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Abstract: Fluorescent biosensors are essential for probing analyte dynamics and enzyme activities with high spa-
tial and temporal resolution in living cells by functional microscopy. Recently hybrid, or so called chemigenetic,
biosensors have emerged, that integrate the strengths of synthetic fluorophores — such as spectral diversity,
high brightness and photostability — with the specificity and sensitivity of genetically encoded sensing units.
Beyond enhancing optical performance, synthetic chemistry can also expand the repertoire of sensing units
themselves, creating opportunities for novel biosensor designs sensing previously inaccessible analytes. In this
review, we summarize the protein-labeling strategies used in chemigenetic biosensor design with particular em-
phasis on self-labeling protein tags. We further discuss biosensor design principles, representative applications,
and emerging advances that highlight the growing impact of chemigenetic biosensors in functional microscopy.
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1. Bridging Two Worlds: Chemigenetic Strategies for
Biological Imaging

To unravel the complexity of living systems, it is essential to
study dynamic cellular processes in real time. Traditional bio-
chemical methods, however, fail to capture the spatiotemporal
dynamics of cell signaling and metabolic processes as they only
provide snap shots and averaged information. Fluorescent biosen-
sors in combination with fluorescence microscopy address this
challenge by enabling real-time visualization of analyte concen-
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trations and enzyme activities.!!2l Biosensors generally consist
of two main units: a sensing unit that interacts with the target
analyte and a reporting unit that generates a fluorescent signal.
Upon interaction of the analyte with the sensing unit, such as a
binding event (Fig. 1A) or an enzymatic modification (Fig. 1B),
the signal is transmitted, often through a conformational change,
to the reporting unit, leading to a detectable change in fluores-
cence. This can take the form of a change in fluorescence intensi-
ty, spectral properties, Forster resonance energy transfer (FRET),
fluorescence lifetime, or signal location. While the sensing unit
is crucial to the sensitivity and selectivity of the biosensor, the
photophysical properties of the reporting unit also impacts the
overall performance.5!

The first biosensors used to visualize real-time biological
processes using fluorescence microscopy were of pure synthetic
nature. These so-called chemosensors remain highly impactful to
this day with some of the most commonly used Ca?* biosensors
being derived from fluorescent analogous of 1,2-bis(o-amino-
phenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), developed
by Roger Tsien in the 1980s.[451 As chemosensors utilize syn-
thetic fluorophores they offer excellent photophysical properties.
However, they are often limited in their cell membrane permeabil-
ity and can be difficult to target to specific tissues or subcellular
locations.[®7] Hence, when fluorescent proteins were introduced
in the 1990s, the field of biosensors started to shift towards fully
genetically encoded biosensors, which combine fluorescent pro-
teins with protein-based sensing units.[31 These biosensors can be
expressed directly in living cells or organisms, enabling cell-type
and organelle-specific imaging. They have no bioavailability is-
sues and can utilize the large existing repertoire of highly selective
binding domains from nature.!'0-!l However, fluorescent proteins
are limited in their brightness and photostability and are not read-
ily available in the far-red spectral region.!0!

Since both chemosensors and genetically encoded biosensors
have limitations, efforts to combine their strengths have long been
pursued. Combination of synthetic and protein-based components
could expand the range and specificity of available biosensors,
improve their sensitivity, dynamic range, and spectral properties,
as well as enhance their compatibility for multiplexing.l'2-141 For
instance, reporting units could be freely chosen from fluorescent
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Fig. 1. Common biosensor designs. A) Biosensor using two fluorophores
as a reporting unit. Analyte binding to the sensing unit results in a
conformational change leading to an increase in FRET efficiency.

B) Biosensor relying on a single fluorophore as the reporting unit. After
the sensing unit is modified by an enzyme, the fluorophore changes

its fluorescence intensity. Sensing units (binding vs. enzymatic) and
reporting units (one vs. two fluorophores) can be mixed and matched.

proteins and synthetic fluorophores. The latter often offer supe-
rior photophysical properties, such as higher brightness, greater
photostability, and extended spectral range that covers the far-red
or even infrared region. Using synthetic fluorophores instead of
fluorescent proteins also avoids issues such as slow and oxygen
dependent maturation of fluorescent proteins.[!5] Similarly sens-
ing units can be selected from protein-based switches or syn-
thetic recognition motifs covering many more analytes. While for
many years such biosensors could only be constructed in vitro,
the advent of efficient bioorthogonal protein labeling strategies
has made it possible to generate hybrid or so called chemigenetic
biosensors in situ. In this review, we discuss the protein labeling
strategies that have been successfully used to make biosensors
and highlight those that are promising to advance the field in
the future. We then discuss the most common biosensor designs
and their applications in functional microscopy. Lastly, we em-
phasize current challenges and potential future avenues of the
field. Approaches where fully synthetic biosensors (reporting and
sensing unit) are subcellularly targeted via a genetically encoded
component are beyond the scope of this article and are described
elsewhere.[!0]

