N

N

The Glowing Panoply of Fluorogen-based Markers for
Advanced Bioimaging

Arnaud Gautier

» To cite this version:

Arnaud Gautier. The Glowing Panoply of Fluorogen-based Markers for Advanced Bioimaging.
Optogenetics: Light-driven Actuators and Light-emitting Sensors in Cell Biology, pp.41-62, 2018,
10.1039/9781788013284-00041 . hal-02425264

HAL Id: hal-02425264
https://hal.science/hal-02425264
Submitted on 30 Dec 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02425264
https://hal.archives-ouvertes.fr

The glowing panoply of fluorogen-based markers for advanced bioimaging

Arnaud Gautier'2"

! Ecole Normale Supérieure, PSL Research University, UPMC Univ Paris 06, CNRS,
Département de Chimie, PASTEUR, 24 rue Lhomond, 75005 Paris, France
2 Sorbonne Universités, UPMC Univ Paris 06, ENS, CNRS, PASTEUR, 75005 Paris,

France

Correspondence should be addressed to: arnaud.gautier@ens.fr




Abstract

Biological Sciences rely nowadays extensively on imaging tools to decipher the
complexity of living organisms. Fluorescence microscopy allows the study of biological
processes with an unprecedented temporal and spatial resolution. The revolution in
fluorescence imaging has been the development of a large toolbox of fluorescent proteins
able to reveal the abundance, position and dynamics of proteins. The fluorescence
toolbox has been recently expanded with innovative reporters enabling to visualize
proteins, and other biomolecules such as RNA, in new ways. These innovative reporters
are bipartite systems composed of a genetically encoded tag forming a fluorescent
complex with a small organic fluorogenic chromophore (also called fluorogens). This
chapter is a user-oriented presentation of some of the most mature fluorogen-based

markers available to biologists.



4.1 Introduction

Living systems are controlled by dynamic biological events tightly orchestrated in space
and time. Our understanding of the inner workings of these complex machines deeply
relies on our ability to observe how their constituents organize and interact. Nowadays,
researchers can use a wide range of imaging modalities (e.g. optical microscopy, electron
microscopy, mass-spectrometry imaging and optoacoustic imaging) to dissect the
behavior of biological systems at various temporal and spatial scales. Among them,
optical microscopy has spread in most biology labs, and has become unavoidable for
addressing major questions in e.g. cancer biology, immunology, or for deciphering e.g.
embryo development or brain function. The widespread adoption of optical microscopy
results from the important efforts made to engineer microscopes that enable imaging with
high speed, sensitivity and resolution while minimizing the side effects of the applied light;
the most advanced fluorescence microscopes allow today the observation of dynamic

systems in 3D, at subsecond resolution and at the diffraction limit or below.

Optical microscopy has encountered such a large success because of the concomitant
advances in imaging probes able to fluorescently label tissues, cells and molecules with
high selectivity. The main breakthrough for research imaging has been without question
the discovery and development of the green fluorescent protein (GFP)'. For the first time,
one could see and observe a broad range of specific proteins and cells in live specimens
through straightforward genetic tagging techniques. The development of various color

variants allowed furthermore effective multicolor imaging, and the design of various



classes of biosensors?*. One remarkable application of fluorescent proteins is the
mapping of the brain connectivity using the Brainbow technology, which allows one to
mark (and track) individual neurons with several hundreds of hues using stochastic
expression of multiple color variants®. Fluorescent proteins have also been essential for
the development of localization-based super-resolution microscopy techniques: the
discovery that some fluorescent proteins can switch from a dark to a bright state under
light excitation has provided a unique way to generate subsets of isolated emitting
fluorophores whose positions can be determined with subdiffraction accuracy®. The
significance and importance of GFP-like fluorescent proteins for research in Life Sciences
was acknowledged by awarding the Nobel Prize of Chemistry to Osamu Shimomura,
Martin Chalfie and Roger Tsien in 2008 for the “discovery and development of the green

fluorescent protein, GFP”.

By pushing the boundaries to more or more sophisticated and challenging observations,
investigators have observed some limitations of GFP-like fluorescent proteins*’:8. First,
GFP-like fluorescent proteins are weakly fluorescent in low-oxygen environment; the full
maturation of their chromophore includes cyclization, dehydration and oxidation of a triplet
of amino acids (Ser—Tyr— Gly at position 65-67 in GFP), and strictly depends on
molecular oxygen as cofactor. Second, GFP-like fluorescent proteins fluoresce tens of
minutes (up to several hours) after folding because of the slow maturation of their
chromophore, preventing e.g. real-time monitoring of protein synthesis. Third, GFP-like
fluorescent proteins are rather large proteins (25-30 kDa) and some of them have

tendency to oligomerize, which may lead to dysfunctional fusion proteins. Last, some



GFP-like fluorescent proteins display confounding photophysics such as photoswitching,
kindling or dark state conversion, which may complicate the quantitative analysis of some

experiments.

