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Chapter | General Introduction

Bio-imaging, which makes the invisible visible, is the most direct method to reveal
complicated and mysterious biological activities in living body. There are two general
imaging modalities, clinical modalities, such as magnetic resonance imaging (MRI), X-ray
computed tomography (CT), etc. and research modalities, like all kinds of optical microscopes,
mass spectrometry imaging, etc.," which have significant contribution to the development of

basic science in all directions.

Live cell imaging, which unveils cellular events and enables to observe biomolecular
processes in real time, has been applied to a wide range of biological researches.
Development of novel reporters and research microscopy techniques has revolutionized the
way of visualizing biological activities in cells and accelerate the pace of discovery. Proteins
or other biomolecule as the crucial elements of many processes, are normally invisible and
usually need to be visualized and tracked in space and time to help biologists to understand
their functions. Currently, fluorescence is one of the most widely applied methods of

investigation due to its high sensitivity and low experimental cost.
I-1 Fluorescence

Fluorescence is an emission of light from a molecule that has absorbed photons. This
phenomenon has been first observed in 1565 by Nicolas Monardes, a Spanish physician and

botanist. The term of fluorescence was introduced in 1852 by George Gabriel Stokes.**
I-1.1 The principle of fluorescence

The physical principle of fluorescence can be explained by the Perrin-Jablonski diagram
(Figure 1.1). The singlet fundamental electronic state is denoted as So, singlet excited
electronic states S;, S;...and the triplet states Ty, T»...Each electronic state contains a range of
vibrational and rotational energy levels. After the absorption of photon, electron from Sy is
promoted to the high energy electronic state S;. The excited electron is not stable and prone to
lose the extra energy to go back to the stable state Sy through various de-excitation processes,

such as internal conversion (IC), intersystem crossing (ISC), fluorescence and
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phosphorescence. Fluorescence is the emission of photons accompanying the relaxation from

S1to S0.2
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Figure 1.1 Perrin-Jablonski diagram. Sy: singlet fundamental electronic state, S;, S,: singlet excited

>

So

electronic states, T, T,: triplet electronic states, IC: internal conversion, ISC: intersystem crossing.

Adapted from Valeur.?

I-1.2 Absorption, excitation and emission spectra

The absorption of the energy of a photon is an all or none phenomenon. There is no
absorption if the photon contains insufficient energy for an electronic transition. On the
contrary, absorption occurs when the photon contains enough energy and the excess energy is
usually converted into vibrational and rotational energy. Consequently, the absorption of
photon by fluorescent molecules can only occur with incident light of specific wavelengths

known as absorption bands.

In general, fluorescent molecules undergo electronic transitions with radiation having
wavelengths ranging from the ultraviolet to the visible regions of the electromagnetic
spectrum. Absorption spectra of fluorescent molecules can be recorded by scanning
absorbance A(L) (a factor that demonstrates the efficiency of absorption) at certain
wavelength A with ultraviolet-visible spectroscopy and their absorbance usually follows the

Beer-Lambert Law.



I-1 Fluorescence

A(Q) = log ’;)(%> = e(Dlc

Where 1o(A) and I(L) are the intensities of the light received and transited by the absorbing
sample; g(A) is the molar absorption coefficient (in L mol™® cm™), L is the absorption path

length (in cm) and c is the concentration (in mol L™) of absorbing sample.?

Excitation spectra of most fluorescent molecules are identical to their absorption spectra.
Generally, the differences of vibrational levels are similar in the ground and excited states, so
that the excitation and emission spectra are usually symmetrical. The wavelength of emitted
light is longer than the incident light because of the energy loss of vibrational relaxation in the
excited state. The difference between the maximum wavelength of excitation and emission
spectra is termed as the Stokes shift (Figure 1.2).2
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Figure 1.2 Absorption and emission spectra of fluorescein. Absorption and emission spectra are
symmetrical. The gap between the maximum wavelength of absorption and emission spectra is the
Stokes shift.

Excitation and emission spectra can be recorded by scanning fluorescence intensity in a
selected spectrum region with a fluorometer at a fixed emission or excitation wavelength.’
Through recording excitation and emission spectra of fluorescent reporters, one can learn their
spectral properties and obtain indispensable information for the spectral region they can be

applied in cell imaging. The color of light that we usually speak of can be quantitively
described as range of wavelength (Figure 1.3).
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Figure 1.3 Color regions of visible light. violet: 400-455nm, blue: 455-492nm, green:492-577nm,
yellow: 577-597nm, orange: 597-620nm, red: 620-700nm.

I-1.3 Fluorescence quantum yield, lifetime and brightness

The amount of fluorescence emitted by a fluorescent reporter depends on many factors.*®

Among them, the fluorescence quantum vyield and lifetime are crucial for characterizing

fluorescence performance of fluorescent reporter.

Fluorescence quantum yield (@) is the ratio of the number of photons emitted to the number

of photons absorbed by fluorescent species, which reflects its efficiency of fluorescence

emission and is given by:

kr

d=—7T—
knr+kr

where K; is the rate constant for radiative deactivation from S; to So through fluorescence

emission, and k. is the rate constant for non-radiative deactivation from S; to S;.

The lifetime t of the excited state S; is the average time the molecule spends in the S; before

returning to Sp and is given by:

1

Ly

Usually, one measured the relative quantum yield of fluorescent reporter by comparison with
standards whose quantum yields are known, such as fluorescein (0.95+£0.03 in 0.1M NaOH),
Rhodamine 6G (0.94 in ethanol), etc.’

The relative quantum yield of fluorescent reporter is calculated by:
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where the subscript s stands for the standard, A(A) is the absorbance at the excitation
wavelength A, D is the integrated intensity of emission, and n is the refractive index of the

solvent.

The brightness (B) is an important parameter for estimating the fluorescence performance of a
fluorescent sample, which is determined by the molar absorption coefficient and the
fluorescence quantum yield. Generally, brighter fluorescent reporters increase the signal-to-
noise ratio. Moreover, the weaker intensity of light for exciting brighter fluorescent reporters
decreases intervention and phototoxicity for hosts.”

Fluorescence techniques have many impressive advantages compare to other analytical and
detective methods, explaining the wide applications of fluorescence in various domains.*®
Notably, the development of all kinds of fluorescence microscopies has been boosting

spectacularly the ability of live-cell imaging.
I-1.4 Advantages of fluorescence-based investigative technologies

Fluorescence techniques have many impressive advantages compare to other analytical and

detective methods, explaining the wide applications of fluorescence in various domains.>®

High sensitivity. Fluorometry is up to 1000 times more sensitive than spectrophotometry.?
With proper dyes and experimental instruments, the absolute sensitivity of fluorescence
detection can reach the limit of single molecules.®® Instead of obtaining average value of
ensemble fluorophores in the observing region, behavior and performance of single
fluorophore can be recorded by single-molecule fluorescence microscopy, which can provide

additional information on the dynamics of fluorescently labeled biomolecule. ®°*°

High temporal and spatial resolution. The response of fluorescence techniques could be as
fast as 10°%-10"%, which is limited by the fluorescence lifetime and the experimental
conditions.® The spatial resolution is restricted by the diffraction limit of light. Many novel
fluorescence super-resolution microscopy technologies have been developed to overcome the

light diffraction and to reach nanometric spatial resolution.****®
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I-2 Fluorescent reporters

Molecules that can generate fluorescence after absorbing photons are known as fluorophores.
Specific fluorophores are needed to track movement of biomolecules for various biological
researches. Fluorophores can be endogenous, such as some aromatic amino acids, fluorescent
proteins, etc., which naturally exist in organisms and can be studied directly through
fluorescence imaging techniques. However, the number of endogenous fluorophores is limited,
which restricts application of fluorescence imaging. To conquer this, diversiform exogenous

fluorescent probes have been developed and introduced into live cell for biological research.
I-2.1 Organic fluorescent probes

