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Résumé (2 000 caractères maximum) :
Tags become essential for biomolecular labeling. In fluorescence microscopy, fluorescent
proteins (FPs) enabled the selective labeling of proteins through genetic fusion. Later on,
(ir)reversibly photoswitchable proteins have considerably expanded the range of applications
of FPs. First used in subdiffraction optical imaging techniques, they have been then used for
contrast enhancement by combining optically driven fluorescence modulation with signal
demodulation methods. In particular, we introduced several protocols for selective imaging of
reversibly photoswitchable fluorescent proteins (RSFPs) under adverse optical conditions.
Although FPs provide powerful labels for imaging proteins, they experience limitations, which
have motivated the development of chemogenetic reporters. In particular, we developed the
FAST tag, which forms non-covalent fluorescent assemblies with non-fluorescent synthetic dyes.
In this project, we will overcome the FAST approach by developing protein tags combining
fluorogenicity and photochromism (rpFAST). Giving access to unprecedented non-covalent
RSFPs absorbing/emitting light over a wide range of wavelengths and photoswitching over a
wide range of time scales, they will enable for highly multiplexed fluorescence imaging, even
in strongly autofluorescent biological samples (e.g. transparized tissues).
We will exploit a similar strategy to introduce a second series of non-covalent reversibly
photoswitchable protein tags (SAST: Sound Activated and absorption-Shifting Tag) for
photoacoustic microscopy, which can image tissues well beyond the penetration limit of
fluorescence microscopy. In this microscopy modality, they will open a way for highly
multiplexed imaging by combining two mechanisms allowing for time-gated detection of the
photoacoustic signal: fast selective thermoelastic expansion at the protein tag from red-shifted
absorbance of its dye, and slower electrostriction after photoisomerization-induced dye
ejection from the tag.
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MULTICOLOR NON-COVALENT REVERSIBLY PHOTOSWITCHABLE PROTEIN TAGS FOR MULTIPLEXED OBSERVATIONS
UNDER ADVERSE OPTICAL CONDITIONS IN FLUORESCENCE AND PHOTOACOUSTIC IMAGING

Context and objectives
Our understanding of cells and organisms relies on observing how their constituents organize and interact. Optical microscopy
techniques have become essential in biology as they allow to study the dynamics of labeled structures and biomolecules with
high spatial and temporal resolution. In fluorescence microscopy, the green fluorescent protein (GFP) and its analogs (FPs) have
enabled the selective labeling of proteins through genetic fusion.1 Later on, the development of irreversibly or reversibly
photoswitchable proteins able to switch from dark to bright states or from one color to another upon light irradiation has
considerably expanded the range of applications of conventional FPs.2 First implemented to develop subdiffraction optical imaging
techniques (such as PALM3 or STORM4),5 the photoactivable fluorophores have been then used for contrast enhancement by
combining optically driven fluorescence modulation with various signal demodulation methods. 6-9
In particular, we introduced the (Speed)OPIOM imaging protocols, which reveal the kinetics of the photochemical reactions of
fluorescent labels by a modulated illumination.9-11 These protocols enabled us to selectively discriminate the fluorescence signal
of reversibly photoswitchable fluorescent proteins (RSFPs) under adverse optical conditions. Notably, we imaged RSFPs against
autofluorescence (from the biological sample or from a polymeric membrane for Western blots), ambient light (up to sunlight), or
spectrally similar non-photoswitchable fluorophores. Moreover, Speed-OPIOM significantly pushed forward the multiplexing
capability by discriminating four spectrally similar green RSFPs upon matching the frequency and intensity of modulated
illumination with the photoswitching kinetics. More recently, we introduced two novel protocols, which further boosted multiplexed
fluorescence imaging:12,13 twenty spectrally similar green RSFPs have been discriminated at 1 Hz acquisition frequency after
simple and robust processing of their fluorescence signal collected upon applying appropriate sequences of illumination.
Although FPs provide powerful labels for imaging proteins in live cells, they experience limitations that prevent their unrestricted
use in molecular imaging.14 Their size and tendency to oligomerize can lead to dysfunctional fusions, their long fluorescence
maturation time can prevent the study of dynamic processes, their limited photostability prevents long-term tracking, and their
need for molecular oxygen prevents imaging under anaerobic processes. In the case of RSFPs, the available library is further
restricted to three families sharing the same spectral channels and photochemistries, 15 which we showed to limit the number of
distinguishable RSFPs by our imaging protocols.
