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Design of Bright Chemogenetic Reporters Based on the
Combined Engineering of Fluorogenic Molecular Rotors

and of the HaloTag Protein

Justine Cois,™® Sylvestre P. J. T. Bachollet,” Louis Sanchez™ Nicolas Pietrancosta,"

a, b]

Vincent Vialou,® Jean-Maurice Mallet,” and Blaise Dumat*'

The combination of fluorogenic probes (fluorogens) and self-
labeling protein tags represent a promising tool for imaging
biological processes with high specificity but it requires the
adequation between the fluorogen and its target to ensure a
good activation of its fluorescence. In this work, we report a
strategy to develop molecular rotors that specifically target
HaloTag with a strong enhancement of their fluorescence. The
divergent design facilitates the diversification of the structures
to tune the photophysical and cellular properties. Four bright
fluorogens with emissions ranging from green to red were

Introduction

Chemogenetic reporters associating a genetically-encoded self-
labeling protein (SLP) tag and fluorogenic small molecular
probes (fluorogens) are a versatile alternative to the use of
fluorescent proteins. The genetic encoding of the SLP-tag
combined with the fluorogenicity of the probe ensures a high
signal specificity, since the excess of fluorogen will remain
undetected and, by simply changing the fluorophore, it is
possible to tune the color of the reporter, avoiding the cloning
and possible optimization of a new recombinant protein. The
most commonly used SLP tags are the covalent HaloTag and
SNAP-tag but several alternatives exist, including non-covalent
strategies.'™ As for the fluorescent ligands, most of the current
research revolves around the rhodamine scaffold. Rhodamine-
based fluorogens exploit a reversible spirocyclization reaction:
dark aggregated rhodamines in the spirocyclic form open and
become fluorescent upon reaction with HaloTag or SNAP-tag.>®
First limited to silarhodamines, the strategy has been adapted
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identified and applied in wash-free live cell imaging experi-
ments with good contrast and selectivity. A HaloTag mutant
adapted from previous literature reports was also tested and
shown to further improve the brightness and reaction rate of
the most promising fluorogen of the series both in vitro and in
cells. This work opens new possibilities to develop bright
chemogenetic reporters with diverse photophysical and bio-
logical properties by exploring a potentially large chemical
space of simple dipolar fluorophores in combination with
protein engineering.

to various rhodamine scaffolds with diverse emission wave-
lengths and to cyanine dyes.”® This approach benefits from
the brightness and photostability of the rhodamine or cyanine
derivatives but it relies on complex multistep synthetic path-
ways sometimes involving costly metal-catalyzed couplings.'®'?
An alternative is to use environmentally-sensitive probes, such
as molecular rotors."*' They are dipolar flexible structures that
are not fluorescent in the free state due to non-radiative
vibrational and rotational decay, but they become fluorescent
when their structure is constrained in a viscous environment or
when bound to biomacromolecules such as nucleic acids,
proteins or membranes.>'® Small dipolar structures, such as
the ones described herein, generally display moderate molar
absorption coefficients and fluorescence quantum yields,
especially compared to rhodamines or cyanines, but they
constitute a valuable alternative with a different activation
mechanism and present some undeniable advantages such as
their accessibility in straightforward 2 or 3 synthetic steps and
their tunability. Molecular rotors indeed encompass a wide
chemical space of flexible dipolar structures and their absorp-
tion and emission wavelength can be easily tuned by changing
the nature of the electron donating or withdrawing groups, or
the length of electronic conjugation.™'”'® Molecular rotor
fluorogens have been successfully developed for SNAP-tag,”**"
but HaloTag represents a more promising target. It has a faster
reaction rate and its chloroalkane ligand is chemically simpler
and more lipophilic, which facilitates the synthesis of the
conjugates and improves their cell penetration. We have
recently started to explore the development of fluorogenic
molecular rotors targeting HaloTag and we have obtained a
palette of fluorogens (Halo probes) covering the green to near
infra-red (NIR) range that enable wash-free imaging of proteins
in live cells."?? However, the fluorescence brightness after