An important landmark in the field of fluorescent probes has been the development of organic
fluorescent dyes. They can have some affinity for certain biomolecules or metabolites, and
thus visualize locations of biomolecules and reveal biological processes in cells. Innumerous
molecular probes with various properties has been synthesized and applied to a large numbers
of biological studies.***> Two key advantages of the organic fluorescent probes are the small
size of these molecules, which will not disturb the natural function of labeled elements, and
their marvelous versatility which enables to easily adjust their properties to the need of the
experiment through chemical modulations. However, the fact that they show low labeling
specificity has encouraged researchers to continue developing novel fluorescent probes for the
selective fluorescent labeling of biomolecules, which tremendously boosted imaging
techniques based on fluorescence and accelerated the progress of biological research. A

substantive leap is the discovery and application of the green fluorescent protein (GFP).
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Figure 1.3 Common organic fluorescent dyes with various spectral properties. Adapted from

Raines et al.®®

I-2.2 Autofluorescent proteins (AFPS)

GFP is a companion protein of the chemiluminescent protein Aequorin, discovered by
Shimomura et al. from the jellyfish Aequorea Victoria.*® Thirty years later, the first cloning of
the gene of GFP'’ and the initial experiments of expressing GFP in other organisms*® opened
the new era of bio-imaging. In most applications, AFP works as a fluorescent tag that is
genetically fused to a protein of interest (POI), allowing visualizing specifically the fusion
protein (Figure 1.4). The high labeling specificity provided by AFPs makes them
indispensable in biological research. Since the success of GFP, many GFP-like AFPs with
various colors have been developed to cover the spectral needs in multicolor imaging

experiments (Figure 1.5).% %
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Figure 1.4 Genetic fusion of GFP to a POI enables specific fluorescent protein labeling.
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Figure 1.5 Examples of chromophores within AFPs covering the whole visible spectrum. Adapted

from Palmer et al.?®

As one of the most successful fluorescent reporters, AFPs have been widely applied in various

biological applications (Figure 1.6).
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Figure 1.6 Biological applications of AFPs in scientific research. Adapted from Lukyanov et al.’

1-2.2.1 Applications of AFPs

Labeling

The first type of application is labeling. Genetic manipulations allow to fuse AFP to a protein
of interest or a binding domain for a given biomolecule, which enables to obtain information
about location, movement, function of biomolecules and can provide us with information on

biological constituents (organelle, subcellular structure, cell, organism, tissue, etc.).

Apart from conventional labeling, AFPs have been used to develop novel techniques for

biological detection and analysis.
Photobleaching techniques

Photobleaching is a common and undesirable phenomenon during the observation of
fluorophore-labeled biomolecule through light irradiation. However, applying photobleaching
as a disturbance factor can provide information about the mobility of biomolecules, which is

important to understand their activities and functions in cell.”?%%’

9
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The most obvious strategy is fluorescence recovery after photobleaching (FRAP). At first, a
small region of interest (ROI) is irradiated by intense light to bleach AFPs in this region. Then
the rate of fluorescence recovery in this region is measured, which reflects the rate of
migration of unbleached AFPs from nearby regions, so that one can estimate mobility of AFP-
labeled biomolecules.

There is another related strategy, fluorescence loss after photobleaching (FLIP). Instead of
bleaching ROI, one can bleach a region nearby ROI and measure the rate of fluorescence loss

of ROI, which avoid influence of possible photodamage in the observed region.

Actually, Photobleaching technique suffers from some inevitable disadvantage: phototoxicity
caused by intense light irradiation; photobleaching occuring during the measurement of
fluorescence recovery (loss); influence of AFP influx to ROI during bleaching. However, it
has been well established because it is simple and straightforward to operate and generally it

can provide valuable information on the mobility of biomolecules.
Forster resonance energy transfer (FRET)

FRET is an important technique to study protein-protein interactions. Two AFPs are chosen
as a pair of donor-acceptor and are genetically encoded with two proteins of interest. The
information about interaction of two proteins of interest is obtained by recording FRET
between AFPs. To be specific, if two proteins interact, corresponding fusion AFPs get closer
and thus the energy can be transferred from the excited donor fluorophore to the acceptor

fluorophore through nonradiative dipole-dipole coupling (Figure 1.7). "

A suitable AFPs pair with high FRET efficiency should have several key elements: overlap of
donor emission spectrum and acceptor absorption spectrum; gap between the donor
absorption spectrum and acceptor emission spectrum; significant and appropriate brightness
and high photostability. Based on this, various combinations of AFPs pairs have been

developed for enriching FRET techniques. ’
Bimolecular fluorescence complementation (BiFC)

Another common technique to study protein-protein interaction is BiFC or split fluorescent
protein (Split-FP). Split-FP is designed as two separate complementary fragments of an AFP
fused to two proteins of interest. The two fragments do not associate unless the two protein of

interest interact (Figure 1.7). The reconstitution of AFP generates fluorescence so one can

10
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detect protein-protein interaction with the appearance of fluorescence. Different split systems

have been developed from various AFPs, enlarging significantly the applications of this

7,29
a &\ S\
D A

ECFP EYFP

technique.

Figure 1.7 AFP-based techniques for studying protein-protein interaction. a) FRET: ECFP
(donor) transfers its energy to EYFP (acceptor) when two fusion proteins interact. b) BiFC:
Interaction between two fusion proteins enables the reconstitution of AFP. P: protein, D: donor, A:

acceptor, ECFP: enhanced cyan fluorescent protein, EYFP: enhanced yellow fluorescent protein.

Adapted from Frommer et al.*

1-2.2.2 Limitations of AFPs

Compared to organic fluorescent probes, AFPs have some inevitable disadvantages: (1) The
relative large size of AFP may hinder the normal function of the fusion protein. (2) The
spectral properties of AFPs are still limited such as the brightness and the photostability. (3)
AFPs fluoresce only after the formation of the fluorophore. The multi-step maturation (Figure

31,32

1.8) usually requires the presence of oxygen and takes tens of minutes or hours,” > which

prevents their applications in anoxic conditions or for studying fast biological processes.

Although AFPs with improved brightness, better photostability> or faster maturation® have
been developed, we still expect further improvement that could combine the high specificity
of AFP and versatility of small fluorescent molecules in the same fluorescent probe system.
The most impressive developments are the site-specific labeling techniques, in which peptidic
tags are used as genetic anchors reacting specifically with synthetic probes.

11
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Figure 1.8 The formation of the chromophore HBI in the binding barrier of GFP. This multi-step

maturation process requires the presence of O, and takes tens of minutes or hours.

I-2.3 Site-specific labeling techniques
I-2.3.1 Biarsenical- tetracysteine tagging system

The first tag developed for site-specific protein labeling was the tetracysteine motif, a short
peptide usually composed of six amino acids CCPGCC that can bind with biarsenical dyes.*
The principle of the binding is the well-known interaction of arsenic with thiol groups. The
first developed biarsenical dye, FIAsH, is a fluorescein derivative with two As(lll)
substituents, which is weakly fluorescent as an adduct with two 1,2-ethanedithiol (EDT) but
becomes green fluorescent after binding with the tetracysteine tag (Figure 1.9).*"® Analogs
have been developed for expending the spectral properties.*®*° ReAsH (Figure 1.9) as the
most useful one is a derivative of the red fluorophore resorufin and could be applied in pulse-
chase imaging with FIAsH.* Although the small size of the peptide tag and the various
biarsenical dyes makes it one of the best established site-specific labeling systems, it still
needs to be improved in many aspects like the signal-to-background ratio, the binding

12
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specificity, the need of antidotes to reduce the toxicity and the requirement of a reducing

environment.*

a
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Figure 1.9 a) Chemical stucture of biarsenical substrates FIASH-EDT, and ReAsH-EDT,. b)
Schematic illustration of the biarsenical- tetracysteine tagging system. FIAsH as an adduct with
two 1,2-ethanedithiol (EDT) is weakly fluorescent but becomes fluorescent after interacting with thiol

groups of the tetracysteine tag POI: protein of interest.