2. Synthetic Fluorophores used for Biosensor
Generation

The main strengths of chemigenetic approaches lie in taking
advantage of the photophysical properties of synthetic fluoro-
phores. We therefore include a brief note about synthetic fluoro-
phores but refer interested readers to the following reviews by
ourselves and others.['7-191 While most protein labeling systems
are compatible with a wide range of fluorophore classes, includ-
ing cyanines, oxazines, and boron dipyrromethene (BODIPY)
dyess, rhodamines remain the predominant choice.[2021]
Rhodamines are a family of xanthene-based fluorophores that of-
fer high brightness and photostability, as well as cell membrane
permeability, making them the preferred choice for intracellular
applications. They are available in various spectral regions, also
far-red, which is beneficial for biological imaging.[?2! Another key
advantage is their fluorogenicity, based on the open-close equilib-
rium between the non-fluorescent lactone 1 and the fluorescent
zwitterion 2, which minimizes background signal from the unre-
acted fluorophore (Fig. 2A). Fluorogenicity can additionally be
harnessed as a sensing mechanism to report on changes in the
environment. This is also why other environmentally sensitive
fluorophores such as the amino acid derivative 3-(6-acetylnaph-
thalen-2-ylamino)-2-aminopropionic acid (ANAP (3), Fig. 2B) or

the 4-hydroxybenzylidene rhodanine derivative HBR-3,5D0OM
((4), Fig. 2C) have often been implemented in chemigenetic bio-
sensors. Various types of environmentally sensitive fluorophores
exist, changing their fluorescence properties according to differ-
ent parameters e.g. polarity, pH, or viscosity.[2324 With optimized
and tailor-made fluorophores being developed at high speed, the
chemigenetic toolbox is constantly being expanded in diverse di-
rections allowing us to investigate more complex biological
phenomena.[25!

Lactone

Mﬂ

HBR-3,5DOM (4)

Tetramethylrhodamine
TMR

Zwitterion

°“ ANAP (3)

Fig. 2. Structures of common fluorophores. A) Tetramethylrhodamine
(TMR) in the non-fluorescent lactone 1 and fluorescent zwitterionic
form 2. B) Environmentally sensitive fluorescent amino acid ANAP (3).
C) Rhodanine derivative HBR-3,5-DOM (4).

3. Protein Labeling Methods used for Chemigenetic
Biosensor Design

Proteins can be labeled using various methods. They dif-
fer in their specificity and labeling kinetics, rely on tags of dif-
ferent size, and use reagents that have different cell membrane
permeability.2¢] In the following we discuss the strategies used to
generate chemigenetic biosensors starting with those of minimal
‘tag’ size.

3.1 Small Molecule-based Protein Labeling

Early chemigenetic biosensors relied on protein labeling of
surface exposed primary amines (lysine 5, N-terminus) via the
reaction with isothiocyanates 6 or N-hydroxysuccinimide (NHS)
esters 7 (Fig. 3A) or the reaction of thiols (cysteine 8) using iodo-
acetamides 9 or maleimides 10 (Fig. 3B).[27] Indeed, isothiocyanate
labeling of the regulatory and catalytic subunit of protein kinase
A was used as early as the 1990s to generate a FRET biosensor
for cyclic adenosine monophosphate (cAMP).[28]1 Similarly, envi-
ronmentally sensitive fluorophores were incorporated in proteins
exhibiting suitable conformational changes giving access to early
biosensors.[2l However, the reactivity of the chemical reagents
used in these approaches are non-specific. The conjugation must
therefore be performed on purified protein in vitro and if live-cell
measurements are desired the modified proteins should then be
delivered into cells, typically through microinjection3%-311 or using
cell-penetrating peptides.[32!

One approach to improve labeling specificity is traceless affin-
ity-based protein labeling via ligand directed chemistry, where a
fluorophore carrying an unspecific reactive linker is guided to the
desired site using a specific ligand.[3334 Once bound to the protein
of interest a nearby nucleophile reacts with the linker, releasing
the ligand (Fig. 3C), allowing endogenous proteins to be labeled
and turned into biosensors.3>37] Aside from isolated reports of
intracellular biosensorsi38! this work has mostly been employed
to label cell surface proteins. Moreover, selecting the right fluo-
rophore, ligand, and labeling site to produce a measurable signal
remains challenging and often needs extensive optimization.[36]
More modern approaches make use of truly bioorthogonal label-
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Fig. 3. Common small molecule-based protein labeling strategies.