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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reaction with HaloTag and the contrast in live cell imaging
experiment strongly depend on the structure (Figure 1A and
Table S1). Molecular modeling and experimental comparison
with their properties in glycerol showed that their fluorescence
is only partially activated in the HaloTag protein that seems to
lack a defined hydrophobic pocket where the Halo probes
could bind and be conformationally locked."**? Furthermore,
the reaction rates observed are in the range of 10°M™'s™
which is fast but still several orders of magnitude lower than
the reaction rate of tetramethylrhodamine (Halo-TMR) with
HaloTag7 (10" M~'s™").”® QOverall, our previous studies led us to
the conclusion that (i) the properties of our Halo probes are
structure-dependent and require a careful balance between the
photophysical and biological properties to avoid non-specific
activation and (ii) HaloTag is not perfectly fitted for molecular
rotors with a partial fluorescence activation and moderate
reaction rates.

HaloTag was indeed engineered around the rhodamine
molecular scaffold up to the last commercial iteration
HaloTag7."?*¥ Additional engineering for rhodamine-based
probes has been recently reported by the Johnsson group to
further improve the properties and enable lifetime
multiplexing.”” In addition to rhodamines, HaloTag7 is active
with a variety of molecules and probes but they do not work as
well, displaying in particular lower reaction rates.”**” Recent
reports have however shown that it is possible to engineer the
HaloTag protein via rational design or directed evolution to
optimize its interaction with scaffolds other than rhodamines
such as a styrylpyridinium or benzothiadiazole dyes 283"

In this work we have thus combined a new molecular rotor
design strategy with the engineering of a HaloTag mutant to
obtain bright chemogenetic reporters. Seven new fluorogens
were obtained using a divergent synthesis that facilitates the
structural diversification and enabled both the tuning of the

A Pprevious work:
linear design
Chem. Eur. J. 2020, 26, 14467-14473
Org. Biomol. Chem. 2022, 20, 3619-3628
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photophysical properties and the development of cell-excluded
probes dedicated to membrane protein imaging. The probes
were tested with HaloTag7 and with a HaloTag mutant mHT
containing two mutations selected from previous literature
reports. Their characterization in vitro and in live cells led to the
identification of four probes with enhanced fluorescence
properties, spanning the green to red emission range. They
have been used to image intracellular and membrane proteins
with high contrast following simple wash-free protocols. The
properties of the brightest probe of the series (brightness and
reaction rate) are improved in the presence of mutant mHT
both in vitro and in cellular imaging experiments.

Results & Discussion

Design of the fluorogens. The previous design strategy was
based on a linear construction where the HaloTag linker was
coupled to the electron-withdrawing group of the molecular
rotors (Figure 1A). This linear construction was inspired by the
work of the Kool group on styrylpyridinium structures that are
also molecular rotors. Upon reaction with HaloTag, these so-
called “channel dyes” are locked in the narrow binding channel
of the protein, leading to an increase of their fluorescence.”” In
the case of our previously reported Halo probes, molecular
modeling calculations have shown that they do not enter the
HaloTag binding channel, possibly due to their bent shape and
bulkier electron-withdrawing groups, and have only evidenced
few interactions with amino-acids on the surface of the
protein.’?? Nonetheless, these surface interactions proved
sufficient to activate the fluorescence of the probes, albeit with
varying efficacy depending on their structures. Since the
properties are very structure-dependent and difficult to predict
by theoretical calculations, we have developed a new design
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Figure 1. Design of the Halo probes. Structures of the previously (A) and newly (B) developed Halo probes with the fluorescence brightness of their complex
with the HaloTag protein. Probes are positioned on the visible spectrum according to their maximum emission wavelength.
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that facilitates the structural diversification. Since the objective
is not to enter the HaloTag binding channel, we have
implemented a new branched design where the HaloTag linker
is attached directly onto the julolidine moiety. The julolidine
moiety was chosen since it increases the fluorescence quantum
yield by preventing the formation of a twisted intramolecular
charge transfer (TICT) state around the aniline bond.”? It is also
a stronger electron donor and induces a bathochromic shift in
emission and absorption compared to a dimethylaminobenzyl
group. This strategy allows a late-stage diversification in a single
step of aldol condensation (Knoevenagel reaction) from one
key intermediate 5 (Scheme 1, Figure 1B). The latter can be
obtained in good yield in four synthetic steps, starting from 8-
hydroxyjulolidine. Whenever two diastereoisomers are possible,
only one was isolated and the selectivity is governed by the
steric hindrance as shown previously for comparable
structures.®*>% A variety of electron-withdrawing groups
(EWGs) were tested, including some that were already found in
the first generation of Halo probes, such as malononitrile
(yielding derivatives of the classical CCVJ and DCVJ rotors,??
CCVJ-Halo2 and DCVJ-Halo) or rhodanine (Orange-Halo2). The
new design allowed us to introduce a free carboxylic acid
function to develop cell-impermeant probes (CCVJ-Halo3 &
Red-Halo5) as well as new EWGs based on the benzofuranone
scaffold to yield aurone derivatives (Red-Halo3&4). Aurones are
natural pigments and have been reported to be fluorescent, but
this scaffold remains poorly explored in fluorogenic probe
design.®®