Since the development of biarsenical- tetracysteine tagging system, there have been many
efforts to create new site-specific labeling systems with better properties. SNAP-tag, CLIP-tag
and Halo-tag are three outstanding representatives which are all commercially available now.

1-2.3.2 Self-labeling tags: SNAP-tag, CLIP-tag, Halo-tag

SNAP-tag is a mutant of the human DNA repair protein O°-alkylguanine-DNA
alkyltransferase (AGT) developed by the group of Johnsson.*° *® It can transfer the
functionalized benzyl group of the O°-benzylguanine (BG) derivative to its active site

cysteine and thus achieves covalent and irreversible labeling of fusion protein (Figure 1.10).

13
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The versatility of the developed BG derivatives enables to easily adapt SNAP-tag

functionalities to different conditions for visualizing proteins in vitro and in vivo.***°

To meet the need for multiplexed imaging, the group of Johnsson developed CLIP-tag*’
which shows substrate specificity orthogonal to SNAP-tag. CLIP-tag is an engineered mutant
of AGT that works as SNAP-tag but reacts specifically with O%benzylcytosine (BC)
derivatives (Figure 1.10). These two tags have been used to label two different proteins in
living cells for simultaneous pulse-chase experiments*’ and also used to cross-link interacting

proteins to detect and characterize protein-protein interactions*®,

The Halo-tag is engineered from a bacterial halogen dehydrogenase. The carbon halogen bond
of the functionalized chloroalkane derivative could be cleft by the Halo-tag and thus the

fluorescent ligand covalently binds with the Halo-tag fusion protein (Figure 1.10).*°

| fluorophore
N N
-Guanlne

BG derivative

N N ¢
Al

K/kNHZ -Cytosine
BC derivative
0.0 \' 0 8 O\/\/\/O\/\o/\/
CJ/ ~ NS
@ Chloroalkane derivative @
-CI°
@ @

Figure 1.10 General mechanism of site-specific labeling systems. SNAP-tag, CLIP-tag and Halo-

tag. POI: Protein of interest.

14
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The labeling specificity and the easy chemical modification of the substrates make these self-
labeling systems very attractive. However the imaging of all these systems can show
fluorescence background because of the excess of substrates and nonspecific binding.
Therefore extensive washing steps are requested before imaging, which may limit the

temporal resolution of the experiments.

I-2.3.3 Fluorogenic site-specific labeling systems

To improve the imaging contrast, there have been some developments of fluorogenic
substrates for these self-labeling systems. Fluorogenic chromophores (so-called fluorogens)
are non-fluorescent by their own but become strongly fluorescent only upon specific binding
to a given target. The application of fluorogens minimizes unspecific fluorescence
background in cells as free fluorogens are almost invisible even in excess® and therefore
saves the need for washing steps. The simplified labeling protocol and the high imaging
contrast have recently placed fluorogen-based reporters to the central spot of fluorescence

imaging.

Komatsu et al. presented some fluorescence activation-coupled protein labeling (FAPL)
probes for the SNAP-tag protein based on Forster resonance energy transfer (FRET)
principle.®* They designed SNAP-tag labeling probes with different fluorophores at the benzyl
moiety and a quencher at the guanine moiety via a linker attached at the C-8 position of the
guanine. Before labeling, these substrates show almost no fluorescence because of the high
FRET efficiency between the fluorophore and the quencher. However, after reaction with
SNAP-tag, fluorescence rapidly appears as the fluorophore is separated from the quencher
leaving with the guanine moiety (Figure 1.11). A fluorescence activation ratio of over 300 is
observed after labeling, achieving high contrast imaging and avoiding the need of washout
process. Komatsu et al showed that the fluorogen-based SNAP-tag system could be used to

study real-time protein activities with high temporal resolution.>*

Sun et al. further developed intramolecularly quenched fluorogenic probes for SNAP;, a faster
labeling variant of SNAP-tag. SNAP; displayed up to tenfold increase in activity towards
benzylguanine substrates compared to SNAP26m, a commercially available version of SNAP-

tag. By exploring different combinations of fluorophore/quencher pairs, they obtained optimal
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intramolecularly quenched substrates with fluorescence emission across the visible

spectrum.>?

Except for these intramolecularly quenched fluorogenic probes, the group of Johnsson
developed near-infrared fluorogenic silicon-rhodamine (SiR) probes for SNAP-tag, CLIP-tag
and Halo-tag (Figure 1.11).>® These SiR probes are environment-sensitive SiR-carboxyl
derivatives. In relative polar environment, the carboxylate group of these probes can attack
the electrophilic center of the heterocycle forming the non-fluorescent spirolactone. However
the coupling to protein tags favours the formation of the open fluorescent zwitterions. The
opening of the cyclized chromophore is the important mechanism for the fluorogenic response
because of a large change of the absorption properties between the open and closed states
(Figure 1.11).>* These SiR probes enable imaging fusion proteins with high sensitivity at 640-
650 nm, a wavelength range where cellular autofluorescence is weak and phototoxicity is

minimal >

16



I-2 Fluorescent reporters

ﬂuorophore
o
§ s
S/
o/
S \7’
By ‘%f* @
/
NTSNZSNH, NH2

fluorescent zwitterion non-fluorescent spirolactone

fﬁQ&% L0
</N |N/)\NH

k/kNHz

SiR-SNAP SiR-CLIP
o %
Clm NN \/\o/\/‘z&
SiR-Halo

Figure 1.11 Fluorogenic site-specific labeling systems. a) Principle of intramolecularly quenched
fluorogenic probes for SNAP-tag. Before labeling, fluorescence is quenched because of the high
FRET efficiency between the fluorophore and the quencher. After reaction with SNAP-tag protein, the
guencher leaves with the guanine moiety and fluorescence appears rapidly. b) Structures and
mechanism of near-infrared fluorogenic SiR probes. SiR probes are sensitive to the environment.
In relative polar environment, the carboxylate group of SiR probes attacks the electrophilic center of
the heterocycle forming the non-fluorescent spirolactone. However coupling to protein tags favours

the formation of the open fluorescent zwitterions. POI: protein of interest.

These fluorogenic site-specific labeling systems eliminate the high fluorescence background,
the common disadvantage for chemical labeling and save the time for washing steps.
However, the relatively large sizes of SNAP-tag (20kDa), CLIP-tag (20kDa) and Halo-tag
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(34kDa) and the long time for complete labeling still may hinder their applications in some
cases. Actually, there have been many efforts to combine different fluorogens with different
small genetically encoded tags to create novel fluorogen based specific labeling systems with

high temporal resolution.

I-2.4 Fluorogen-activating proteins (FAPS)

Fluorogen-activating proteins (FAPS) engineered from libraries of human single-chain
antibodies (scFvs) bind non-covalently fluorogenic derivatives of malachite green (MG) and
thiazole orange (TO) with nanomolar affinity and generate huge enhancement of their red and
green fluorescence, respectively.®> MG and TO are well-known molecular rotors that are
poorly fluorescent in solution because of internal rotation; however in constrained
environments, the internal rotations are slowed down, which strongly enhance their
fluorescence intensities.>* FAPs were shown to be suitable to label proteins without the need
of wash-out process. Cell impermeant MG-2p and TO1-2p enable labeling of only the FAP-
tagged proteins at the plasma membrane, while the cell permeant fluorogen MG-ester allows
lighting up proteins in the secretory pathway within several minutes after addition (Figure
1.12).
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Figure 1.12 Structures of fluorogens for FAPs.