Over the last decade, alternative markers have been developed in order to push the limit
of what is seeable. In this chapter, | focus on key developments relying on genetically
encoded protein (or nucleic acid) tags forming fluorescent complex with small organic
fluorogenic chromophores (also called fluorogens). Because of their fluorogenic
properties, fluorogens are only fluorescent when bound to their cognate complementary
tag, and are otherwise dark when free. Such fluorogenic labeling allows selective
background-free imaging even in presence of an excess of free fluorogen, opening great
prospects for imaging in complex samples such as tissues and whole organisms.
Fluorogenic response usually results from changes in fluorescence quantum yield,
spectral position or chromophore absorption coefficient induced by the change of

environment undergone by the fluorogen upon binding.

This chapter is divided into two parts in function of whether the bipartite fluorescent
markers incorporate a natural fluorogenic chromophore or a synthetic one. This natural
vs. synthetic distinction is explained by the distinct pros and cons of the two approaches.
Hijacking natural fluorogenic chromophores solves the issue of the delivery, as the
chromophores are endogenously present in cells. Moreover, several classes of natural
chromophore-binding proteins can serve as starting point to design fluorescent markers,

facilitating thus engineering. These advantages are however counterbalanced by, first,



the small number of natural chromophores displaying fluorogenic properties, which can
limit the potential engineering space, and, secondly, by the fact that the diversion of
endogenous chromophores from their natural functions may engender cellular and
physiological stress. On the other hand, synthetic fluorogenic chromophores have the
clear advantage of being tailored with various spectral and photo-physical properties by
molecular engineering, enabling to address biological questions with the molecular
diversity offered by modern chemistry. Moreover, relying on the addition of an exogenous
synthetic chromophore allows additional labeling refinement: as fluorescence is fully
controlled by the applied concentration of fluorogen, semi-synthetic fluorogen-based
markers enable on-demand applications in which fluorescence is desired only at a
specific time or at a given density, opening great prospects for the design of innovative

labeling protocols for advanced multiplexed and super-resolution imaging.

4.2 Fluorogen-Based Markers Engineered from Natural Photoreceptors

In introduction of his Nobel Lecture, Roger Tsien told how he considered back in the
eighties, before the first use of GFP as fluorescent marker, phycobiliproteins as potential
genetically encoded fluorescent markers®. Phycobiliproteins are a class of photoreceptors
containing a phycocyanobilin (PCB) chromophore, which act as light-harvesting antennae
in the photosynthetic system of blue—green algae and cyanobacteria. Phycobiliproteins
were known to fluoresce under visible light, making them attractive for imaging

applications. Tsien told however how he rapidly realized that the complex biosynthesis



and assembly of phycocyanobilin chromophore would limit the general applicability of

such system, and thus abandoned the idea.

Progress in structural biology enabled in the last three decades to solve the structures of
a large collection of photoreceptors, while developments in molecular biology provided
scientists with various techniques to easily modify protein sequence. These
developments allowed to push further the idea of turning chromophore-binding proteins
into fluorescent proteins. Nature provides a large collection of chromophore-binding
proteins, mainly photoreceptors, in which an endogenous chromophore (e.g. bilins, flavin,
retinal, coumaric acid) is bound to the protein matrix'. In natural photoreceptors, the
chromophore reacts to light illumination by e.g. photoreduction or photoisomerization,
which induces a conformational change and initiates a signaling cascade. Most
photoreceptors evolved to maximize the efficacy of these photocycles, and are thus
weakly fluorescent. As fluorescence is a competing mechanism for dissipating light
energy, introducing variations within the backbone of photoreceptors can impair their
photocycle and increase thus their fluorescence properties. Figure 4.1 and Table 4.1

present the natural fluorogens and engineered reporters described in section 4.2.

4.2.1 Flavin-Binding Cyan-Green Fluorescent Proteins

The idea of reformatting natural photoreceptors was used to transform small light, oxygen,

and voltage (LOV) sensing domains — a class of blue-light photoreceptors found in plants,

algae and bacteria — into cyan-green fluorescent proteins'-'3. LOV proteins associate



with the ubiquitous cofactor flavin mononucleotide (FMN). Blue-light photoreception is
believed to involve the reversible formation of a covalent adduct between FMN and a
conserved cysteine within the FMN-binding pocket upon blue light illumination. The
conformational change associated with the adduct formation activates then downstream
signaling. Flavin-based Fluorescent Proteins (FbFP) were engineered by replacing the
conserved cysteine of bacterial LOV domains by an alanine in order to inhibit the natural
photocycle and reduce the fluorescence quenching of FMN™. Similarly the fluorescent

protein iLOV was generated from the LOV2 domain of Arabidopsis thaliana phototropin

