (c), H2B-shortT-FAST,
H2B-midT-FAST, and H2B-longT-FAST (Excitation 488 nm / detection window 508-570 nm)
(d), and H2B-ECFP (Excitation 445 nm / detection window 455-473 nm) (e) in addition to
spectral overlay (f). Scale bars, 20 um. FLIM was then used to discriminate reporters in the
green channel based on their intensity-weighted average lifetime distribution (g-k). The phasor
plot in the green channel is also shown (l) (time in ns is shown on the universal circle). (m)
spectral and lifetime overlay. Representative results of three independent experiments. Scale
bar, 20 pm.

26


https://doi.org/10.1101/2024.04.12.589181
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.12.589181; this version posted April 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

References

1.

10.

11.

Ranijit, S., Malacrida, L., Jameson, D. M. & Gratton, E. Fit-free analysis of
fluorescence lifetime imaging data using the phasor approach. Nat Protoc 13, 1979-
2004 (2018).

Bousmah, Y., Valenta, H., Bertolin, G., Singh, U., Nicolas, V., Pasquier, H., Tramier,
M., Merola, F. & Erard, M. TdLanYFP, a Yellow, Bright, Photostable, and pH-
Insensitive Fluorescent Protein for Live-Cell Imaging and Forster Resonance Energy
Transfer-Based Sensing Strategies. ACS Sens 6, 3940-3947 (2021).

van der Linden, F. H., Mahlandt, E. K., Arts, J. J. G., Beumer, J., Puschhof, J., de
Man, S. M. A., Chertkova, A. O., Ponsioen, B., Clevers, H., van Buul, J. D., Postma,
M., Gadella, T. W. J. & Goedhart, J. A turquoise fluorescence lifetime-based biosensor
for quantitative imaging of intracellular calcium. Nat Commun 12, 7151 (2021).

Frei, M. S., Koch, B., Hiblot, J. & Johnsson, K. Live-Cell Fluorescence Lifetime
Multiplexing Using Synthetic Fluorescent Probes. ACS Chem Biol 17, 1321-1327
(2022).

Starling, T., Carlon-Andres, I., lliopoulou, M., Kraemer, B., Loidolt-Krueger, M.,
Williamson, D. J. & Padilla-Parra, S. Multicolor lifetime imaging and its application to
HIV-1 uptake. Nat Commun 14, 4994 (2023).

Mukherjee, S., Manna, P., Hung, S. T., Vietmeyer, F., Friis, P., Palmer, A. E. &
Jimenez, R. Directed Evolution of a Bright Variant of mCherry: Suppression of
Nonradiative Decay by Fluorescence Lifetime Selections. Journal of Physical
Chemistry B 126, 4659—-4668 (2022).

Frei, M. S., Tarnawski, M., Roberti, M. J., Koch, B., Hiblot, J. & Johnsson, K.
Engineered HaloTag variants for fluorescence lifetime multiplexing. Nat Methods 19,
65-70 (2022).

Plamont, M. A., Billon-Denis, E., Maurin, S., Gauron, C., Pimenta, F. M., Specht, C.
G., Shi, J., Quérard, J., Pan, B., Rossignol, J., Morellet, N., Volovitch, M., Lescop, E.,
Chen, Y., Triller, A., Vriz, S., Le Saux, T., Jullien, L. & Gautier, A. Small fluorescence-
activating and absorption-shifting tag for tunable protein imaging in vivo. Proc Nat/
Acad Sci U S A 113, 497-502 (2016).

Benaissa, H., Ounoughi, K., Aujard, I., Fischer, E., Goiame, R., Nguyen, J., Tebo, A.
G, Li, C., Le Saux, T., Bertolin, G., Tramier, M., Danglot, L., Pietrancosta, N., Morin,
X., Jullien, L. & Gautier, A. Engineering of a fluorescent chemogenetic reporter with
tunable color for advanced live-cell imaging. Nat Commun 12, 6989 (2021).