Various fluorogens have been developed to bind the single scFv protein K7 which shows
huge versatility and accept different fluorogenic dyes.***" Dimethylindole Red (DIR) and its
analogues (unsymmetrical cyanines) were developed to bind the FAP K7 and expand the
spectral properties of FAPs by giving complexes with emission wavelengths ranging from the
blue (450 nm) to near-IR (750 nm) (Figure 1.13).>® These dyes were further modified (the o-
CN-DIR and the fluorinated TO (Figure 1.13)) to improve the photostability of the FAP
system.*” The following development of blue FAP systems based on blue fluorogenic cyanine
dyes (OTB-SOs) (Figure 1.13)°® and the far-red FAP systems based on the ester of malachite
green dyes (MGe) (Figure 1.13)°° makes emission colors of FAPs cover almost the whole

visible spectrum, which is versatile for multiplexed imaging.
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Figure 1.13 Development of fluorogens for FAPs. a) The DIR based fluorogens which could bind
K7 and generate FAP systems with various emission wavelengths. b) Structures of a-CN-DIR
and fluorinated TO which improve the photostability of FAP system. c) Structures of fluorogens

for blue and far-red FAP systems.

However, the fact that single-chain antibodies contain internal disulfide bonds that form only
in non-reducing environment limits their applications to non-reducing environments.®> To
overcome this limitation, disulfide-free variants FAPs has been developed, which enables the

labeling of FAP systems in various environment in live cells.*®
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1-2.5 PYP-tag

The group of Kikuchi has developed the photoactive yellow protein (PYP)-based fluorogenic
protein labeling systems®® by using the small (14kDa) PYP discovered from the purple
bacteria Halorhodospira halophila® as protein tag. The fluorogens they developed, coumarin
thioester and cinnamic acid thioester derivatives, covalently bind to the residue Cys69 of the

PYP-tag through transthioesterification and generate fluorescence (Figure 1.14).%9%
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Figure 1.14 The principle of PYP-tag labeling system. Coumarin thioester derivatives react with
PYP through transthioesterification. POI: Protein of Interest.

The first fluorogen FCTP for the PYP-tag used a quenching mechanism based on
intramolecular association between fluorescein and the coumarin moiety (Figure 1.15).
However, the complete labeling required more than 24 h, which limited the temporal

resolution of the method.®°

To accelerate the labeling process, the group of Kikuchi evaluated a new fluorogenic probe
FCANB consisting of a cinnamic acid thioester as PYP-tag binding ligand and nitrobenzene
as fluorescence quencher (Figure 1.15). The cinnamic acid thioester reduced the
intramolecular interaction between the ligand and fluorophore moieties. Furthermore the
introduction of the quencher made the fluorophore preferably interact with the nitrobenzene
instead of the ligand, which reduced the steric hindrance around the ligand and thus enhanced
the labeling kinetic. The cell-impermeable FCANB could be used to image cell-membrane

proteins with high contrast.®*
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Figure 1.15 The intramolecular interaction based fluorogen for PYP-tag. a) Principle of
fluorogenic labeling of PYP-tag with FCTP. b) Structure of FCANB, a new fluorogen for PYP-
tag to accelerate the labeling. The cinnamic acid thioester and the introduction of the quencher
reduced the intramolecular interaction between ligand and fluorophore moieties and thus enhanced the

labeling kinetic.

Kikuchi and co-workers also developed new fluorogens to meet the need of cell permeant
probes to image intracellular proteins. TMBDMA and CMBDMA are 7-
dimethylaminocoumarin thioester derivatives that are environmentally sensitive (Figure 1.16).
In polar environments, they show no fluorescence, while in the relatively low polar protein

cavity, they display enhanced fluorescence. They could be used to completely label PYP-
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tagged intracellular protein and membrane protein in a short incubation time, especially
TMBDMA (<6 min).%

-
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Figure 1.16 Structures of environment-sensitive cell permeant fluorogens for the labeling of

PYP-tagged intracellular proteins.

To further improve the properties of PYP-tag labeling system, they created mutants of the
PYP-tag and chemically modified fluorogens by considering the electrostatic interactions of
the protein tag with the fluorogen and the pKa of the leaving group.®*** Fluorogens that could
generate different colors have also been developed for multicolor imaging.®® The small size of
the PYP-tag and the quick wash-free imaging ability make PYP-tag very attractive for

fluorescence imaging in living cells.
I-2.6 Cellular retinoic acid binding protein Il (CRABPII)

The cellular retinoic acid binding protein 1l (CRABPII) is a binding and transport protein that
binds cellular retinoic acids and thus transport them inside the cell cytoplasm.®”®° Its small
size (15.6 kDa), relatively large binding pocket that could binds with various synthetic
retinoids (Figure 1.17) and tolerance of mutations makes it a promising protein scaffold for
the engineering of fluorogenic fluorescent protein tag.”® The group of Borhan has developed a
novel fluorogenic protein labeling system by reengineering CRABPII. A non-fluorescent
precursor merocyanine aldehyde reacts with the active site Lys residue of CRABPII-tag to
generate the fluorescent protonated Schiff base which also displays a huge red-shift of
absorption and a significant increase of extinction coefficient compare to the precursor
merocyanine aldehyde (Figure 1.18). The chromophore is planar and restricted in the protein

cavity, which enhance its fluorescence.™.
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Figure 1.17 Structures of retinoic acids and synthetic retinoids that shows binding affinity with
CRABPII.
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Figure 1.18 Fluorogenic labeling of CRABPII-tag with merocyanine aldehyde.
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I-2.7 Spinach

Except for visualizing proteins, fluorogenic labeling has also been applied to other genetically
encoded biomolecules, such as RNA. There have been many developments of fluorogen-
activating RNA aptamer.”"® However the first fluorogen-based RNA aptamer that could
efficiently image RNA in living cells is the Spinach system (Figure 1.19) which has been
developed by the group of Jaffrey.”” Spinach relies on the binding and activation of analogs of
HBI, the chromophore of GFP. As presented before, GFP becomes fluorescent only after the

formation of HBI which is a well-known fluorogenic chromophore. HBI is only fluorescent
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when encased in GFP. Denaturation of GFP leads to a loss of fluorescence.”” Inspired by the
GFP, the group of Jaffrey designed and synthesized several fluorogenic analogs of HBI and
selected RNA aptamers that could bind specifically with the fluorogen from a library of
random RNA molecules.”” To improve the properties of Spinach, they developed Spinach2,
which shows enhanced folding and thermal stability’® and they selected Broccoli through a

fluorescence activated cell sorting (FACS) based directed evolution approach (Figure 1.20)"°.

Spinach Spinach-DFHBI
fluorescent complex

Figure 1.19 The Spinach labeling system. The non-fluorescent DFHBI reacts with the RNA aptamer

Spinach and forms a fluorescent complex. Adapted from Jaffrey et al.*°
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Figure 1.20 General procedure for isolating fluorescent “light up” aptamers. Millions of aptamers
were expressed in Escherichia coli. and selected through FACS (Fluorescence Activated Cell Sorting)
in the presence of potential fluorophores. SELEX (Systematic Evolution of Ligands by Exponential

Enrichment) Adapted from Jaffrey et al.”

I-2.8 Fluorescence-Activating and absorption-Shifting Tag (FAST)

Our group recently developed a novel fluorogenic protein labeling system called
Fluorescence-Activating and absorption-Shifting Tag (FAST).® The fluorogenic dye 4-
hydroxy-3-methylbenzylidene rhodanine HMBR binds with FAST non-covalently and
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generates a bright green-yellow fluorescent complex (Figure 1.21). In addition to fluorescence
activation as generally observed with fluorogen-based labeling systems, HMBR also displays
an absorption red shift after binding with FAST which enables high contrast imaging by
distinguishing free and bound fluorogen via the choice of the excitation wavelength. This
unique fluorogen activation mechanism implying two spectroscopic changes, fluorescence
quantum vyield increase and absorption red shift, ensures thus selective labeling and high

imaging contrast.