A) Labeling of lysine 5 residues or N-terminus via isothiocyanate 6 or
NHS esters 7. B) Cysteine 8 labeling using iodoacetamide 9 or maleimide
10 chemistry. C) Ligand directed chemistry to install a fluorophore on an
endogenous protein using a cleavable acyl imidazole linker.

ing reactions, but these require the installation of the specific reac-
tive groups at the desired position first.

3.2 Genetic Code Expansion

An alternative approach for site-specific protein labeling is
genetic code expansion. In this approach, non-canonical amino
acids (ncAAs) are incorporated into the protein of interest at de-
fined positions during translation by introducing an orthogonal
aminoacyl-tRNA/tRNA synthetase pair that recognizes the ncAA
and reads a reassigned codon, usually the amber stop codon (Fig.
4A).3%1 Using this approach fluorescent ncAAs can be incorpo-
rated directly into proteins.[40-41]

The environmentally sensitive fluorophore ANAP (3) (Fig.
2B) has been used to probe the conformational change of ion
channels*2431 in Xenopus laevis and mammalian cells. Similarly,

A Genetic code expansion

N
N
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ANAP (3) has served as a FRET donor together with fluores-
cent proteins.[*+43] More recently, genetic code expansion was
used to incorporate a fluorescent molecular rotor into a protein
scaffold generating a fluorescent protein, which was then turned
into a biosensor for Ca?*.1461 However, the range of fluorescent
amino acids that can be incorporated via a suitable aminoacyl-
tRNA/tRNA synthetase pair is currently limited. Most suitable
fluorophores emit in the short-wavelength region and/or contain
hydrophobic fluorophores that can interfere with the folding of
proteins.[40]

To circumvent this challenge, genetic code expansion can be
used in a two-step process, incorporating a ncAA carrying a small
bioorthogonal click handle that is later reacted with a complemen-
tary handle bearing an appropriate fluorophore.[*4471 Among the
available click-reactions, the inverse electron demand Diels-Alder
(IEDDA) reaction between a dienophile such as cyclooctyne 11
(Fig. 4A) and tetrazine 12 is often the preferred method as it has
faster labeling kinetics than strain promoted azide-alkyne cyclo-
addition and does not use cytotoxic Cu(I) as in copper catalyzed
azide-alkyne cycloaddition. This two-step labeling procedure al-
lows the incorporation of larger fluorophores with better photo-
physical properties or other functional handles and was used to
generate a FRET biosensor.[*8] However, the application of genet-
ic code expansion to biosensor design is limited due to its techni-
cal complexity such as inefficient incorporation of the ncAA and
disturbances of native signaling and metabolism. However, the
minimal tag size offered makes it a promising approach for future
biosensor generations.[49-511

3.3 Peptide Tags

Peptide-based recognition tags enable the site-specific label-
ing of proteins via sequence-dependent reactivity, facilitating the
selective conjugation of synthetic moieties. Peptide tags can easily
be fused to proteins of interest and due to their small size the risk
of disrupting protein function is minimal.l52! Several peptide tags
can be directly labeled with a fluorophore. A prominent example
is the tetracysteine motif (CCXXCC), which reacts covalently
with organo-bisarsenic compounds, such as fluorescein-arseni-
cal-helix binder (F1AsH (13), Fig. 4B).531 FIAsH can be used as
a FRET acceptor and was incorporated into a G protein-coupled
receptor (GPCR) biosensor in combination with a cyan fluores-
cent protein for investigation in living cells.>* Other similar strat-

Fig. 4. A) Genetic code expansion reassigns a codon to an orthogonal tRNA-synthetase pair, enabling incorporation of ncAAs carrying fluorophores
or click handles. Here cyclooctyne 11 reacts with tetrazine 12 via IEDDA. B) Structure of CCXXCC reactive fluorophore FIAsH (13). C) PRIME using
LplA%7Y to introduce a clickable lipoic acid derivative bearing a trans-cyclooctene 14, which is then reacted with tetrazine 12.
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egies often do not show good cell membrane permeability and
only find applications on the cell surface.[26]

Enzyme-mediated labeling strategies or probe incorporation
mediated by enzymes (PRIME) leverage the sequence specificity
of enzymes such as ligases or transferases to selectively install
reporting units (one-step) or reactive handles (two-step) on a pro-
tein of interest. The most frequently used peptide tag to generate
biosensors is based on an engineered lipoic acid ligase (LplA)
that recognizes a 13 amino-acid LplA acceptor peptide (LAP) to
which it attaches a substrate carrying a fatty acid handle. Instead
of incorporating a fluorophore directly, the system can also be
used to incorporate click handles such as trans-cyclooctene 14
for IEDDA reaction with tetrazine 12 (Fig. 4C).1551 This two-step
approach has successfully been used to generate electrochromic
voltage biosensors on the cell surface.[5¢-571 Although the small
size of peptide tags is attractive, several of these approaches re-
quire additional enzymatic partners, or heavy metals that are toxic
to the cells.[81 This restricts their use to the cell surface and limits
their application in chemigenetic biosensor development.