The molecular rotors on which are built the new Halo
probes have been previously studied but the presence of an
unusual alkoxy group in the ortho position of the rotating bond
may influence their property. As a preliminary evaluation, we
have verified that they are indeed viscosity-sensitive fluoro-
phores by comparing their properties in PBS and in PBS with
809%w/v glycerol (Figure S1&S2). All probes are soluble in PBS at
least until 10 uM and they exhibit a very weak emission.
Addition of 80% glycerol results in a slight hyperchromicity and
a large increase of fluorescence showing that the HaloTag-
targeted molecular rotors retain the viscosity-sensitive emission
of their parent structures. It is worth noting also that Orange-

Synthesis of the key intermediate 5

Halo2 and Red-Halo3 have labile protons on their electron-
withdrawing moieties and display pH-sensitive emissions with
an increase of fluorescence from acidic to neutral pH and a pK,
of 7.4 and 7.1 respectively (Scheme S1, Figure S3). This equili-
brium overlaps with a second one at very acidic pH due to the
protonation of the julolidine amine that is common to all
probes but happens outside of the relevant biological pH range.
Before characterizing the probes in presence of HaloTag, we
also evaluated them in live confocal microscopy of wild-type
Hela cells to assess their potential as fluorogenic probes.
Indeed, our experience with the previous generation of Halo
probes showed that, despite their high fluorescence enhance-
ments in vitro, some probes are prone to non-specific activation
in hydrophobic organelles which can significantly reduce the
contrast in cellular imaging."” The non-specific signal of the
newly developed probes was thus compared with the pre-
viously reported Red-Halo2 and Red-Halo2-Et or with CCVJ-Halo
depending on their excitation wavelength (Figure S4). CCVJ-
Halo2 and DCVJ-Halo give a weak cytoplasmic signal, as was
previously observed for CCVJ-Halo and Orange-Halo2 similarly
yields a dim signal on par with that of Red-Halo2-Et which was
specifically developed to minimize the non-specific signal of
Red-Halo2. The aurone derivatives Red-Halo3 and in particular
Red-Halo4 give relatively high cytoplasmic signals and, regard-
less of its photophysical properties, the latter is therefore not
expected to be a good fluorogen for wash-free live cell imaging.
This first characterization in cells also showed that CCVJ-Halo3
and Red-Halo5, as expected from the presence of a negative
charge, likely do not enter cells since no nonspecific signal was
observed (data not shown).

Characterization in HaloTag7. The properties of the probes
were measured in presence of the HaloTag7 protein produced
in our laboratory including, for comparison purposes, those of
the previously reported probes that were initially tested with a
commercial GST-HaloTag protein. Measurements for the first
generation of probes are summarized in Table S1 and Figure 1
and gave significantly different results with typically higher
quantum vyields than previously reported.”?? The second
generation of Halo probes cover the green to red emission
range (Figure 2A&B, Table 1) and, as was observed with glycerol,
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Scheme 1. Synthesis of the Halo probes
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Figure 2. Characterization of the Halo probes in HaloTag7. (A) Absorption and (B) fluorescence spectra of the probes in presence of HaloTag7. (C)
Fluorescence enhancement factor F/F, in presence of HaloTag?7. F: fluorescence of the probe bound to HaloTag7, F: fluorescence of the free probe in PBS.
Conditions: 1 uM of probe in PBS with or without 1.5 eq of HaloTag7 protein. Average of two measurements (D) Kinetics of the reaction between the Halo
probes and HaloTag7. Data was fitted to a monoexponential function except for CCVJ-Halo2. Average of two measurements.