215,16

FbFPs gained particular attention because of their potential use as alternative to GFP in
anaerobic conditions. Because fluorescence results only from the binding of FMN, an
abundant cofactor in cells, FbFPs are fluorescent regardless of the level of oxygen.
FbFPs proved to surpass GFP-like fluorescent proteins for reporting on protein
expression in absence of oxygen in bacteria’'":18, fungi'® and mammalian cells®*. FbFPs
allowed in particular the study of host-pathogen interactions under physiologically
relevant anaerobic conditions?'?2. FbFP was moreover used to design a ratiometric
Forster resonance energy transfer (FRET) oxygen sensor by fusing it to the yellow
fluorescent protein (YFP)?3. Oxygen is required for maturation of YFP (playing the role of
FRET acceptor), but not for that of FbFP (the FRET donor). Consequently, the FRET
efficiency directly gives the oxygen level: high FRET efficiency indicates high oxygen
level, while low FRET efficiency means low oxygen level. FbFPs also proved to overcome

GFP-like fluorescent proteins because of their smaller size: 12-16 kDa in average instead



of 25-30 kDa for GFP-like fluorescent proteins. iLOV was shown for instance to be better
suited than GFP to label viruses and monitor plant infection because smaller genetic load

maintain higher infectivity'®.

Engineering of FbFBs further allowed the development of reporters that not only fluoresce
but also generate singlet oxygen. The LOV2 domain of Arabidopsis thaliana phototropin
2 was transformed into MiniSOG (Mini Singlet Oxygen Generator), a fluorescent reporter
generating high level of singlet oxygen and other reactive oxygen species (ROS) upon
blue light illumination?*. Because of this singular property, MiniSOG was used to promote
local photooxidation of diaminobenzidine into osmiophilic insoluble polymer, which can
be then stained with osmium for high resolution imaging by electron microscopy. As
miniSOG also fluoresces green light upon light excitation, MiniSOG fusions can be
observed both in fluorescence and electron microscopy, allowing thus correlative
imaging. The ability of MiniSOG to generate ROS locally upon light illumination was also
used to (i) promote cell death in cancer cells®® and in neuronal cells in C. elegans?, (ii)
silence genetically specified synapses by chromophore assisted light-inactivation (CALI)

of synaptic proteins?’, and (iii) map protein proximity in large protein complexes?®.

4.2.2 Biliverdin-Binding Far-Red and Infrared Fluorescent Proteins

Infrared fluorescent proteins have been a long time goal in the field of probe design

because of their great potential for deep-tissue and whole body imaging. Infrared light

scatters much less than visible light into tissue, and the window 650-900 nm is transparent



(hemoglobin, water and lipids do not absorb at these wavelength)?°, enabling to image
tissues at an unprecedented depth. The highest maximal emission wavelength found
among red GFP-like fluorescent proteins is however only 650 nm (for mPlum and

mNeptune) and is intrinsically limited by the structure of the chromophore.

The first infrared fluorescent protein IFP1.4 (with maximal emission at 708 nm) was
engineered from the N-terminal PAS and GAF domains of Deinococcus radiodurans
bacteriophytochrome?°. This biliprotein photoreceptor, which incorporates biliverdin 1Xa
(hereafter called biliverdin) as cofactor, regulates pigment synthesis to protect the
bacterium from intense visible light. Biliverdin is covalently attached to the apo-receptor
via a thioether bond with a nearby cysteine side chain through a self-catalytic process.
Naturally, bacteriophytochromes sense light by reversible cis-trans photoisomerization of
the C15=C16 double bond of biliverdin. Restricting the conformational freedom of
biliverdin by introducing mutations that prevent photoisomerization to occur enabled to
increase fluorescence significantly. Although biliverdin is ubiquitously present in
mammals, optimal labeling of IFP1.4 in mammalian cells and mice required exogenous
supply of biliverdin. Coexpression of heme-oxygenase (HO1) in charge of biliverdin
synthesis proved to boost biliverdin levels, enabling to image the optimized IFP2.0 in
Drosophila neurons (which contains low levels of biliverdin) and in mouse brain tumors

without exogenous addition of biliverdin3'.

The first infrared fluorescent protein that does not require addition of exogenous biliverdin

was developed using a truncated version of the bacteriophytochrome RpBphP2 from

10



Rhodopseudomonas palustris®>. The higher affinity for biliverdin explains the higher
performance of this improved near infrared fluorescent protein (iRFP). Engineering of
iRFP variants with emission wavelengths going from 670 nm to 720 further expanded the

color range available, opening new opportunities for multiplexed whole-body imaging®:.