3.4 Protein Tags

To enable specific protein labeling inside of living cells, tags
based on entire proteins are commonly used. While they undergo
highly specific and fast labeling reactions, they are much bigger
than the labeling methods discussed so far. When integrating them
with protein-based sensing units, the underlying protein scaffold
needs to be manipulated to allow for efficient coupling between
the sensing and reporting units. One common approach is to fuse
sensing units to the C- or N-terminus of proteins. However, if
these termini are spatially distant from the fluorophore-binding
site it is often beneficial to generate circularly permuted (cp)
protein versions, repositioning the termini closer to the ligand
binding site.[%1 Alternatively, sensing units can be inserted into a
permissive position proximal to the fluorophore-binding site for
which suitably flexible sites need to be identified. In the follow-
ing the most commonly used protein tags and their cp and split
variants are discussed.

3.4.1 Noncovalent Protein Tags

The antibiotic trimethoprim (TMP (15)) selectively and
strongly binds to E. coli dihydrofolate reductase (¢eDHFR, Fig.
5A). This strong interaction can be used as a tag in which eDHFR
is fused to the protein of interest and TMP (15) conjugated to
a fluorescent probe.[®0 This method can be used for labeling in
living cells.[®!l Moreover covalent versions of the TMP-tag have
been introduced where a strategically placed cysteine reacts with
a Michael acceptor installed on TMP (15).162-641 A fluorogenic
variant was also generated.[63] So far the TMP-tag has rarely been
used in biosensor design.

FAST (Fluorescence-Activating and absorption-Shifting
Tag)l®5] was developed from photoactive yellow proteinl0]
and noncovalently binds small-molecule fluorogens such as
4-hydroxy-bezylidene rhodanine (HBR (16)), which are non-
fluorescent under physiological conditions and become fluores-
cent only when deprotonated upon binding to FAST (Fig. 5B).
Various color variants of HBR (16) and corresponding FAST
variants have been developed,¢7:681 some of which allow for or-
thogonal labeling and spectral multiplexing.[®l Moreover, many
rhodanine-FAST combinations show different fluorescence
lifetimes enabling multiplexing in the lifetime dimension.[70-71]
Topological variants such as splitFAST were engineered by
dividing the protein into two fragments that reassemble into a
functional FAST when brought into close proximity, enabling
fluorescent readout of transient protein—protein interactions.[72]
Similarly, a cpFAST was engineered that allows the attachment
of sensing units at new termini, leading to conditional binding of
the rhodanine.[”31 While FAST (14 kDa) is significantly smaller

than other protein tags, it also relies on a specific fluorophore
and is hence not as versatile as covalent tags that can be used
with various fluorophore classes.

3.4.2 Covalent Protein Tags — Self-labeling Proteins

Self-labeling proteins (SLPs) overcome many limitations of
peptide tags as they directly react with small-molecule ligands
in a bioorthogonal and covalent manner, eliminating the need for
separate enzymes or toxic cofactors.[7475]

SNAP-tag and the faster-labeling derivative SNAPf (E30R) use
areaction between an active site cysteine and an O°-benzylguanine
(BG (17)) derivative to form a covalent bond between the protein
and the chemical component (Fig. 5C).[73-771In combination with
synthetic fluorophores this has been extensively used for protein
labeling and fluorescence microscopy in living cells. However, in
recent years it has become clear that SNAP-tag is often outper-
formed by HaloTag due to its slower labeling kinetics, reduced
fluorogenic response, and the limited cell membrane permeability
of SNAP-tag ligands.[”8] An improved variant, SNAP-tag2, that
uses a modified ligand, shows increased stability and a 100-fold
higher labeling rate than SNAP-tag, making it one of the most
robust SLPs available for chemigenetic biosensor design.[”! To
obtain an orthogonal SLP allowing simultaneous labeling of mul-
tiple proteins, the Johnsson lab engineered CLIP-tag from SNAP-
tag by altering its ligand recognition to accept O*-benzylcytosine
derivatives instead of BG (17).18% c¢p variants for biosensor design
were generated(®!] and both SNAP-tag and CLIP-tag have been
split at various sites and used for applications such as chemical
dimerization or in bimolecular fluorescence complementation
(BiFC) assays.[82-84]