Table 1. Photophysical properties of the probes in PBS (pH 7.3) and after reaction with HaloTag7 or mHT.
Molecule Protein Nabs € Xem AL oF £0r Rel. bright. F/F, k2 (10° M~ 's™)
CCVJ-Halo2 HaloTag7 466 38800 503 37 0.056 2200 - 84 Nd
mHT 473° - 497 24 - 0.60 -
PBS 459 21000 498
CCVJ-Halo3 HaloTag7 419 14000 481 62 0.025 350 - 15 -
PBS 432 13000 493
DCVJ-Halo HaloTag7 474 31100 503 29 0.021 650 - 64 -
PBS 469 19000 496
Orange-Halo2 HaloTag7 496 18200 560 64 0.21 3800 - 41 9.44+0.40
mHT 502° - 575 73 - 0.54 -
PBS 487 20000 590
Red-Halo3 HaloTag7 502 24600 590 88 0.25 6200 75 1.7+£0.022
mHT 5007 - 582 82 - - 1.6 108 17+3.0
PBS 475 22000 611
Red-Halo4 HaloTag7 523 19500 605 82 0.15 2900 - 84 -
PBS 493 12200 613
Red-Halo5 HaloTag7 532 34000 600 68 0.16 5400 - 27 33+6.0
mHT 5317 582 51 - 0.98 -
PBS 523 32000 608
Aabs: Maximum absorption wavelength (nm), €: molar absorption coefficient (M~'cm™), A.,: maximum emission wavelength (nm), A): Stokes-shift in nm, o;:
fluorescence quantum yield, eg;: brightness, rel. bright.: brightness in mHT relative to HaloTag7, F/F: ratio of the fluorescence in the protein with that in
PBS, ky: second order reaction rate constant. > Measured on the excitation spectrum. ® Average of two independent measurements. Nd: not determined.

their fluorescence can be activated by reaction with HaloTag fluorescence due to their stronger residual fluorescence in
with up to 84-fold fluorescence enhancements (Figure 2C). The  water that can be attributed to their higher hydrophilicity and
two probes bearing a free carboxylate function, CCVJ-Halo3  also to the low brightness in the case of CCVJ-Halo3.

and Red-Halo5, display significantly lower increases of
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As we observed in our previous studies, the efficiency of the
HaloTag fluorescence activation is highly structure-dependent
with unpredictable effects (Figure 1, Table 1). In 80% glycerol
aqueous solution all three derivatives of the CCVJ and DCVJ
rotors exhibited comparable fluorescence intensities (Figure S2)
but in presence of HaloTag CCVJ-Halo3 and DCVJ-Halo both
display a low brightness and were not further studied. The new
design otherwise led to the identification of brighter probes in
the green (CCVJ-Halo2), Orange (orange-Halo2) and red (Red-
Halo3) range compared to the first generation and to a bright
cell-excluded probe with a red emission (Red-Halo5). The
benzofuranone EWG in particular yielded two of the brightest
HaloTag complexes of the series with a red emission (Red-
Halo3&4). These results confirm previous reports suggesting
that the aurone scaffold is promising for the development of
bright push-pull dipolar fluorophores.®***? However, while
Red-Halo4 may be a good fluorogen for other applications, its
high non-specific signal measured in confocal microscopy
prevents its use in cellular imaging and it was not characterized
in more details (see above and Figure S4). We next assessed the
reaction kinetics of the four most promising probes (CCVJ-
Halo2, Orange-Halo2 and Red-Halo3&5) with HaloTag by
following the increase of fluorescence intensity during the
reaction in pseudo-first order conditions (20 equivalents of
protein) (Figure 2D). Red-Halo5 and Orange-Halo2 yield an
expected increase of fluorescence that could be fitted to a
monoexponential function to calculate the second order rate
constants while Red-Halo3 and CCVJ-Halo2 yield a biphasic
reaction curve. Such a behavior was already observed for Y-
Halo and can be attributed to a two-step reaction mechanism
where the probe first non-covalently associate to HaloTag
before forming the covalent bond.?” In the case of CCVJ-Halo2
the second phase is too fast to be fitted, but for Red-Halo3 it
was possible to extract the reaction rate constant correspond-
ing to the covalent step (Table 1). The newly designed probes
react faster than the previous ones with reaction rate constants
one order of magnitude higher in the range of 10°M™'s™
except for Red-Halo3 (Table 1 and Table S1). In the case of
CCVJ-Halo2, even if the reaction rate constant could not be
measured accurately, the reaction is essentially finished after
one minute which makes it the fastest reacting probe of the
two generations. The new fluorogen design thus afforded four

new probes with emission in the green (CCVJ-Halo2), orange
(Orange-Halo2) and red (Red-Halo3&5) ranges with superior
photophysical properties and faster reaction rates with HaloTag
compared to the first generation.