Such challenges have motivated the development of new reporters made of a genetic tag that selectively binds synthetic
fluorophores.16 These chemogenetic reporters combine the targeting selectivity of genetic tags with the advantages of organic
synthesis, which can yield fluorophores exhibiting higher brightness and photostability, and be tuned at will by molecular
engineering. Hence, we developed a small monomeric protein tag (FAST: Fluorescence-Activating and absorption-Shifting Tag).17
It forms non-covalent fluorescent assemblies with substituted 4-hydroxybenzylidene rhodanine derivatives, which essentially
exhibit no detectable fluorescence in solution or in cells. Hence, selective imaging of FAST-tagged proteins can be achieved
without the need for washing the free ligand in excess, facilitating the study of dynamic processes and the imaging of multicellular
organisms. More recently, FAST has been evolved to yield a same protein tag allowing the genetic encoding of blue, cyan, green,
yellow, orange and red fluorescence via non-covalent binding of different fluorogenic dyes.18 In this project, we will considerably
enlarge the scope of the FAST fluorescence turn-on approach by developing protein tags combining fluorogenicity and
photochromism (rpFAST). They will yield non-covalent RSFPs absorbing/emitting light over a wide range of wavelengths and
endowed with exclusive contrast between their reversibly photoswitched states so as to be highly attractive for multiplexed
fluorescence imaging even under adverse optical conditions as well as for subdiffraction microscopy (Figure 1A). In particular, we
will especially focus on fluorescence imaging of transparized biological samples. First, our design of non-covalent protein tags is
compatible with fast post-transparization tag labelling with small fluorogenic dyes, which will overcome transparization-induced
bleaching limitations commonly encountered with regular fluorescent proteins. Second, contrast enhancement relying on
reversibly photoswitchable tags will eliminate the interference from autofluorescence of the transparized samples.
Dual systems made of a protein scaffold non-covalently binding a chromophore could also be exploited in photoacoustic
microscopy19-21 for in vivo imaging well beyond the penetration limit of fluorescence microscopy, which is restricted to superficial
observation of tissues by light scattering even with confocal and multiphoton microscopies.22 Photoacoustic microscopy relies on
resolving the origin of ultrasonic waves generated by absorption of photons at a chromophore.23 Ultrasonic waves are scattered
much less than light in tissue, which enables to break the optical diffusion limit. Photoacoustic microscopy usually exploits the
thermoelastic expansion following transient local temperature rise owing to molecules that absorb energy from light. However,
this mechanism can only provide a modest level of multiplexed observation by relying on spectral discrimination. As in
fluorescence microscopy, RSFPs have been used to overcome this limitation by exploiting the time evolution of their photoacoustic
signal upon photoswitching.24,25 Reversibly photoswitchable non-fluorescent proteins have been subsequently introduced to
optimize the signal-to-noise-ratio.26 In this project, we want to go one step further by introducing non-covalent reversibly
photoswitchable non-fluorescent protein tags absorbing light at several wavelengths and combining two mechanisms enriching
time-gated detection of the photoacoustic signal (SAST: Sound Activated and absorption-Shifting Tag; Figure 1B): (i) fast
thermoelastic expansion selectively occurring at the protein tag from red-shifted absorbance of its non-fluorescent chromophore
and (ii) slower electrostriction after photoisomerization-induced chromophore ejection from the tag, which will cause a volume
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change and a pressure wave as a consequence of the significant alteration of the organization of the water solvation shell around
the light absorber and the protein tag.27

Figure 1. rpFAST (A) and SAST (B) for multiplexed observations under adverse optical conditions in fluorescence and photoacoustic imaging.
The complexation of the dye within the cavity of the protein tag generates a red shift for selective recovery of the protein tag (with simultaneous
enhancement of the dye brightness in A). Upon illumination, the complexed dye experiences reversible photoisomerization, which disrupts the
dye-protein tag complex. The specific time evolution of the collected signal is used for kinetic discrimination and selective imaging.