HaloTag7 was derived from a bacterial dehalogenase and
is the most widely used SLP for applications in live-cell im-
aging and biosensor design.[35] HaloTag covalently reacts
with chloroalkane (CA (18)) enabling the irreversible attach-
ment of various fluorophores or chemical handles to proteins
(Fig. 5D).[861HaloTag is currently the fastest SLP, showing label-
ing speeds of up to 108 M~'s~! with rhodamines but reacting slow-
er with other fluorophores.[87:38 Protein variants with different
fluorophore specificities such as styrylpyridinium derivatives, 8%
benzothiadiazole-based fluorophores,® or negatively charged
fluorophores®!! have been developed. In addition, the access
tunnel of HaloTag has been investigated to better understand
ligand specificity and labeling efficiency.[2] Incorporation of an
aromatic ring into the classical HaloTag ligand accelerated pro-
tein binding, especially with non-rhodamine ligands.[93

Further HaloTag variants were engineered to modulate the
fluorescence properties of the bound fluorophore. Frei et al. pi-
oneered this approach providing HaloTag variants with altered
fluorescence lifetimes when labeled with one and the same fluo-
rophore. This enabled multiplexing via fluorescence lifetime
imaging microscopy!® and inspired the design of chemigenetic
lifetime biosensors.?>%I These findings further open up new and
interesting avenues for tool engineering, some of which are cur-
rently pursued in the Frei Research Group.

HaloTag tolerates circular permutations at various sites, par-
ticularly in the lid region where the fluorophore is located.[71 One
site (143/144) has been identified as particularly valuable for the
generation of biosensors.[?8] Insertion of protein domains is also
possible at the same site or in the loop between residues 155-156
or at R179.196.99.1001 Multiple flexible loops were also identified as
suitable split sites of HaloTag and the resulting constructs used
for BiFC assays.[101.102]

More recently asymmetrical split HaloTags were intro-
duced where cpHalo(154/156) was split into a short peptide
(145-154) and a large fragment cpHaloA(141/156).1031 The
large fragment was later reengineered to exhibit improved ther-
mostability and activity (cpHaloA2).l194 Similarly, a high affin-
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Fig. 5. Structures of the four most common protein tags along with the molecular structure of their ligands. A) TMP-tag based on the 18 kDa eDHFR
which binds TMP (15) noncovalently (PDB ID: 5DFR). B) 14 kDa FAST and its binder HBR (16) which only becomes fluorescent upon binding to the
protein tag (PDB ID: 7AVA). C) SNAP-tag (19 kDa) where the active site cysteine attacks the benzylic position of BG (17) forming a covalent bond
(PDB ID: 6Y8P). D) HaloTag (33 kDa) in which D106 displaces the chlorine atom in the CA (18) in a nucleophilic attack forming a covalent ester bond

(PDB ID: 6Y7A). a-helices in blue, -sheets in cyan and loops in brown.

ity system cpHaloA3 in combination with several peptides was
introduced.!103]

Although covalent labeling of HaloTag has multiple advan-
tages, reversible binding to circumvent photobleaching or allow
blinking has attracted attention in recent years. To address these
needs, non-covalent versions of the HaloTag system have been
introduced by either modifying the HaloTag protein or the CA
ligand (18).[106.107 These systems could also help to tackle photo-
bleaching in biosensor applications. Taken together, the HaloTag
system has evolved into a versatile imaging platform capable of
supporting a variety of biosensing applications.

4. Most Common Designs of Chemigenetic Biosensors
Protein tags can be selectively and efficiently labeled, even
directly inside living cells. They are therefore frequently used
to bridge the chemical and genetic components in chemigenetic
biosensors. Here, we discuss the most common biosensor design
strategies and their applications in functional microscopy.

4.1 Chemigenetic Approaches to Introduce Chemical
Sensing Units

Synthetic organic chemistry can be exploited to build sens-
ing units that do not exist in nature. Chemigenetic approaches
can be used to attach them close to a fluorophore to modulate
its fluorescence. The Campbell lab has recently introduced bio-
sensors based on cp green fluorescent protein (cpGFP) inserted
into HaloTag labeled with Ca?* or Na* chelating moieties such as
BAPTA-CA (19)11%I1 or crown ethers (Fig. 6A).I[1981 The chelator
is in close proximity of the GFP chromophore and metal binding
induces a change in fluorescence intensity.