T Tag Tag:Fluorogen
Fluorogen ) /M

& ——

Fluorogen = HMBR

FAST _ protein of interest
(14 kDa)

non-fluorescent Highly fluorescent

Figure 1.21 Principle of FAST.

The development of HMBR was inspired by GFP. HMBR is an analog of HBI and is based on
a push-pull structure. The electron-donating phenol group interacts with electron-withdrawing
rhodanine group through a conjugated system. HMBR (pK;=8.4) stays almost all in
protonated form at pH 7.4 showing no fluorescence. However, HMBR binds with FAST in its
deprotonated form. The binding induced deprotonation of the phenol group generates
phenolate with higher electron-donating effect, which explains the absorption red shift.
Meanwhile, constrained environment in the protein cavity restrains the conformational

freedom of HMBR and thus activates its fluorescence.

FAST is an engineered variant of PYP. The chromophore of PYP, parahydroxycinnamoyl
(HC), binds to its residue Cys69 and shares structure similarity with HMBR. This is an
important reason why PYP was chosen as protein scaffold to develop FAST. The engineering
of FAST used a fluorescence activating cell sorting (FACS)-based directed evolution strategy
(Figure 1.22). At first, libraries of PYP mutants were built by saturation mutagenesis of
positions in the chromophore binding sites. Yeast-displayed libraries expressing PYP mutants
were incubated with the fluorogen and sorted by high throughput FACS.
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Figure 1.22 Engineering of FAST. Libraries of PYP mutants are built by saturation mutagenesis of
loops (the loop 94-101 is given in orange) within the chromophore binding site. Through surface
display technology, libraries of yeast cells expressing protein variants on their surface are obtained.
Yeast libraries incubated with the fluorogen are sorted by high throughput FACS. Iterative FACS

cycles enable to enrich the population of fluorogen-activating variants.

Compared to other fluorogen-based labeling systems, FAST has many attractive advantages:
The protein tag is monomeric and small (14 kDa), which minimize its hindrance for normal
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activities of fusion protein; FAST works as soon as it is folded and the labeling of FAST
fusion protein occurs almost immediately after addition of fluorogen, which enables its
application for real-time imaging; The binding between FAST and its fluorogen is reversible
and shows rapid exchange dynamics, which makes labeling of FAST highly tunable. It has
been proved that FAST can be rapidly switched on and off by addition and removal of HMBR
and this process is repeatable. The controllable labeling opens new opportunities for

multiplexed imaging. These advantages make FAST a very promising protein tag.

I-3 Objectives
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Figurel.23 Chemical structure of HMBR (left). HMBR is based on a push-pull system. Electron-
donating phenol interacts with electron-withdrawing rhodanine through a conjugated linker. General
structure of HMBR and the arrangement of this thesis. HMBR analogues are fully engineered by
modifying its electron-donating part (See Chapter I1), conjugated linker (See Chapter I11) or electron-

withdrawing part (See Chapter IV) for developing novel FAST approaches. ED: electron-donating part,
CL: conjugated linker, EW: electron-withdrawing part.

My PhD aimed at extending the possibilities offered by FAST through the engineering of new
fluorogens and additional protein engineering. The first step was the development of novel
fluorogens. HMBR is a push-pull system. The electron-donating phenol group interacts with
the electron-withdrawing rhodanine group through a conjugated system. Molecules with such
push-pull structure are known as environment-sensitive dyes™. Spectral properties of these
molecules are determined by the electron-donating or electron-withdrawing abilities of their
electron donors or acceptors and the length of the electronic conjugation. On the basis of this
push-pull structure, we engineered HMBR analogues by modifying either their electron-

donating or electron-withdrawing groups or the length of the conjugation paths (Figurel.23).

28



I-4 References

Modification of the electron-donating group allowed us to generate fluorogens binding FAST
with red-shifted emission (Chapter 1I). Increase of the conjugation and variation of the
electron-withdrawing group enabled us to generate fluorogens with far-red emission when
bound to engineered variants of FAST (Chapter I11). Finally, introduction of charged groups
on the heterocycle of HMBR allowed us to render HMBR membrane-impermeant for the

selective labeling of membrane proteins (Chapter 1V).

Based on this chapter, we have written a relative review.
Fluorogenic labeling strategies for biological imaging.
International Journal of Molecular Sciences 18, 1473-1483 (2017).

C. Li, A. G. Tebo & A. Gautier
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Chapter Il Expansion of the spectral properties of FAST

This chapter is based on the following article:

Dynamic multi-color protein labeling in living cells.

Chemical Science (2017) just accepted DOI: 10.1039/C7SC01364G.

C. Li, M.-A. Plamont, H. Sladitschek, V. Rodrigues, I. Aujard, P. Neveu, T. Le Saux, L.
Jullien & A. Gautier

I1-1 Presentation of article 1

FAST is a promising fluorogen-based probe for multiplexed imaging with a lot of attractive
advantages. To meet requirements for multiplexed imaging, we need to engineer new systems
with various properties. A general strategy for the development of protein labeling systems is
to extend their spectral properties and finally cover the whole visible spectrum. The
marvelous versatility of molecules-based protein labeling systems enables to easily adjust
properties of molecules to the need of the experiment through chemical modulations. So we
tried to develop HMBR analogs that could selectively bind with FAST, preserve the main
features of FAST but expend its spectral properties. Red-emitting probes are particularly
attractive for biological research because the use of longer wavelengths reduces cellular
autofluorescence, improves imaging contrast and decreases phototoxicity. One part of my
PhD project was focused on the development of red-emitting FAST system. It was shown
previously that FAST could accept various substituents on the aromatic ring. Moreover,
aromatic substituents are a priori key determinants of the fluorescence efficiency, as they can
play a major role in immobilizing the fluorogen within FAST cavity. In this chapter, we
explored the role of substituents on the phenol ring of HMBR in varying spectral properties
and binding affinities of FAST:fluorogen complexes. New fluorogens with conserved binding

ability with FAST and showing different spectral properties are reported.

We designed and synthesized a collection of HMBR analogs with various aromatic
substituents in different positions of the phenol ring (Figure 2.1). New fluorogens were
obtained by condensation of the starting aldehydes and rhodanine in water or refluxing
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ethanol in presence of piperidine. Their abilities to bind FAST were verified by characterizing
their spectral properties alone or in the presence of FAST. We also tested their binding
affinity by measuring thermodynamic dissociation constants (Kp). As expected, we observed
fluorescence activation and absorption red shift in the presence of FAST, which demonstrated
that they all kept the main features of the FAST approach. These FAST:fluorogen complexes

displayed various spectroscopic behaviors.

O O
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N X -0 N
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Figure 2.1 Structures of new fluorogens for FAST and general strategy for the synthesis of new

fluorogens.

Compared to HMBR, HBR-3E in which an ethyl group replaces the methyl group of HMBR
binds to FAST with higher affinity and forms complex displaying almost identical absorption
and emission properties but reduced fluorescence brightness (See Article 1-Table 1). As
brightness is directly related to the immobilization of the fluorogen within the protein cavity,
we next examined the effect of an additional methyl group either in ortho-position or meta-
position of the phenolic hydroxyl group. HBR-2,5DM and HBR-3,5DM bind tightly to FAST

and form complexes displaying a 15-20 nm red shift in absorption and a 10-20 nm red shift in
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emission with improved fluorescence brightness compared to FAST:HMBR (See Article 1-
Table 1). Of particular interest, FAST:HBR-3,5DM is more than two times brighter than
FAST:HMBR, reaching fluorescence efficiency of enhanced green fluorescent protein
(EGFP).