Characterization in a HaloTag mutant. In addition to
designing enhanced fluorogens, we also sought to engineer the
partner protein to improve the interaction of the two parts of
our fluorescent chemogenetic reporters. To that end, we based
ourselves on two previous literature reports of HaloTag
engineering. Miro-Vinyals etal. engineered HaloTag for a
styrylpyridinium “channel dye” by rational design, ending up
with a mutant, HaloTag-SP5, with three mutations M175Y/
V245A/L271D that shows increased brightness and reaction
rate.”"! The effect of the L271D mutation was attributed to an
electrostatic interaction with the pyridinium and seems very
specific to this structure, but the mutation of methionine 175
was also previously reported to increase the reaction rate of
HaloTag with unrelated dansyl derivatives.” In both papers,
the substitution of M175 is shown to open more widely the
HaloTag binding channel and speed up the reaction, which
suggests that this mutation may work well with a variety of
structures. According to a recent preprint, the directed
evolution of HaloTag7 to optimize its interaction with a
benzothiadiazole dye also led to the identification of mutation
V245A, which also supports the choice of this mutation as a
generally applicable one.”® Given the similar viscosity-based
activation mechanism that our Halo probe share with the
“channel dye”, we have thus chosen, as a starting point, to keep
the two mutations M175Y/V245A to design a HaloTag mutant
mHT.

The brightest probes in the two generations of Halo dyes
were tested in presence of mHT and their fluorescence
compared to that observed with HaloTag7 (Figure 3, Figure S5).

The mHT mutant activates the fluorescence of our Halo
probes, giving comparable spectral properties than in HaloTag7
with only minor shifts in excitation or emission wavelength
observed for Orange-Halo2 and Red-Halo5 (Table 1, Figure 3
and Figure S5). However, the brightnesses are generally lower
than in HaloTag7 with one exception, as Red-Halo3 exhibits a
64% increase of fluorescence (Figure 3A). We next monitored
the reaction kinetics of Red-Halo3 with mHT and, in contrast to
HaloTag7, observed a classical growing curve (Figure 3C, Fig-
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Figure 3. characterization of the Halo probes in mHT. (A) Fluorescence of the fluorogens in presence of mHT relative to their fluorescence in presence of
HaloTag7. Average of two measurements. (B) Excitation spectra (normalized, dashed lines) and emission spectra (full lines) of Red-Halo3 in HaloTag7 and mHT.
(C) Kinetics of the reaction between Red-Halo3 and mHT. Data was fitted to a monoexponential function. Average of two measurements.
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ure 2D). Even if this difference in behavior does not facilitate
the comparison, the measured reaction rate constant of Red-
Halo3 with mHT is one order of magnitude higher than in
HaloTag7 (Table 1). To elucidate the origin of the improved
brightness of Red-Halo3 in mHT, we performed 10 ns molecular
dynamics on its complexes with HaloTag7 and mHT. The results
show that Red-Halo3 forms a more stable complex with mHT
compared to HaloTag7 with a strong 7n-m interaction between
the benzofuranone moiety and the mutated tyrosine (Fig-
ure 4A&B). The analysis of the root mean square fluctuations
(RMSF) of the atoms of the fluorophore moiety and of the
HaloTag linker show that both part are less mobile in the
mutant, consistent with a better immobilization of the rotor
and thus a better fluorescence activation. RMSF analysis of the
binding pocket also show a lower mobility during the dynamics,
consistent with a more stable mHT/Red-Halo3 complex. The
two mutations appear to create a tighter binding pocket since,
counterintuitively, the smaller alanine 245 allows the o helix
containing the tyrosine 175 to fold more tightly by occupying
the freed space, creating more constraints on the positioning of
Red-Halo3, particularly on the HaloTag linker part (Figure 4D
and Figure S6). These results confirm that these two mutations
play a key role in the reaction with HaloTag, even though they
are not as generally applicable as expected.