Furthermore, most fully genetically encoded biosensors are
based on conformational changes in their protein-based sensing
unit, however, not all sensing units show large conformational
changes. To expand sensing modalities to other ligands, the com-
petitive binding of a tethered ligand can be used. SNAP-tag-based
indicators with a fluorescent intramolecular tether (SNIFIT), in-
troduced by the Johnsson lab,['%! combine two SLPs (e.g. SNAP
and CLIP-tag) within a biosensor. One SLP is labeled with a FRET
donor, an intramolecular tether as well as a small-molecule ligand
that can bind to a protein-based binding domain also present in the

biosensor (Fig. 6B). For instance, in a NADPH/NADP* SNIFIT,
the SNAP-tag was labeled with CP-TMR-SMX 20, which con-
sists of O*-benzyl-2-chloro-6-aminopyrimidine (CP), TMR as the
FRET donor and sulfamethoxazole (SMX) as a protein binder. The
other SLP is labeled with the FRET acceptor siliconthodamine-
CA (SiR-CA (21)). The presence of the analyte either displaces
the intramolecular ligand or enables its binding to the binding
domain. This results in a large conformational change, inducing
a change in FRET efficiency. SNIFIT biosensors have been used
on the cell surfacel!'% and were later diversified to intracellular
analytes such as glutamatel!'l] and GABA.!I'!2l More recently
biosensors based on different SLP combinations (e.g. SNAP-tag
and HaloTag) as well as cross-overs with GFP have been used
to generate biosensors for nicotinamide adenine dinucleotides!!13]
and coenzyme A.[114 The use of SLPs to introduce an intramo-
lecular tether to the sensing unit allows the artificial generation
of protein switches with large conformational changes, access-
ing analytes for which no suitable protein-based sensing units are
available. However, these biosensors require dual labeling which
can be challenging for the rather large component consistent of
a fluorophore-tether and small-molecule binder as the increased
size often leads to reduced cell-membrane permeability and there-
fore inefficient labeling.
4.2 Chemigenetic Approaches for FRET-based
Biosensors

Protein tags can be implemented in FRET based biosensors to
replace either one or two fluorescent proteins. Protein tags allow
various FRET pairs to be rapidly tested, including several fluoro-
phores in the far-red region. For instance, the replacement of the
yellow and cyan fluorescent proteins in kinase and Ca** sensors
with SNAP-tag and HaloTag allowed Vecchia et al. to generate
tunable biosensors with donor excitations ranging from 503-585
nm and acceptor excitation from 549-646 nm.!['15 While the sen-
sor performance depended on the specific sensor and the FRET
pair used, replacement of fluorescent proteins in existing sensor
backbones gave rapid access to red-shifted biosensors. However,
often the resulting changes in the FRET ratio upon sensor activa-
tion were small and required further engineering, reflecting the
different topology of SLPs compared to fluorescent proteins. This
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Fig. 6. Protein tags used in chemigenetic biosensors. A) HaloTag is used to bring the synthetic Ca?* chelator BAPTA-CA (19) into close proximity of
cpGFP. Binding of Ca** leads to an increase in fluorescence intensity. B) NADPH/NADP+ SNIFIT based on SNAP-tag and HaloTag and the NADPH/
NADP* binding protein SPR (sepiapterin reductase). SNAP-tag carries the intramolecular tether (CP-TMR-SMX 20) consisting of the SNAP-tag
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JF,.-CA (23) labeled HaloTag and the retinal of rhodopsin.

challenge was circumvented by the development of a highly ef-
ficient FRET pair formed between Aequorea Victoria fluorescent
protein homologs such as GFP as FRET donors and a rhodamine
labeled HaloTag as a FRET acceptor. Insertion of sensing units for
Ca?*, ATP, and NAD* between the two FRET partners allowed the
generation of chemigenetic biosensors with high dynamic ranges
and minimal effort for optimization.?> Moreover, the synthetic
fluorophore could be switched easily giving access to different
color variants such as the carbopyronine-CA (CPY-CA (22)) la-
beled NAD* biosensor with a dynamic range of almost 20-fold
(Fig. 6C). As the high FRET efficiency is based on the formation
of an interface between the labeled HaloTag and an Aequorea
Victoria fluorescent protein homolog, red fluorescent proteins

which relies on FRET between

which are not derived from Aequorea Victoria, could not be imple-
mented with the same success.[9-116]

FRET-based biosensors can also be generated using the FAST
system, whose small size (14 kDa) allows for short distances be-
tween the FRET pair, enhancing FRET efficiencies. A promiscu-
ous version of FAST (pFAST) enabled the rapid screening of dif-
ferent fluorogens as optimal FRET acceptors for the fluorescent
proteins mTurquoise2 and eGFP. Both the red HBR-3,5DOM (4)
(520/600 nm) and the dark acceptor HBIR-3M (514 nm) were
identified and implemented in a biosensor for Aurora kinase A.!117]