A limitation of the above mentioned proteins is however that they are either dimeric (iRFP)
or form dimers at high concentrations (IFP1.4 and IFP2.0)34. Fully monomeric IFP (mIFP)
was engineering from a monomeric truncated bacteriophytochrome from
Bradyrhizobium3*. mIFP proved to correctly label proteins in mammalian cells, flies and
zebrafish. Brighter monomeric iRFPs (miRFPs) with emission wavelength going from 670
nm to 710 were next engineered from bacteriophytochrome RpBphP13%. miRFPs proved

to be well suited for widefield and structure-illumination microscopy (SIM).

The family of near infrared fluorescent proteins was further extended by engineering the
allophycocyanin a-subunit from a cyanobacterial phycobiliprotein instead of a bacterial
phytochrome®. Cyanobacterial phycobiliproteins are normally functionalized with
phycocyanobilin (PCB) by a specific lyase. To develop a useful fluorescent protein, the
protein was evolved to be self-sufficient (i.e. to not require any lyase) and to covalently
bind biliverdin instead of PCB. The engineering process ultimately gave a bright protein
designated small ultra-red fluorescent protein (SmMURFP). smURFP is a homodimer of 15
kDa subunits. It has an exceptional absorption coefficient (¢ = 180,000 M~'cm~") and a
modest fluorescence quantum yield (¢ = 0.18), making it the brightest far-red/near-

infrared fluorescent protein. Although the brightest fluorescence in cells is obtained with
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addition of exogenous biliverdin (or the more cell-permeant biliverdin methyl ester),
expression of sSmURFP was efficiently imaged in HT1080 tumor rodent xenographs in

mice even without the addition of exogenous biliverdin®®.

The great potential of infrared fluorescent proteins for in vivo imaging led to the
development of various biosensors to sense specific substances/activities or protein-
protein interactions. Most phytochrome-based biosensors are split- or insertion-based
biosensors that rely on the reconstitution of the PAS-GAF assembly. A near-infrared split
reporter for the detection of protein-protein interaction in vivo was designed by separating
the PAS and GAF domains of iRFP?’. The two domains only efficiently complement when
in close proximity. Proximity-induced complementation promotes then biliverdin binding
and thus fluorescence. Split iRFP allowed the visualization of known interactions in mice,
however (i), as all biliverdin-based fluorescent proteins, the covalent attachment of
biliverdin was slow, which led to a slow fluorescence maturation (several hours) in cells
and (ii) the assembly was irreversible and dimeric, which prevented the study of dynamic
processes or complex stoichiometry. A reversible infrared split system was obtained from
IFP1.4. Split IFP1.4 allowed the monitoring in real-time of the disruption of protein-protein
interactions in mammalian cells and yeast38. Split IFP1.4 is however less bright than split
iRFP, which may limit its use for whole-body imaging. Recently, Verkhusha and
coworkers obtained truly monomeric split reporters using miRFPs, which should allow the
efficient screening of novel protein-protein interactions®. By designing split systems with
distinct colors but sharing one split fragment, they were furthermore able to distinguish

interactions of one given protein with two alternative partners®.

12



Apart from split-biosensors, infrared fluorescent proteins were also used to design
protease biosensors®. IFP1.4 was modified so that protease activity promotes biliverdin
attachment and therefore fluorescence. The uncleaved sensor (iProtease) is non-
fluorescent because the cysteine involved in biliverdin attachment cannot react with
biliverdin because of physical displacement. Proteolytic cleavage frees the cysteine,
which returns in the biliverdin binding site, promoting thus fluorescence. This approach
allowed the development of a caspase-3 sensor (iCasper) for the visualization of
apoptosis®. iCasper enabled to study the spatiotemporal coordination between cell
apoptosis and embryonic morphogenesis in Drosophila, and revealed the dynamics of
apoptosis during tumorogenesis in the brain of Drosophila. Such design opens exciting
prospects for in vivo biosensing, and demonstrates how infrared fluorescent proteins can
allow the construction of fluorogenic biosensors for visualizing the spatiotemporal

dynamics of cell signaling in vivo.

4.2.3 Bilirubin-Binding Green Fluorescent Proteins

Although flavin- and biliverdin-based fluorescent proteins are man-made reporters
obtained by engineering natural photoreceptors, natural evolution has also generated
fluorescent proteins incorporating natural fluorogenic chromophore. A natural fluorogen-
based green fluorescent protein was discovered in Japanese eel muscles®®. The
fluorescence properties of this small monomeric protein, called UnaG, result from the non-

covalent, high affinity and specific binding of the fluorogenic bilirubin. Fluorescent holo
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UnaG forms efficiently in mammalian cells because bilirubin, an endogenous catabolic
product of heme, is present at high concentration in animals. Exogenous supply of
bilirubin allowed the use of UnaG in organisms such as bacteria that do not produce

bilirubin“0.