Monmeyran, A., Thomen, P., Jonquiére, H., Sureau, F., Li, C., Plamont, M. A.,
Douarche, C., Casella, J. F., Gautier, A. & Henry, N. The inducible chemical-genetic
fluorescent marker FAST outperforms classical fluorescent proteins in the quantitative
reporting of bacterial biofilm dynamics. Sci Rep 8, 1-11 (2018).

Gautier, A. Fluorescence-Activating and Absorption-Shifting Tags for Advanced
Imaging and Biosensing. Acc Chem Res 55, 3125-3135 (2022).

27


https://doi.org/10.1101/2024.04.12.589181
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.12.589181; this version posted April 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

made available under aCC-BY-NC-ND 4.0 International license.

Tebo, A. G., Pimenta, F. M., Zhang, Y. & Gautier, A. Improved Chemical-Genetic
Fluorescent Markers for Live Cell Microscopy. Biochemistry 57, 5648-5653 (2018).

Tebo, A. G., Moeyaert, B., Thauvin, M., Carlon-Andres, |., Boken, D., Volovitch, M.,
Padilla-Parra, S., Dedecker, P., Vriz, S. & Gautier, A. Orthogonal fluorescent
chemogenetic reporters for multicolor imaging. Nat Chem Biol 17, 30-38 (2021).

Rakotoarison, L. M., Tebo, A. G., Boken, D., Board, S., El Hajji, L. & Gautier, A.
Improving Split Reporters of Protein-Protein Interactions through Orthology-Based
Protein Engineering. ACS Chem Biol 19, 428—441 (2024).

Milligan-Myhre, K., Charette, J. R., Phennicie, R. T., Stephens, W. Z., Rawls, J. F.,
Guillemin, K. & Kim, C. H. Study of Host—Microbe Interactions in Zebrafish. Methods
Cell Biol 105, 87-116 (2011).

Allen, T. A, Cullen, M. M., Hawkey, N., Mochizuki, H., Nguyen, L., Schechter, E.,
Borst, L., Yoder, J. A., Freedman, J. A., Patierno, S. R., Cheng, K., Eward, W. C. &
Somarelli, J. A. A Zebrafish Model of Metastatic Colonization Pinpoints Cellular
Mechanisms of Circulating Tumor Cell Extravasation. Front Oncol 11, (2021).

Gibson, D. G, Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A. & Smith, H. O.
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat Methods
6, 343-345 (2009).

Li, C., Tebo, A. G., Thauvin, M., Plamont, M., Volovitch, M., Morin, X., Vriz, S. &
Gautier, A. A Far-Red Emitting Fluorescent Chemogenetic Reporter for In Vivo
Molecular Imaging. Angewandte Chemie 132, 18073—-18079 (2020).

Bottone, S., Joliot, O., Cakil, Z. V., El Hajji, L., Rakotoarison, L. M., Boncompain, G.,
Perez, F. & Gautier, A. A fluorogenic chemically induced dimerization technology for
controlling, imaging and sensing protein proximity. Nat Methods 20, 1553-1562
(2023).

Scipioni, L., Rossetta, A., Tedeschi, G. & Gratton, E. Phasor S-FLIM: a new paradigm
for fast and robust spectral fluorescence lifetime imaging. Nat Methods 18, 542—-550
(2021).

Niehorster, T., Loéschberger, A., Gregor, |., Kramer, B., Rahn, H. J., Patting, M.,
Koberling, F., Enderlein, J. & Sauer, M. Multi-target spectrally resolved fluorescence
lifetime imaging microscopy. Nat Methods 13, 257-262 (2016).

Li, C., Plamont, M. A., Sladitschek, H. L., Rodrigues, V., Aujard, |., Neveu, P., Le
Saux, T., Jullien, L. & Gautier, A. Dynamic multicolor protein labeling in living cells.
Chem Sci 8, 5598-5605 (2017).

W. Becker, The bh TCSPC handbook. 10th edition (2023) available on www.becker-
hickl.com

28


http://www.becker-hickl.com/
http://www.becker-hickl.com/
https://doi.org/10.1101/2024.04.12.589181
http://creativecommons.org/licenses/by-nc-nd/4.0/