To further shift absorption and emission to the red, we next replaced the methyl group of
HMBR with alkoxy groups (methoxy or ethoxy group), which are common electron donors.
HBR-30M and HBR-30E bind to FAST with affinities comparable to HMBR and form
complexes displaying a 15 nm red shift in absorption and a 20 nm red-shift in emission. While
FAST:HBR-30OE was less bright than FAST:HMBR, FAST:HBR-30M exhibited greater
brightness (See Article 1-Table 1). We next tested the introduction of a second methoxy group
in ortho-position of the phenolic hydroxyl group. The resulting complex,
FAST:HBR-3,5DOM, displayed a 40-nm red shift in absorption and a 60-nm red shift
emission, and improved fluorescence brightness compared to FAST:HMBR (See Article 1-
Table 1). These spectral modifications shift the absorption to the green and the emission to the
orange-red, providing thus a new color for fluorescence imaging. In terms of fluorescence

performance, FAST:HBR-3,5DOM was as bright as the red fluorescent protein mCherry.

In sum, we obtained four new fluorogens (HBR-30M, HBR-2,5DM, HBR-3,5DM and
HBR-3,5D0M) enabling to tune the fluorescence color of FAST from green-yellow to orange
and red with higher brightness. Their pK, are between 8.3-8.7 (See Article 1-Table S1)
ensuring that they stay almost fully protonated at pH 7.4 with no fluorescence when free in
solution. Moreover the range of Kp (~0.1-1uM) (See Article 1-Table 1) keeps their
capabilities of reversible labeling with FAST-tagged proteins in living cells, while ensuring

selective labeling.

We next verified their performance for labeling protein in living cells. Cytotoxicity testing
proved that they were non-toxic for mammalian cells (See Article 1- Figure S2). Then we
treated HelLa cells expressing FAST in different cell localizations (cytoplasm, nucleus or
mitochondria) with the new fluorogens (HBR-30M, HBR-3,5DM or HBR-3,5DOM). We
observed specific fluorescence in the expected localizations through confocal microscopy
(See Article 1-Figure 2). Their abilities of reversible labeling were examined by labeling
HeLa cells expressing nuclear FAST repeatedly with HBR-30M, HBR-3,5DM or
HBR-3,5DOM solutions and then reversing the labeling by removing the fluorogen-
containing solutions followed by a wash with pH 7.4 phosphate buffer saline (PBS) (See
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Article 1-Figure 3). We observed that labeling of FAST could be switched on and off by
addition and withdrawing of fluorogen and that this process was repeatable with various

fluorogens which demonstrating the high tunability of the FAST technology.

The discovery of red-emitting FAST: HBR-3,5DOM makes the application of FAST system
more versatile because now researchers have additional color options for different
experimental conditions. In the presence of red fluorescent probes we can achieve multiplexed
imaging by applying HMBR to label FAST-tagged proteins. On the contrary, in the presence
of green fluorescent probes we can choose HBR-3,5D0OM to label FAST-tagged proteins (See
Article 1-Figure 2).

Another outstanding feature of FAST: HBR-3,5DOM complex is its high Stokes shift (82nm).
We succeeded to distinguish FAST fusion protein with HBR-3,5DOM from EGFP-tagged
protein by using a single excitation source (488nm) and two separate emission regions (See
Article 1-Figure S3), which is significant for multiplexed imaging of living cells because one

single excitation source simplifies imaging protocols and reduces phototoxicity.

Furthermore the absorption and emission difference between FAST:HMBR and
FAST:HBR-3,5DOM s large enough to distinguish them as two different colors through
microscopy (See Article 1-Figure 3). Moreover, we examined and proved that it was possible
to switch the color (red-green) of FAST dynamically by changing the fluorogen solution
(HBR-3,5DOM - HMBR) (See Article 1-Figure 4a). Using this unique feature, we developped
an approach to extract the signal of FAST in the presence of both green and red fluorescent
proteins by using only the green and the red channels, which was not evident for common
fluorescent reporters because spectral discrimination is impossible in these conditions. The
principle of this strategy is that the fluorescence signals of FAST:HMBR and
FAST:HBR-3,5DOM are temporally anti-correlated during the dynamic color switching
whereas fluorescence signals from fluorescent proteins stay stable. By measuring the degree
of anti-correlation of the green and red fluorescence signals during the dynamic color
switching, we could extract signals from FAST. To clearly show the performance of this
strategy, we chose three separate cell localizations (nucleus, mitochondria and membrane) for
expressing FAST, mCherry and EGFP. The localizations of mCherry and EGFP were
determined by common imaging with red and green channels at the beginning. We firstly
labeled FAST with HBR-3,5DOM and then replaced the medium with an HMBR solution
recording a time-lapse video during the color switching. After analyzing time-lapse photos
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and calculating the degree of anti-correlation of the green and red fluorescence signals, the
correct localization of FAST was obtained (Article 1-Figure 4b). This experiments showed
that dynamic multi-color protein labeling strategy could allow overcoming the limitation of

observation channels, opening new opportunities for multiplexed imaging.

The labeling of FAST-tagged proteins with HMBR or HBR-3,5DOM is not orthogonal
because they share the same protein tag. Ongoing projects in our team aim at selecting FAST
variants that display orthogonal selectivity and eventually better spectral properties. Directed
evolution approaches based on yeast display technology and Fluorescence-Activated Cell
Sorting (FACS) are used to isolate variants from yeast-displayed FAST variant libraries (See
also Chapter Ill). We are expecting FAST variants that could bind specifically and
orthogonally with HMBR and HBR-3,5DOM with an improved brightness.

To further expand the spectral properties of FAST to the far-red edge of the visible spectrum,
we also engineered new fluorogens and protein tags, which will be discussed in the Chapter
.
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Yellow Fluorescence-Activating and absorption-Shifting Tag (Y-FAST, hereafter called FAST) is a 14 kDa
protein tag giving a bright green-yellow fluorescent complex upon interaction with the fluorogenic dye
4-hydroxy-3-methylbenzylidene rhodanine (HMBR). Here, we report a collection of fluorogens enabling
tuning of the fluorescence color of FAST from green-yellow to orange and red. Beyond allowing the
multicolor imaging of FAST-tagged proteins in live cells, these fluorogens enable dynamic color
switching because of FAST's reversible labeling. This unprecedented behavior allows for selective
detection of FAST-tagged proteins in cells expressing both green and red fluorescent species through
two-color cross-correlation, opening up exciting prospects to overcome spectral crowding and push
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Introduction

Imaging the dynamics of proteins in living cells is essential for
deciphering biological processes. A common strategy for
imaging proteins is to fuse them to peptide or protein
sequences that provide fluorescence, such as autofluorescent
proteins™* or self-labeling tags®*~ (such as a SNAP-tag®’/CLIP-
tag® and Halo-tag®) that can be labeled specifically with chem-
ical probes. A related strategy is to use protein tags that can
generate fluorescence upon the interaction and activation of
fluorogenic compounds (so-called fluorogens).'*** Fluorogen-
activating proteins (FAPs) that are able to specifically bind to
fluorogens, such as malachite green and thiazole orange, and
activate their fluorescence have been developed from single-
chain antibodies.""* Because fluorogens exhibit very low fluo-
rescence background in cells, proteins can be imaged with high
contrast without the need for washing the fluorogen excess.
The concept of fluorogenic reporters was recently pushed
one step further with the design of a tunable genetically
encodable reporter called Yellow Fluorescence-Activating and
absorption-Shifting Tag (Y-FAST, hereafter called FAST) that not
only can be switched on by the addition of a fluorogenic ligand,
but can also be switched off rapidly by the removal of the flu-
orogen through washing.'"* This fluorescence on/off switch
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the frontiers of multiplexed imaging.

behavior was made possible by designing a system displaying
dynamic reversible fluorogen binding, characterized in partic-
ular by a high off-rate constant enabling rapid complex disso-
ciation upon fluorogen removal. FAST is a 14 kDa variant of the
photoactive yellow protein (PYP) engineered to specifically bind
and activate the fluorescence of the fluorogenic dye HMBR.
HMBR undergoes two spectroscopic changes upon binding,
ensuring high labelling selectivity. While unbound HMBR
mainly deexcites from the excited state through non-radiative
processes, bound fluorogen undergoes a very large increase of
the fluorescence quantum yield because of immobilization
within the FAST cavity. Moreover, FAST binds HMBR in its
anionic form, minor form in solution at pH 7.4, leading to an
apparent 80 nm absorption red shift. FAST is thus an acronym
that echoes back to its fast exchange dynamics and stands for
Fluorescence-Activating and absorption-Shifting Tag, high-
lighting the two spectroscopic changes ensuring labeling
selectivity.