UnaG displays the same advantages as FbFPs: UnaG is (i) twice smaller than GFP-like
fluorescent proteins, (ii) almost instantaneously fluorescent upon chromophore binding,
and (iii) well suited to visualize fusion proteins under anaerobic conditions (because the
fluorescence maturation process is fully independent of molecular oxygen)*°. UnaG is
furthermore 5-fold brighter than FbFPs, making it one of the brightest alternatives to GFP.
The oxygen independence of UnaG fluorescence was used to design genetically encoded
hypoxia sensors for light microscopy*'. In these sensors, the expression of destabilized
versions of UnaG was under the control of hypoxia-responsive promoters. These sensors
proved to be highly effective to visualize hypoxia in tumors, and allowed to reveal strong

heterogeneity in tumor hypoxia at the cellular level.

4.3 Semi-synthetic fluorogen-based markers

The modular nature of fluorogen-based markers enables a priori to tune the chromophore
by molecular engineering, and address biological questions with the molecular diversity
offered by modern chemistry. Synthetic fluorogenic chromophores with various spectral
and physico-chemical properties have been mobilized for engineering new imaging

probes*2. Semi-synthetic fluorogen-based markers usually use design principles based
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on conformational locking (of e.g. molecular rotors) or ground-state isomerization (of e.g.
silicon rhodamines) to achieve fluorogenic response. In the case of molecular rotors,
internal rotation disrupts the dye planarity and is a source of non-radiative relaxation;
when bound to complementary receptors, the rotation is blocked and the fluorescence of
these fluorogens is strongly enhanced. In the case of silicon rhodamines, the dye adopts
a non-fluorescent spirolactone form in polar solvent, and a fluorescent zwitterionic open
form at the vicinity of proteins because of the local drop of polarity. Compared to the
fluorogen-based markers described in section 4.2, which rely on endogenous natural
fluorogens, semi-synthetic markers allow additional labeling refinement since
fluorescence can be fully controlled by the applied concentration of the exogenous
fluorogen. This feature allows the development of on-demand applications in which
fluorescence is desired only at a specific time or at a given density, opening great
prospects for the design of innovative labeling protocols for advanced multiplexed and
super-resolution imaging. Figure 4.2 and Table 4.2 present the synthetic fluorogens and

engineered reporters described in section 4.3.

4.3.1 Semi-synthetic fluorogen-based protein markers

Fluorogen-Activating Proteins (FAPS)

Activating the fluorescence of a fluorogen by molecular recognition requires the
development of complementary protein receptors. Fluorogen-Activating Proteins (FAP)
that generate fluorescence through immobilization of fluorogenic molecular rotors were

first engineered from 25-30 kDa single-chain antibodies (scFvs). The screening of yeast-
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displayed libraries of human scFvs by Fluorescence-Activated Cell Sorting (FACS)
allowed the isolation of FAPs that bind non-covalently with high affinity modified variants
of Malachite Green (MG) and Thiazole Orange (TO), two well-known fluorogenic
molecular rotors that strongly fluoresce in constrained environment*3. The generated
systems fluoresce far-red light (for MG complex) and green-yellow light (for TO complex)
with brightness levels as good as those encountered in GFP-like fluorescent proteins. To
be fully active, the original FAPs needed however non-reducing environments to allow
the formation of internal disulfide bond, limiting thus their use to the cell surface and
secretory pathway*3. Recently, disulfide-free FAPs were engineered for protein labeling
in various reducing compartments, including the cytosol, using cell-permeant MG-
ester*45. Additional engineering efforts enabled to expand the available chromatic palette
from the blue to the far-red edge of the visible spectrum?*®47. Interestingly, FAP’s
fluorogens can be rendered poorly membrane-permeant by adding electronic charge.
This property was used to selectively label cell-surface proteins*®4°. Add-and-read
protocols were developed to study the endocytosis and recycling of FAP-tagged
receptors®®. Pulse-chase with two fluorogens of different colors and different permeability
properties further allowed the quantitative study of receptor recycling upon agonist

activation®'.

FAPs proved to display great potentials for super-resolution microscopy and single
molecule tracking. Far-red MG-based FAPs are highly photostable, which allowed live
cell imaging with stimulated emission depletion (STED) nanoscopy in mammalian cells

and bacteria®?%. Furthermore, because the investigator can control at will fluorogen
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concentration, it is possible to label only a subset of proteins independently of their
expression level. This property was used for tracking single receptors on cell surface®,
and for generating stochastic binding-based blinking in order to generate sparse subsets
of emitters for the reconstruction of images of FAP-tagged proteins with sub-diffraction

resolution®®.