Live Cell Microscopy

We next assessed the performances of the four most promising
probes in confocal imaging of live-cell transfected with
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HaloTag7 or mHT proteins. To evaluate the imaging contrast,
we first imaged live Hela cells expressing a HaloTag7-NLS
protein and incubated with 0.5 uM of Halo probe to measure
the ratio S/NS between the specific signal S in the nuclei and
the non-specific cytoplasmic signal NS without any washing
step or medium change (Figure5A). To compensate for
variations in protein expression levels, we analyzed a large
number of cells (> 100 cells for each probe) and the distribution
of the results is given on Figure 5B. The three probes efficiently
stain the nuclei of transfected cells, giving bright and
contrasted images in wash-free imaging protocols. CCVJ-Halo2,
that showed very little non-specific activation in wild-type cells
exhibits a very good selectivity with a mean S/NS ratio of 10.
Red-Halo3 and Orange-Halo2 exhibit comparable contrast
(mean S/NS=7) showing that the brightness of Red-Halo3
partially compensate for its more important nonspecific signal
(see above and Figure S4). The probes also proved to be
efficient in staining actin as well as cytoplasmic organelles
demonstrated here with the Golgi apparatus (Figure 5C&D). To
evidence the importance of the contrast, we also tested Red-
Halo4 in wash-free imaging and the results confirm that,
despite its good in vitro properties, it is not suitable for wash-
free imaging due to a strong off-target activation (Figure S7). It
is worth noting that for cytoplasmic proteins the nonspecific
signal will inevitably interfere more strongly than for the
nuclear labeling and the quality of wash-free imaging results
may depend on the nature of the protein and on its expression
level.

Red-Halo5, with its free carboxylic acid function, did not
cross the cell membrane and no signal was measured in Hela
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Figure 4. Molecular dynamics of HaloTag7 and mHT complexed with Red-Halo3. Representative conformations and associated energies of Red-Halo3 (in
red) in HaloTag7 (A) and mHT (B), mutated residues are highlighted in blue and purple. (C) root-mean square fluctuations (RMSF) of the atoms in the
fluorophore and HaloTag linker parts of Red-Halo3. (D) RMSF of the amino-acids in the binding pocket (within 4 A distance to Red-Halo3).
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Figure 5. Properties of the Halo probes in live-cell imaging. (A) Merged confocal microscopy and brightfield images of live HeLa cells transiently transfected
with HaloTag7-NLS and incubated with 0.5 uM of Halo probe in wash-free conditions. On each panel is shown the contrast ratio between the nuclear and
cytoplasmic signal for two cells. (B) Distribution of the contrast ratios measured for Red-Halo3 (N = 147), CCVJ-Halo2 (N = 158) and Orange-Halo2 (N=99). Box
and whiskers plot of the S/NS ratio measured for N cells in three independent experiments. S: specific nuclear signal and NS: non specific cytoplasmic signal
(C) Confocal microscopy images of live HeLa cells transiently transfected with HaloTag7-LifeAct and stained with 0.5 uM of Halo probe as indicated on each
panel. (D) Confocal microscopy imaging of Hela cells transiently transfected with Golgi-HaloTag7 and stained with 0.5 uM of Red-Halo3. (left) fluorescence
and (right) merged fluorescence and brightfield images. (E) Confocal microscopy imaging of live HeLa cells transiently transfected with PDGFR-HaloTag7 and
stained with 0.5 uM of Red-Halo5. (top) fluorescence and (bottom) merged fluorescence and brightfield images. (F) Labeling kinetics in live Hela cells
transfected with HaloTag7-NLS or mHT-NLS where indicated. Fluorescence intensity measured every 10 s after addition of the probes in the nucleus of N cells
from two independent experiments. CCVJ-Halo2 (N =3), Orange-Halo2 (N=4), Red-Halo3 (N =5), Red-Halo3@mHT (N =5). (G) Relative fluorescence intensity
of live HeLa cells transfected with either HaloTag7-NLS (N=282) or mHT-NLS (N =142). Mean fluorescence intensity measured in the nuclei of N cells from two
independent experiments and normalized to the mean value of HaloTag7-NLS.