The complex FAST:HMBR fluoresces green-yellow light
(Aem = 540 nm) upon blue light excitation. In order to provide
investigators with the possibility to tune the spectral properties
of FAST with their imaging conditions, we sought alternative
fluorogens able to bind FAST and form complexes with novel
fluorescence properties. We explored if changing the structure
of HMBR could shift both the excitation and emission of the
tag:fluorogen complex to the red edge of the visible spectrum
(Fig. 1A). We report a collection of fluorogen analogs with
various spectral properties. We present in particular HBR-
3,5DOM  (4-hydroxy-3,5-dimethoxybenzylidene rhodanine),
a new fluorogen that forms a tight complex with FAST that
fluoresces red light under green light excitation. This allows for
the choice of the FAST color by choosing the appropriate flu-
orogen, providing an experimental versatility that is not
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encountered with autofluorescent proteins. We also show that
we could exploit dynamic fluorogen binding to switch the color
from red to green or green to red by simply changing the flu-
orogen used. The ability to dynamically switch color allowed us
to further develop a new strategy to selectively image FAST-
tagged proteins in a spectrally crowded environment. The
spectral overlap between fluorophores limits most experiments
to the simultaneous observation of three or four targets, thus
preventing highly multiplexed imaging. Here, we show that one
can overcome spectral crowding using kinetic filtering based on
dynamic color switching and two-color cross-correlation.

Results and discussion

The HMBR fluorogen is composed of an electron-donating
phenol ring conjugated to an electron-withdrawing rhodanine
heterocycle. This push-pull structure deexcites non-radiatively
in solution but relaxes radiatively to the ground state within
the FAST cavity. The substituents on the aromatic ring are thus
a priori key determinants of the fluorescence efficiency, as they
can play a major role in the (im)mobility of the fluorogen within
the FAST cavity. In addition, the spectral properties of the push-
pull systems, such as HMBR and its analogs, are directly related
to the electron donating or withdrawing ability of the donor and
acceptor groups, as they affect the energy of the molecular
orbitals. Changing the electron-donating properties of the
phenol moiety through adequate substitution can thus affect
the spectroscopic properties. In particular, here we can antici-
pate that the stronger the electron donating ability of the donor
part, the more red-shifted the absorption and emission. We
thus examined the role of the substituents on the aromatic ring.
Fig. 1B gives the structure of the different analogs obtained by
condensation of the rhodanine heterocycle with appropriate

View Article Online
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aromatic aldehydes. The described fluorogens bound tightly to
FAST with dissociation constants below 1 uM, enabling to
anticipate efficient and selective FAST labeling (Table 1). In
addition, all the fluorogenic analogs underwent a very large
fluorescence increase (from 200 up to 600 fold) and absorption
red-shift (between 80 and 110 nm) upon FAST binding (Table 1).
This latter absorption red-shift is due to the binding-induced
deprotonation of the fluorogens, which are all mainly proton-
ated in solution at physiological pH (Table S1 and Fig. S17).

We observed various spectroscopic behaviors. HBR-2,5DM,
HBR-3,5DM, HBR-30M and HBR-30E formed complexes with
~15-20 nm red-shifted absorption (4,,s from 494 to 499 nm)
and ~10-20 nm red-shifted emission (Aem, from 552 to 562 nm)
relative to FAST:HMBR (see also Fig. 1C and D). Of particular
interest, FAST:HBR-3,5DM exhibits a fluorescence quantum
yield of 49%, and an overall brightness 2.5-fold higher than the
original FAST:HMBR complex. The greatest spectral shift was
observed with HBR-3,5DOM, which bears two electron-donating
methoxy substituents in the ortho position of the hydroxyl
group. The resulting complex, FAST:HBR-3,5D0M, displayed
a 40 nm red-shifted absorption (4,,s = 518 nm) and a 60 nm red-
shifted emission (4., = 600 nm) (see also Fig. 1E). These
spectral modifications shift the absorption to the green and the
emission to the red, thus providing a new color for the fluo-
rescence imaging. Remarkably, FAST:HBR-3,5DOM is as bright
as the red fluorescent protein mCherry.

We next examined if our new fluorogenic analogs could
efficiently label FAST-tagged proteins in living cells. We first
verified that they were non-toxic for mammalian cells (Fig. S27).
Then, we expressed in HeLa cells (i) FAST, (ii) FAST fused to
histone H2B for nuclear localization, and (iii) FAST fused to the
mitochondrial targeting sequence (MTS) from subunit VIII of
human cytochrome c oxidase. The cells were treated with media
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Fig.1 Multicolor imaging of FAST-tagged proteins. (A) The fluorescence color of FAST can be adapted by changing the fluorogen (POI: protein
of interest). (B) Structures of the fluorogens discussed in this study: HMBR (X =H, Y = Me, Z =H), HBR-3E (X =H, Y = Et, Z = H), HBR-2,5DM (X =
Me, Y =H, Z = Me), HBR-3,5DM (X =H, Y = Me, Z = Me), HBR-30OM (X =H, Y = OMe, Z = H), HBR-30E (X=H, Y = OEt, Z = H), and HBR-3,5DOM
(X =H, Y= 0OMe, Z= OMe). (C-E) The absorption (dashed line, left axis) and emission (solid line, right axis) spectra of the free fluorogens (grey
line) and FAST:fluorogen complexes (colored lines) in pH 7.4 phosphate buffer saline at 25 °C ((C) HMBR, (D) HBR-3,5DM, and (E) HBR-3,5DOM).
Note that the shoulders at 480 nm on the absorption spectra of the free fluorogens correspond to anionic fluorogens present in low amounts at

pH 7.4 (see also Fig. S1 and Table S17).
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Table 1 Physicochemical properties of FAST:fluorogen complexes in PBS pH 7.4. The abbreviations are as follows: A, the wavelength of
maximal absorption; 1., the wavelength of maximal emission; ¢, the molar absorption coefficient at A,ps; Adabs = Aabsbound — Aabs,unbound. the
absorption red-shift upon FAST binding; ¢, the fluorescence quantum yield; Foouna/Funbouna. the fluorescence activation upon FAST binding;
brightness = ¢ x ¢; Kp, the thermodynamic dissociation constant. The spectroscopic data of mCherry*® are given for comparison

Aabs Alabs Aem € ¢
Complex (nm) (nm) (nm) (mM'em™) (%) Foound/Funbound Brightness Kp (uM)
FAST:HMBR 481 80 540 45 23 300 10 300 0.13
FAST:HBR-3E 481 81 543 50 13 300 6500 0.08
FAST:HBR-2,5DM 494 88 552 50 29 430 14 500 0.008
FAST:HBR-3,5DM 499 98 562 48 49 660 23 500 0.08
FAST:HBR-30M 494 91 561 40 36 350 14 400 0.31
FAST:HBR-30E 497 94 562 41 17 230 7000 0.27
FAST:HBR-3,5D0M 518 112 600 39 31 220 12 000 0.97
mCherry 587 610 72 22 15 800

containing 5 uM of fluorogen and imaged by confocal micros-
copy (Fig. 2A). We visualized the various FAST fusions in their
expected localization, in agreement with the specific fluoro-
genic labeling.