The FAP technology allowed also the design of photosensitizer molecules able to produce
reactive oxygen species (ROS) upon illumination for applications such as inactivation
through chromophore-assisted light inactivation (CALI) of directly linked proteins,
targeted cell damage or cellular ablation. A genetically encoded FAP that binds a heavy-
atom-containing fluorogenic MG dye forms an active photosensitizer that produces
efficiently singlet oxygen when activated by near-infrared light®s. Unlike MiniSOG
presented in paragraph 4.2.1 that is constitutively active, this FAP-based photosensitizer
can be activated on-demand by addition of the fluorogenic dye. Interestingly, FAP-based
photosensitizers display near-infrared excitation and emission, which provides a new
spectral range for photosensitization and opens thus great prospects for imaging, protein
and cell manipulation, and cellular ablation in whole organisms. Beyond the use for
protein inactivation, FAP-based photosensitizers enabled CALI of proteins, targeted cell

killing, and targeted lineage ablation in zebrafish.
Self-labeling tags
Semi-synthetic fluorogen-based markers were also obtained by exploiting site-specific

labeling systems such as SNAP-tag/CLIP-tag and Halo-tag, which react covalently with
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specific substrates bearing chemical probes. SNAP-tag is a 20 kDa protein evolved from
the human DNA repair protein O°-alkylguanine-DNA alkyltransferase (AGT)%"-%¢. SNAP-
tag transfers the functionalized benzyl group of O%-benzylguanine (BG) derivatives to its
active site cysteine, thus allowing irreversible covalent labeling of fusion proteins. SNAP-
tag accepts a broad variety of chemical functionalities on BG, making it one of the most
versatile tags currently available®®. CLIP-tag, an engineered variant of SNAP-tag, reacts
selectively with O?-benzylcytosine (BC) substrates instead of BG®. Halo-tag is a 33 kDa
protein engineered from a bacterial haloalkane dehydrogenase that covalently binds

chloroalkane ligands®'.

The use of fluorogenic chromophores instead of permanent fluorophores allowed the
development of labeling protocols with no-washing steps, as free unreacted substrates
do not fluoresce. Beyond increasing contrast, the use of fluorogenic substrates allowed
to get rid of the need for extensive washing steps increasing thus the temporal resolution.
Silicon-rhodamine (SiR) derivatives were used to design fluorogenic substrates for SNAP-
tag, CLIP-tag and Halo-tag®2. The fluorogenic response of SiR relies on ground-state
isomerization that breaks the dye conjugation: in aqueous solution, SiR adopt mainly a
closed UV absorbing spirolactone form, while it undergoes ring opening in less polar
environment such as protein vicinity. The open zwitterionic form absorbs at 640-650 nm
and fluoresces in the far-red at 660-670 nm. SiR-based substrates proved to be highly
efficient to label SNAP-, CLIP- and Halo-tagged proteins in various organelles of living
cells within 30-60 minutes with no significant background®?. Because of their excellent

spectroscopic properties, SiR substrates allowed live-cell super-resolution microscopy of
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biological structures using GSDIL (ground-state depletion followed by individual molecule
return)®® and dSTORM (direct stochastic optical reconstruction microscopy)® by relying

on the stochastic blinking of these conventional fluorophores.

Recently near-infrared SiR analogs with emission and excitation wavelength maxima at
680 and 715 nm were reported, allowing multicolor super-resolution imaging®®. Moreover,
SiR brightness and photostability were improved by incorporating azetidine four-member
ring. The resulting dye, Janelia Fluor 646 (JFes4s), was shown to be an efficient label for
imaging SNAP- and Halo-tagged proteins by conventional and super-resolution
microscopies®®. Refinement and extension of this strategy allowed the development of
fluorogenic labels with excitation ranging from orange (JFsss) to red (JFe3s)®’. These dyes
are cell-permeant and exhibit very high fluorogenicity, which allowed protein labeling in
neural tissues in explants and in Drosophila larva®’, and opens great prospects for

imaging deep structures in whole animals.

Fluorescence-Activating and Absorption Shifting Tag

Fluorescence-activating and absorption-shifting tag (FAST) is a small protein tag of 14
kDa that binds and switches on the fluorescence of hydroxybenzylidene rhodanine (HBR)
analogs through conformational locking®. FAST was evolved from the apo photoactive
yellow protein (apo-PYP) by directed devolution using yeast display and FACS sorting.
The fluorogenicity of HBR analogs originates from their push-pull structure composed of
an electron-donating phenol ring conjugated with an electron-withdrawing rhodanine

heterocycle. In solution, these fluorogens dissipate light energy non-radiatively through
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internal rotation or cis-trans isomerization. Binding to FAST locks the fluorogen, which
slows down non-radiative decay and strongly increases fluorescence. Upon binding, the
fluorogen undergoes also a 80 nm red-shift in absorption due to a selective deprotonation
reaction. Consequently, the free fluorogen barely absorbs at the wavelength used for

exciting the bipartite complex, further enhancing the fluorogenic response.