Another type of biosensor that has benefited from replacing
a fluorescent protein by HaloTag is the electrochromic voltage
sensor based on microbial rhodopsin. Changes in membrane po-



YounGg PRoFESSORS AND AMBIZIONE FELLOWS IN SWITZERLAND

755

CHIMIA 2025, 79, No. 11

tential modulate the extinction coefficient of the bound retinal
chromophore via a cis-trans isomerization. The labeled HaloTag
acts as a FRET donor and depending on the membrane poten-
tial varying FRET efficiencies can be measured. For instance, the
green-orange fluorophore Janelia Fluor 525-CA (JF,.-CA (23))
can be used for the generation of a highly photostable biosensor
called Voltron.['81 Later positive-going,[!!9T more sensitive,[120-121]
and more photostable variants were presented.[122]

Protein tags serve as ideal platforms to introduce and rapidly
test various fluorophores in FRET-based chemigenetic biosen-
sors as no additional cloning steps are required. This versatility
allows us to generate tailormade biosensors with ideal properties
for multiplexing experiments (e.g. far-red) or photostable FRET
donors for prolonged or high frequency measurements. Additionally,
spectral fine-tuning allows the access of high-performance biosen-
sors with optimized FRET efficiencies and high dynamic ranges.

4.3 Chemigenetic Approaches for Single Color
Biosensors

Protein tags can also be used to replace fluorescent proteins in
single fluorescent protein biosensors in which the attached sens-
ing units modulate the photophysical and/or spectral properties of
the fluorescent protein chromophore, relying on coupling between
the reporting unit and the sensing unit. This is often specific for
individual biosensors and only few generalizable concepts have
been identified. For chemigenetic biosensors three main design
principles have been pioneered: conditional binding of fluorogen,
influencing fluorogenicity, and changes in quantum yield. The
single color of these biosensors makes them especially suitable
for multiplexing experiments to investigate multiple dynamic bio-
logical processes at the same time.

First, conditional binding of 4-hydroxy-3-methyl-benzylidi-
ene-rhodanine (HMBR (24)) to cpFAST has been exploited to
generate a biosensor for Ca?* via the fusion of M13 and calmodu-
lin a typical calcium sensing unit (Fig. 7A).I731 The same concept
was later expanded to glutamate, K*, and ATP but the generated
sensors were not tested for live-cell microscopy.l!23] Similarly,
splitFAST has been used to generate biosensors as the two halves,
NFAST and CFAST, as well as the fluorogen bind reversibly.[72]
This can be exploited to study protein complex formation and
Ca? signaling.

Second, the fluorescence of fluorogenic rhodamines can be
modulated by the attachment of suitable sensing units. Sensing

A M1 3-CpFAST-CaM B

J F635—CA

HaloKAR C

leads to a shift in their open-close equilibrium, impacting the ap-
parent extinction coefficient and hence the fluorescence inten-
sity. Appending the calcium sensing unit M13 and calmodulin
to cpHaloTag(143/144) allowed the generation of a powerful
Ca?* biosensor HaloCaMP with an intensiometric response.%8!
Around the same time a ratiometric biosensor rHCaMP®! was
generated that required labeling with a specialized color shift-
ing thodamine derivative instead of the fluorogenic Janelia Fluor
635-CA (JF,-CA (25)).1'241 Similarly, the voltage sensitive bio-
sensors HASAP and HArcLight were generated using different
topologies of HaloTag in combination with JF,-CA (25).981 A
similar approach to HArcLight was previously reported but us-
ing the non-fluorogenic TMR-CA.!!25] More recently, the use
of fluorogenic rthodamines and HaloTag was extended to other
small molecule analytes, replacing the Ca®* specific sensing unit
by the two halves of OxyR to generate a H,O, biosensor!!2¢! or by
a G-protein coupled receptor giving access to a far-red biosensor
for dopamine.[127]

Frei et al. furthermore demonstrated that not only small mol-
ecules could be sensed but also enzyme activity by appending
kinase specific substrates and phosphoamino acid binding do-
mains to cpHaloTag generating powerful kinase activity reporters
HaloKARs (Fig. 7B). The best performing variant HaloAKAR
(protein kinase A activity reporter) was employed in four- and
five-color multiplexing experiments to untangle biased GPCR
signaling.[1281 While this strategy allows the generation of power-
ful intensiometric biosensors for various analytes, using JF, -CA
(25) limits the use of these biosensors to cell-based systems as
its bioavailability is limited.[°¢1291 This was overcome for the do-
pamine sensor by using less fluorogenic but more bioavailable
fluorophores such as Janelia Fluor 646-CA or SiR-CA (21).1127]
However, this led to an almost 2-fold reduction in dynamic range
compared to JF,.-CA (25).