Given that the fluorescence color of FAST can be either
green-yellow (with HMBR) or red (with HBR-3,5D0M), we next
showed that FAST could be imaged in the presence of either the
red fluorescent protein mCherry or the green fluorescent
protein EGFP by adding the complementary fluorogen. We
expressed FAST fused to H2B for nuclear targeting together with
either mCherry or EGFP fused to lyn N-terminal domain (lyn)
for membrane anchoring. The cells co-expressing FAST and
mCherry fusions were treated with media containing 5 uM
HMBR, while the cells co-expressing FAST and EGFP fusions
were treated with media containing 5 pM of HBR-3,5DOM. By
using a dual 488/543 nm excitation and variable spectral
detection, FAST:HMBR could be separated spectrally from
mCherry, while FAST:HBR-3,5DOM could be distinguished
from EGFP (Fig. 2B), demonstrating the versatility of FAST and
the possibility to easily adapt its color to the spectral conditions
of the experiment. An additional interesting feature of
FAST:HBR-3,5DOM is its high Stokes shift (82 nm), which
allowed us to image the FAST-tagged proteins together with the
EGFP fusions using a single 488 nm excitation source and two
separate spectral regions (Fig. S31), opening up interesting
prospects for live cell imaging as single excitation simplifies the
imaging protocols, results in a gain of temporal resolution and
reduces the phototoxicity.

A unique feature that distinguishes FAST from other labeling
techniques is the possibility to rapidly reverse the labeling by
washing the fluorogen away. We thus verified that we kept this
property when using the new fluorogenic analogs. We expressed
FAST fused to histone H2B in mammalian cells. Iterative
labeling/washing with the new fluorogens allowed us to
demonstrate that FAST conserved its ability to be switched on
and off at will by fluorogen addition and removal (Fig. 3A).
Moreover, as HMBR and HBR-3,5DOM give complexes of
different fluorescence colors, FAST could be switched from one
color to the other by washing away one fluorogen and adding
the other one (Fig. 3B). The color switch could be done

furthermore in a dynamic fashion in a few seconds simply by
changing the medium content (Fig. 3C and Movie S17).

The ability to dynamically switch color by fluorogen
exchange provides FAST with a unique signature that can be
exploited to push multiplexed imaging. Modern biology needs
to be able to observe multiple targets (>10-50) to study biolog-
ical processes in all their complexity.’® Despite the large
collection of probes and biosensors available, distinguishing
a large number of labels remains one of the biggest challenges
in imaging. A major obstacle to multiple observations is the
spectral overlap between fluorophores, which limits most
experiments to the observation of three or four targets. New
approaches for highly multiplexed imaging relying on parame-
ters other than spectral discrimination are thus essential if one
wants to be able to better analyze multiparametric cellular
processes. We thus explored if the unique signature provided by
dynamic color switching could provide a solution for over-
coming spectral crowding. Upon dynamic color switching,
HMBR and HBR-3,5DOM are fluorescent in a temporally anti-
correlated manner, as they both bind to the same tag. Kinetic
information has been previously exploited to image selectively
reactive fluorescent species in the presence of a high fluores-
cence background."”"*” We thus anticipated that measuring the
degree of anti-correlation of the green and red fluorescence
signals should enable the extraction of FAST contribution in the
presence of the green and red fluorescent species - even though
spectral discrimination is impossible in these conditions -
exploiting the fact that only the green and red signals origi-
nating from FAST would interconvert (Fig. 4A). To evaluate this
idea, we used time-lapse confocal microscopy to image HeLa
cells co-expressing FAST (fused to histone H2B), mCherry (fused
to a mitochondrial targeting sequence (MTS)) and EGFP (fused
to lyn for membrane anchoring) upon the dynamic fluorogen
exchange (Fig. 4B, S4A and B and Movie S27). The cross-
correlation of the temporal evolution of the green and red
fluorescence signals allowed us to selectively extract the
contribution of H2B-FAST and fully eliminate the signals of
mitochondrial mCherry and membrane-targeted EGFP
(Fig. 4B). Note that we chose different localizations for FAST,
mCherry and EGFP to assign the proteins without any ambi-
guity in this proof-of-principle experiment, but the approach is
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Fig. 2 Multicolor labeling of the FAST-tagged proteins in live cells. (A)
Confocal micrographs of Hela cells expressing cytoplasmic FAST,
nuclear H2B-FAST and mitochondrial MTS-FAST and labeled with 5 uM
HBR-3,5DM, HBR-30M and HBR-3,5DOM (HBR-30OM, HBR-3,5DM:
Ex/Em 488/493-797 nm; HBR-3,5DOM: Ex/Em 514/519-797 nm). (B)
Confocal micrographs of live Hela cells co-expressing lyn-mCherry/
H2B-FAST (top) and lyn-EGFP/H2B-FAST (bottom) labeled with 5 uM
HMBR or HBR-3,5DOM, respectively (green channel Ex/Em 488/493-
575 nm; red channel Ex/Em 543/578-797 nm). The scale bars are 10
pm.

generic and can of course be expanded to co-localized proteins.
This experiment demonstrates that dynamic color switching
and two-color cross-correlation allow unveiling of the presence
of FAST in a spectrally crowded environment containing both
green and red fluorescent species.

Conclusion

This study presents fluorogenic dyes expanding the spectral
properties of FAST to the red edge of the visible spectrum.
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Originally, FAST emitted green-yellow light upon blue light
excitation when using HMBR as a fluorogenic partner. Here, we
show that FAST can fluoresce red light upon green light exci-
tation using HBR-3,5DOM instead of HMBR. With FAST, it is
thus now possible to adapt the tag color to the spectral condi-
tions of the experiment without changing the protein tag,
providing an experimental versatility that is not encountered
with autofluorescent proteins. In addition, the ability to change
the color by changing the dye renders it possible to switch the
color in a single experiment.?**' In this work, we show that the
fast exchange dynamics characterizing FAST and the high
permeability of the designed fluorogens allow color swapping
on the second timescale. We used this unique kinetic signature
to develop a method for the selective imaging of intracellular
FAST-tagged proteins in spectrally crowded environments. A
major obstacle to multiple observations is the spectral overlap
between fluorophores, which limits most experiments to the
observation of three or four targets. By measuring the degree of
temporal anti-correlation of the two fluorescent states of FAST
during dynamic color switching, we successfully imaged FAST-
tagged proteins in the presence of green and red fluorescent
species despite spectral crowding. Imaging three proteins with
only two observation channels is a promising step towards
overcoming spectral crowding and opens up exciting prospects
for pushing the frontiers of multiplexed imaging.

Materials and methods
Chemical synthesis—general information

Commercially available reagents were used as the starting
materials without further purification. The NMR spectra were
recorded on an AC Bruker spectrometer at 300 MHz for "H NMR
and 75 MHz for *C NMR; the chemical shifts are reported
in ppm with protonated solvent as an internal reference in 'H,
CHCI; in CDCI; 7.26 ppm, CHD,SOCD; in CD3;SOCD; 2.50 ppmy;
3¢, *cDCl; in CDCl; 77.0 ppm, *CD;SOCD; in CD3;SOCD;
39.5 ppm; the coupling constants J are given in Hz. Mass
spectroscopy (chemical ionization or high resolution) was per-
formed by the Service de Spectrométrie de Masse de Chimie
ParisTech and the Institut de Chimie Organique et Analytique
de I'Université d’Orléans. Column chromatography was per-
formed on silica gel 60 (0.040-0.063 nm) Merck. Analytical thin-
layer chromatography (TLC) was conducted on Merck silica gel
60 F254 precoated plates.

Synthesis of 4-hydroxy-3-ethylbenzaldehyde

To a solution of 2-ethylphenol (6.1 g, 50 mmol) in 10% aqueous
sodium hydroxide (80 mL, 200 mmol), trichloromethane
(15.0 g, 125 mmol) was added dropwise at 60 °C over 1 h, and
then the reaction mixture was stirred for 2 h at 60 °C. After
cooling, the mixture was neutralized by an aqueous solution of
hydrochloric acid and extracted with dich