Scientific program
A collection of dyes. The first part of this project will deal with the design, the synthesis, and the photophysical/photochemical
investigation of a collection of dyes. A common list of specifications is relevant to address both fields of application relying either
on fluorescence imaging or photoacoustic imaging:
- In order to permeate towards the targeted cells, the dyes should be not too large and water-soluble to cross cell membranes,
but not too hydrophobic neither to limit trapping within cell membranes;
- The dyes must bind their protein scaffolds. In order to maintain significant exchange dynamics to avoid any detrimental
photobleaching, we will target dye-protein complexes typically exhibiting 0.1-1 M dissociation constants;
- The dyes must reveal their protein scaffolds and only them. To work with this range of affinity necessitates to work at least in
the presence of 0.1-1 M dye concentrations to get significant occupation of the labeling protein scaffold, with the risk to reveal
non-specific complexes of intermediate stability. Hence, we will request the desired complexation event to specifically red-shift
the light absorption of the dye, which will enable for selective recovery of the protein tag signal by tuning the excitation wavelength
to the red edge. Two different strategies are considered for red-shifting the absorption spectrum of the dye in its bound state: (i)
Negative solvatochromism. The binding of the dye within the hydrophobic scaffold cavity is anticipated to be associated with a
drop of polarity of the dye environment. Therefore, we will engineer dyes exhibiting a larger dipole moment in their first excited
state than in their ground state in order to drive a red-shift in absorption by the transfer from water to a more hydrophobic cavity;
(ii) Change of ionization of the dye upon binding. We will engineer dyes, which experience a change of their ionization state (e.g.
mediated by proton exchange) upon binding in an appropriate protein scaffold. For applications in fluorescence imaging, we will
further get a second discriminative tool by requesting complexation to enhance the dye brightness from motion restriction;
- Upon illumination, the chromophore will experience reversible photoisomerization, which will disrupt the chromophore-protein
tag complex. It will result in a specific time evolution of the collected signal, which will be used for kinetic discrimination.
Following this list of specifications, we have first selected a series of donor-acceptor conjugated dyes bearing a phenol as an
ionizable electron-donating group conjugated to an electron-withdrawing group by means of an aromatic ring and a double bond.
Based on our previous experience in the FAST series,18,28 we already identified several molecular backbones, which exhibit cistrans photoisomerization and absorb in the 400-550 nm range. To further expand the range of absorption wavelength of the dyes
towards infra-red which is favorable for deep imaging in tissues, we also selected a series of Donor-Acceptor Stenhouse
Adducts,29 which are subjected to a large reorganization upon photoisomerization exchanging a highly conjugate apolar state
absorbing beyond 600 nm which reminds retinoids (to be selectively complexed within the protein scaffold) and a colorless state
smaller in size and more polar absorbing below 400 nm only (anticipated to be the stable state in water). After their syntheses,
these dyes will be assayed in vitro (both in aqueous and organic solutions, as well as in cultured cells) to evaluate whether their
physicochemical properties fulfil the list of requested specifications.
A collection of protein scaffolds. The second part of this project deals with the design of protein scaffolds, which we constrained
to fulfill two criteria: (i) To be monomeric and small in order to be active as fusion protein and not perturb the function of the protein
they are fused to; (ii) To fold and be active no matter of the redox cellular conditions to enable use in any cell compartments.
In order to address the size issue and to obtain a tag working in any cell compartments, we propose to evolve small monomeric
protein binders able to fold properly in reducing conditions. We will focus our engineering effort on nanobodies. These binders
are generally robust and intrabodies, i.e. antibodies folding in cell cytosols, have been developed. In particular, we identified a
robust nanobody scaffold that was then used to generated diverse libraries.30
To generate protein scaffolds able to induce the desired alteration of a dye, we will rely on directed protein evolution by applying
an iterative Darwinian optimization process with steps of mutation, selection and amplification to select the fittest variants from an
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ensemble of random mutations.31 To do so, we will use phage-displayed libraries of 109 nanobodies with randomized
complementarity determining regions. Biopanning using magnetic beads functionalized with the dyes of interest will enable to
select binders and eliminate non-functional nanobodies Among the selected binders, those forming red-shifted (for both
fluorescence and photoacoustic imaging applications) and fluorescent (for fluorescence imaging applications) assemblies with
the dyes will be further characterized. Additional rounds of maturation may eventually be performed using libraries of yeast
displayed nanobodies, which allow screening for fluorescence properties using high-throughput fluorescence-activated cell sorting
(FACS).17
Validation of the non-covalent reversibly photoswitchable protein tags. The best tag candidates will be evaluated to image and
quantify proteins with our imaging protocols for contrast enhancement in fluorescence and photoacoustic (collaboration with Prof.