A third strategy focuses on modulating the quantum yield of
bound fluorophores rather than the open-close equilibrium. The
resulting sensors do not rely on fluorogenic fluorophores; there-
fore, the fluorophore can be chosen based on other beneficial
properties e.g. bioavailability. Based on the finding that Trp resi-
dues in close proximity to the fluorophore binding site of HaloTag
lead to photoinduced electron transfer quenching and therefore a
reduction in the quantum yield,[®# Farrants er al. generated the
first Ca®* biosensor, termed WHaloCaMP (Fig. 7C), using the bio-
available but non-fluorogenic fluorophore Janelia Fluor 669-CA

WHaloCaMP
T, § g

T
1 JFge-CA

o
@ Caz+ Cﬁ FHA1  Kinase Trp Ca*
—_— —_—
-— -—
T Phosphatase
M13 - CaM Substrate CaM-M13
o]
HO S\ﬁ H
° N O N CI/\/\/\/O\/\O/\/N
(o]
HMBR (24) JFgas-CA (25) JFgs9-CA (26)

Fig. 7. Single fluorophore biosensors using protein tags. A) Ca*" biosensor based on cpFAST fused to CaM and the peptide M13. Ca?* binding
triggers binding of HMBR (24). B) HaloTag-based kinase activity reporter HaloKAR using the fluorogenic JF,.-CA (25). Activity of a kinase leads to
phosphorylation of the substrate followed by binding by the phosphoamino acid binding domain FHA1. C) The WHaloCaMP biosensor consists of
the Ca?* sensing unit CaM-M13 inserted into HaloTag-G171W and JF,,-CA (26). Changes in Ca?* levels lead to changes in fluorescence intensity
and fluorescence lifetime (z) of the sensor.
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(JF,,-CA (26)).1! While this sensor used the previously identi-
fied G171W mutation found by Frei et al., TIS5SW also led to
promising results. This type of biosensor was well suited for two
photon imaging of Ca?* in a mouse’s primary visual cortex and
in addition to its intensiometric readout also showed a change in
fluorescence lifetime.

5. Conclusion and Outlook

Chemigenetic approaches leverage synthetic chemistry as well
as genetically encoded components to generate powerful tools for
probing dynamic processes in living cells. In particular, the field
of chemigenetic biosensors has accelerated rapidly through in-
novative approaches to couple organic fluorophores with protein
domains. Major advances have been driven by the advent of SLPs
and the FAST system. Over the last twenty years we have wit-
nessed how these protein-based labeling systems have been used
to replace fluorescent proteins in FRET-based biosensors, enhanc-
ing their performance and shifting their spectral properties into the
far-red. Moreover, the SNIFIT concept has clearly shown how
chemical components can not only be used to enhance the report-
ing unit but also how they can elevate the sensing unit, giving ac-
cess to biosensors for new analytes. New topological variants and
a concurrent development of synthetic fluorophores with proper-
ties such as high fluorogenicity then made it possible to gener-
ate powerful single fluorophore chemigenetic biosensors such as
HaloCaMP and HaloKARs. Chemigenetic biosensors therefore
allow us to investigate new analytes and do so in previously inac-
cessible contexts such as over longer time frames in deep tissue.
While these chemigenetic systems increase the range of possible
biosensor designs and offer performance advantages, they also
present practical challenges. The synthetic component must be
delivered and specifically conjugated to the genetically encoded
component. For synthetic fluorophores unspecific reactions result
in high background staining. Hence, future research will focus
not only on the generation of new chemigenetic biosensors but
also on the means to incorporate synthetic components specifi-
cally and efficiently, as well as the development of cell-membrane
permeable synthetic components and fluorogenic fluorophores.
Current endeavors have mostly focused on rhodamine-based fluo-
rophores while other fluorophore classes remain underexplored.
Taping into these reservoirs will further expand the scope of bio-
sensors. Furthermore, having pushed the boundaries of what is
possible with chemigenetic biosensors as compared to genetically
encoded biosensors relying on fluorescent proteins, the underly-
ing read-out principles (fluorescence intensity) remain the same
and chemigenetic biosensors ultimately face the same challeng-
es as fluorescent protein-based biosensors e.g. photobleaching,
limited penetration depth, and multiplexing efc. Chemigenetic
biosensors, however, have the added benefit that the chemical
component can be switched out rapidly and therefore have the
potential to allow for different read-out modalities as has been
demonstrated with an optoacoustic chemigenetic biosensor!!30! or
the use of fluorescence lifetime.[°! The Frei Research Group is
hence interested in moving beyond fluorescence intensity and is
focusing its endeavors on fluorescence-lifetime based biosensors
as well as strategies not relying on fluorescence.
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