FAST proved to be highly effective to fluorescently label proteins in living cells (bacteria,
yeast, mammalian cells) in a large number of organelles and subcellular localizations®®.
Full labeling is achieved within few seconds after fluorogen addition in living cells.
Provided that the fluorogen is present, FAST is fluorescent instantaneously after folding
because of fast binding kinetics, which allows to follow fast processes in near real-time.
Because HBR analogs are highly cell-permeant, efficient labeling of FAST were observed
in multicellular organisms such as zebrafish embryo, opening great prospect for in vivo

imaging.

FAST distinguishes itself from other fluorogen-based markers because fluorogen binding
is non-covalent, highly dynamic and fully reversible (because of a high dissociation rate
constant). Fluorogen washing allows one to reverse labeling and switch off fluorescence
within few seconds in cells, making FAST a fluorescence switch that can be efficiently
switched on or off at will by addition or removal of fluorogen. The rapid exchange
dynamics further allows efficient fluorogen renewal, which reduces the apparent

photobleaching rate®. Finally, because of its fast exchange dynamics, FAST behaves as
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a blinking fluorophore at the single molecule level. Such spontaneous stochastic blinking

might find very interesting applications for super-resolution microscopy in live cells.

Ongoing efforts are further testing the ability to expand the spectral properties of FAST.
Recently, FAST emission color was extended to the orange and red by modifying the
structure of its complementary fluorogen’. The ability to make FAST fluoresce green-
yellow, orange, or red light by a simple change of fluorogen enables one to adapt the
color of FAST to the experimental spectral constraints without the need for recloning the
tag, providing an experimental versatility not encountered with GFP-like fluorescent
proteins. The ability to dynamically swap color by exchanging fluorogens was furthermore
used as a unique kinetic signature to selectively image FAST in spectrally crowded
environments. By evaluating the degree of temporal anticorrelation of the green and red
fluorescence signals upon color swapping, FAST-tagged proteins could be selectively
detected in cells already tagged with green and red reporters, illustrating the general
potential of non-covalent fluorogenic reporters for the development of new innovative

imaging methods for advanced biological imaging.

4.3.2 Semi-synthetic fluorogen-based RNA markers

The idea of forming a fluorescent marker by association of a genetically encoded module

and a fluorogenic chromophore is a very general idea that goes well beyond the labeling

of proteins. Fluorogenic labeling was used to expand fluorescent labeling to more diverse

cellular molecules such as RNA. Various studies showed that fluorescence could be
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generated by engineered RNA aptamers binding selectively fluorogenic chromophores’*-

78 paving the road towards new ways to image RNA in living cells”®-81,

Efficient RNA imaging in live cells was made possible with the development of an RNA
aptamer mimic of GFP named Spinach®383, and its optimized versions Spinach 28 and
Broccoli®®. These engineered RNA aptamers form fluorescent complexes with analogs of
the fluorogenic 3,5-difluoro-4-hydroxybenzylidene imidazolidinone (DFHBI). DFHBI is
related to the chromophore of GFP known to be only fluorescent when encased inside
the GFP barrel. Likewise DFHBI only fluoresces when bound to Spinach RNA aptamers®,

allowing to imaged Spinach-tagged RNA in living cells with high contrast.

Spinach aptamers proved to be highly efficient to design biosensors by coupling them
with aptameric sensing units. Sensors, in which the binding of a given analyte (e.g.
metabolite or protein) promotes fluorogen binding and activation through conformational
coupling, enabled to visualize the dynamics of the analyte levels in bacteria®”-%, further
demonstrating the great potential of such fluorogen-based markers for the design of
sensors able to sense the abundance, distribution and flux of intracellular molecules.
Broccoli was also used to design a fluorimetric assay to measure the activity of RNA-
modifying enzymes in cells®'. Broccoli was modified to contain N6-methyladenosine, a
prevalent mRNA base modification. Methylation renders Broccoli non-fluorescent;
fluorescence can be recovered by action of RNA demethylases. This approach allowed
the development of high-throughput screens for inhibitors of the RNA demethylase fat

mass and obesity-associated protein (FTO).
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RNA mimics of red fluorescent proteins (RFP) were obtained by similar engineering
strategies. These fluorogen-based RNA markers, named corn, orange broccoli and red
broccoli, bind 3,5-difluoro-4-hydroxybenzylidene-imidazolinone-2-oxime (DFHO), a
fluorogen resembling the chromophore found in RFP%293, Corn, Orange Broccoli and Red
Broccoli form fluorescent complexes with DFHO displaying red-shifted emissions
(respectively 545 nm, 562 nm and 582 nm) with respect to Spinach. Corn:DFHO showed
high photostability, unlike Spinach and Broccolli that undergo fast reversible
photobleaching® 9%, allowing quantitative fluorescence imaging of mTOR-dependent Pol

[l transcription.