Emmanuel Bossy, University of Grenoble) imaging. Beyond validation in cultured cells, organoids, and model organisms (e.g.
zebrafish) with both imaging modalities, we will then focus on fluorescence imaging of transparized biological samples (slices of
mice brain and chicken embryos; collaboration with Susanne Bolte, in charge of the cellular imaging facility at IBPS, FR 3631,
Sorbonne Université). In particular, we will screen several transparization protocols to evaluate the applicative scope of the
developed non-covalent RSFPs for fluorescence imaging of transparized tissues and organs.
Presentation of the consortium
The project consortium involves complementary partners, who already collaborated and published together.
The UMR 8640 partner (Ludovic Jullien, PR SU; Thomas Le Saux, MC SU - who received in 2018 the Instrumentation Prize
from the French Societies of Physics and Chemistry and who will get his HDR in Spring 2021) from the group of physical and
biological chemistry of living matter, laboratory PASTEUR (UMR CNRS-ENS-SU 8640, Paris) has expertise in organic syntheses
of photoactive probes, photophysics/photochemistry, analytical chemistry, fluorescence imaging, and chemical thermo-kinetics
(including thermal aspects relevant for photoacoustic imaging).9-13,17,18,28,32
The UMR 144 partner (Franck Perez, DR CNRS) is the Chairman of the Cell Biology and Cancer Unit at Institut Curie. His
group is studying intracellular protein transport with a strong investment in technological development. In particular, his group
created a quantitative transport assay usable for real-time imaging and screening. It also developed the use of recombinant
antibodies in cell biology studies33,34 and recently focused on nanobody development.30,35,36
This consortium may also benefit from the collaboration with Arnaud Gautier (PR SU, Laboratoire des Biomolécules, UMR CNRSSU-ENS 7203) if directed evolution would have to rely on yeast display.
References1
1. R. Y. Tsien, The Green Fluorescent Protein, Annu. Rev. Biochem., 1998, 67, 509–544; 2. S. Van de Linde et al, How to switch a fluorophore: from undesired
blinking to controlled photoswitching, Chem. Soc. Rev., 2014, 43, 1076-1087; 3. E. Betzig, Imaging intracellular fluorescent proteins at nanometer resolution,
Science 2006, 313, 1642–1645; 4. M. J. Rust, Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM), Nat. Meth. 2006, 3,
793–796; 5. M. Fernández-Suárez et al, Fluorescent probes for super-resolution imaging in living cells, Nat Rev Mol Cell Biol 2008, 9, 929–943; 6. G. Marriott
et al, Optical lock-in detection imaging microscopy for contrast-enhanced imaging in living cells, Proc. Nat. Acad. Sci. USA, 2008, 105, 17789–17794; 7. C. I.