cells either wild-type or transfected with cytoplasmic or nuclear
proteins (data not shown). It could however efficiently be used
to label the PDGFR-HaloTag7 membrane protein with excellent
selectivity (Figure 5E). Such cell-impermeant probes are pref-
erable for staining membrane proteins since they avoid non-
specific cytoplasmic signal and any intracellular signal can safely
be attributed to membrane recycling and endosome
formation.®

The labeling kinetics of the probes were assessed in Hela
cells transfected with HaloTag7-NLS (Figure 5F). In agreement
with the reaction rate constants measured in vitro, CCVJ-Halo2
reacts the fastest (t,,, = 6.8 min) followed by Orange-Halo2 (t,,,
= 11.5 min). The labeling curve of Red-Halo3 shows two stages,
with an initial lag phase followed by a more rapid increase of
fluorescence. Our hypothesis, supported by the higher cytoplas-
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mic signal measured in wild-type cells, is that Red-Halo3 has a
higher affinity for cytoplasmic organelles than its counterparts,
which temporarily delays its reaction with HaloTag and explains
the initial lag phase. Finally, we tested the performance of the
mHT mutant in cellular imaging by targeting a mHT-NLS
protein. All three cell-permeant probes exhibit a similar nuclear
labeling as observed with HaloTag7-NLS, showing that the mHT
protein is active in cells (Figure S8). In agreement with the
in vitro measurements, Red-Halo3 is brighter in cells transfected
with mHT-NLS with a 40% increase on average (Figure 5G). No
such increase of brightness is observed for CCVJ-Halo2 or
Orange-Halo2 with mHT (Figure S9), which confirms that this
improvement is indeed linked to the formation of a brighter
complex between Red-Halo3 and mHT and not for instance to
a higher expression level of mHT. The labeling kinetics of mHT
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with Red-Halo3 in cells is similar to that of HaloTag7: although
it seems that, after the lag phase, the reaction is slightly faster
with mHT, the difference does not appear to be significant
(Figure 5F).

The newly developed Halo probes are thus efficient for
imaging HaloTag fusion proteins in live cells, yielding bright
and contrasted images in wash-free conditions thanks to their
fluorogenicity. Except for the cell-excluded Red-Halo5, they
penetrate cells and react with HaloTag rapidly with labeling
times that correlate well with the reaction rates measured
in vitro. Cellular imaging experiments also confirm the improve-
ment of the brightness of Red-Halo3 in the mHT mutant.

Conclusions

The molecular design strategy described herein enabled the
enhancement of the photophysical properties and reaction
rates of the Halo fluorogens and led to the discovery of three
fluorogenic probes that can be used in combination with
HaloTag to replace green- (CCVJ-Halo2), orange- (Orange-
Halo2) or red-emitting (Red-Halo3) fluorescent proteins. Cell-
excluded Red-Halo5 was also developed for the specific label-
ing of membrane proteins. In cells expressing HaloTag fusion
proteins, they yield bright and contrasted images with the
simplest imaging protocol: add the probe and image after a 15
to 30 minutes incubation time. A first attempt at engineering
HaloTag7 by selecting, from previous literature reports, two
mutations that seemed applicable to our molecular rotors led
to a mutant mHT that improves the brightness and reaction
rate of Red-Halo3 both invitro and in cells, opening new
possibilities to further improve our hybrid fluorescent reporters.
This work shows that it is possible to develop bright HaloTag-
targeted fluorogens based on simple molecular rotor structures.
However, the large variability of the photophysical and cellular
properties observed even for molecules with only minor
structural differences such as Red-Halo3&4 makes it difficult to
establish clear guidelines for their future design. We anticipate
that simple design strategies, such as the one described here,
will enable the rapid exploration of a large chemical space and
help identify adequate probes. This molecular chemistry
approach should also be coupled to more powerful protein
engineering techniques such as directed evolution to optimize
the interaction of the two partners.
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the molecular engineering of chemi-
cally-accessible fluorescent molecular
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rotors with mutations of the HaloTag
protein. The reporters are suitable for
wash-free live cell imaging with good
contrast and the design strategy facili-
tates the future diversification and op-
timization of the properties.
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