4.4 Concluding remarks

Fluorogen-based markers allow more and more sophisticated and challenging
observations in living cells and organisms. They are very attractive alternatives of
canonical fluorescent proteins because they open exciting new possibilities for whole
body imaging, biosensor design, multiplex imaging, and high-resolution imaging.
Fluorogen-based markers have not shown yet their full potentials, and it is a safe bet to

say that the coming years will see further exciting and unpredictable advances.
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Table captions

Table 4.1 Fluorogen-based markers engineered from natural photoreceptors.
Abbreviations are as follows: Aavs, wavelength of maximal absorption; Aem, wavelength of
maximal emission; &, molar absorption coefficient at Laps; ¢, fluorescence quantum yield.

Structures of the fluorogens are given on Figure 4.1.

Table 4.2 Semi-synthetic fluorogen-based protein markers. Abbreviations are as follows:
Aabs, Wavelength of maximal absorption; Aem, wavelength of maximal emission; &, molar
absorption coefficient at Lavs; ¢, fluorescence quantum yield. Structures of the fluorogens

are given on Figure 4.2.

Figure captions

Figure 4.1 Natural fluorogens found in fluorogen-based markers. Physico-chemical

properties of the corresponding fluorescent markers are given in Table 4.1.

Figure 4.2 Synthetic fluorogens found in fluorogen-based markers. Physico-chemical

properties of the corresponding fluorescent markers are given in Table 4.2.
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Table 4.1

Tag Fluorogen Binding Oligomeric Aabs Aem € ¢ Ref.
mode state (nm) (nm) (M~'em™) (%)
BsFbFP FMN Non-covalent Dimer 449 495 13,900 39 13
EcFbFP FMN Non-covalent Dimer 448 496 14,500 44 13
PpFbFP FMN Non-covalent Dimer 450 496 13,900 27 13
iLOV FMN Non-covalent Monomer 447 497 44 15
phiLOV2.1 FMN Non-covalent Monomer 450 497 20 13
miniSOG FMN Non-covalent Monomer 447 497 14,200 41 13
IFP1.4 Biliverdin Covalent Dimer 684 708 92,000 7.0 30
iRFP Biliverdin Covalent Dimer 692 713 105,000 5.9 32
iRFP670 Biliverdin Covalent Dimer 643 670 114,000 11.1 33
iRFP682 Biliverdin Covalent Dimer 663 682 90,000 11.3 33
iRFP702 Biliverdin Covalent Dimer 673 702 93,000 8.2 33
iRFP720 Biliverdin Covalent Dimer 702 720 96,000 6.0 33
IFP2.0 Biliverdin Covalent Dimer 690 711 98,000 8.1 31
mlFP Biliverdin Covalent Monomer 683 705 82,000 8.4 34
miRFP670 Biliverdin Covalent Monomer 642 670 87,400 14 35
miRFP703 Biliverdin Covalent Monomer 674 703 90,900 8.6 35
miRFP709 Biliverdin Covalent Monomer 683 709 78,400 54 35
smURFP Biliverdin Covalent Dimer 642 670 180,000 18 36
UnaG Bilirubin Non-covalent Monomer 498 527 77,300 51 40
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Table 4.2

Tag Fluorogen Binding Oligomeric Aabs Aem € ¢ Ref.
mode state (nm) (nm) (M~'em™) (%)
FAP HL1.01 Thiazole Non-covalent Monomer 509 530 60,000 47 43
Orange
FAP H6 Malachite Non-covalent Monomer 635 656 105,000 25 43
Green

Self-labeling SiR650 Covalent Monomer 645 661 100,000 39 62
proteins

Self-labeling SiR700 Covalent Monomer 687 716 100,000 65
proteins

Self-labeling JF646 Covalent Monomer 646 664 152,000 54 67
proteins

Self-labeling JF585 Covalent Monomer 585 609 156,000 78 67
proteins

Self-labeling JF635 Covalent Monomer 635 652 167,000 56 67
proteins

FAST HMBR Non-covalent Monomer 481 540 45,000 23 70
FAST HBR-3,5DM Non-covalent Monomer 499 562 48,000 49 70
FAST HBR-3,5DOM Non-covalent Monomer 518 600 39,000 31 70
Spinach2 DFHBI Non-covalent 447 501 22,000 72 83
Spinach2 DFHBI-1T Non-covalent 482 505 31,000 94 83
Broccoli DFHBI-1T Non-covalent 472 507 29,600 94 85
Corn DFHO Non-covalent 505 545 29,000 25 92
Orange Broccoli DFHO Non-covalent 513 562 34,000 28 92
Red Broccoli DFHO Non-covalent 518 582 35,000 34 92
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