Richards et al., Synchronously Amplified Fluorescence Image Recovery (SAFIRe), J Phys Chem B, 2010, 114, 660–665; 8. J. Widengren, Fluorescencebased transient state monitoring for biomolecular spectroscopy and imaging, J. R. Soc. Interface, 2010, 7, 1135; 9. J. Quérard et al., Resonant out-of-phase
fluorescence microscopy and remote imaging overcome spectral limitations, Nat. Commun., 2017, 8, 969; 10. R. Zhang et al., Simple imaging protocol for
autofluorescence elimination and optical sectioning in fluorescence endomicroscopy, Optica, 2019, 6, 972-980; 11. R. Zhang et al., Macroscale fluorescence
imaging against autofluorescence under ambient light, Light: Science & Applications, 2018, 7, 97; 12. R. Chouket et al, Method and apparatus for detecting a
photochemically active chemical species in a sample, Patent application EP19306120.7 on the 18 th of September 2019; submitted manuscript; 13. R. Chouket
et al, Method for detecting a reversible photoswitchable chemical species in a sample, Patent application EP19306658.6 on the 17th of December 2019;
manuscript in preparation; 14. J. Wiedenmann et al, Fluorescent proteins for live cell imaging: opportunities, limitations, and challenges, IUBMB Life, 2009,
61, 1029–1042; 15. D. Bourgeois et al, Reversible photoswitching in fluorescent proteins: A mechanistic view, IUBMB Life, 2012, 64, 482; 16. A. Gautier et
al, Sensing cellular biochemistry with fluorescent chemical–genetic hybrids, Curr. Opin. Chem. Biol. 2020, 57, 58–64; 17. M.-A. Plamont, et al., Small
fluorescence-activating and absorption-shifting tag for tunable protein imaging in vivo, Proc. Natl. Acad. Sci. USA, 2016, 113, 497–502; 18. H. Benaissa et al.,
submitted to Proc. Nat. Acad. Sci. USA, doi.org/10.1101/2021.01.29.428635; 19. V. Ntziachristos, Going deeper than microscopy: the optical imaging frontier
in biology, Nat. Meth. 2010, 7, 603–614; 20. L. V. Wang et al, Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs, Science 2012, 335,
1458–1462; 21. V. Ntziachristos et al., Molecular Imaging by Means of Multispectral Optoacoustic Tomography (MSOT), Chem Rev 2010, 110, 2783–2794;
22. A. Ustione et al, A simple introduction to multiphoton microscopy, J. Microscopy, 2011, 243, 221–226; 23. H. F. Zhang et al, Functional photoacoustic
microscopy for high-resolution and noninvasive in vivo imaging, Nat Biotechnol 2006, 24, 848–851; 24. A.C. Stiel et al, High-contrast imaging of reversibly
switchable fluorescent proteins via temporally unmixed multispectral optoacoustic tomography, Optics letters, 2015, 40, 367–370; 25. P. Vetschera et al.,
Characterization of reversibly switchable fluorescent proteins in optoacoustic imaging, Anal. Chem., 2018, 90, 10527-10535; 26. J. Yao et al., Multiscale
photoacoustic tomography using reversibly switchable bacterial phytochrome as a near-infrared photochromic probe, Nat. Meth., 2016, 13, 67-73; 27. P. J.
Schulenberg et al., Photoinduced volume changes associated with the early transformations of bacteriorhodopsin: a laser-induced optoacoustic spectroscopy
study. Biophys J 1994, 66, 838–843; 28. F. M. Pimenta et al, Chromophore Renewal and Fluorogen-Binding Tags: A Match Made to Last, Sci. Rep., 2017, 7,
12316; 29. M. M. Lerch et al., The (photo)chemistry of Stenhouse photoswitches: guiding principles and system design, Chem. Soc. Rev., 2018, 47, 19101937; 30. S. Moutel et al, NaLi-H1: A universal synthetic library of humanized nanobodies providing highly functional antibodies and intrabodies, eLife, 2016,
5, e16228; 31. F. H. Arnold et al., Directed evolution of biocatalysts. Curr Opin Chem Biol 1999, 3, 54–59; 32. G. Baffou et al, A critique of methods for
temperature imaging in single cells. Nat. Meth., 2014, 11, 899 and 2015, 12, 803; 33. C. Nizak et al, Recombinant antibodies to the small GTPase Rab6 as
conformation sensors, Science, 2003, 300, 984-987; 34. A. Dimitrov et al., Detection of GTP-Tubulin Conformation in Vivo Reveals a Role for GTP Remnants
in Microtubule Rescues, Science, 2008, 322, 1353-1356; 35. R. Crepin et al., Whole-cell biopanning with a synthetic phage display library of nanobodies
enabled the recovery of follicle-stimulating hormone receptor inhibitors, Biochem Biophys Res Commun, 2017, 493, 1567-1572; 36. N. Alijaj et al., Novel
FGFR4-Targeting Single-Domain Antibodies for Multiple Targeted Therapies against Rhabdomyosarcoma, Cancers (Basel), 2020, 12, 3313.

1

Overlined references originate from the consortium members.

3

