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ABSTRACT: Chemically constructed biosensors consisting of a protein scaffold and an artificial 

small molecule have recently been recognized as attractive analytical tools for the specific detection 

and real-time monitoring of various biological substances or events in cells. Conventionally, such 

semisynthetic biosensors have been prepared in test tubes and then introduced into cells using 

invasive methods. With the impressive advances seen in bioorthogonal protein conjugation 

methodologies, however, it is now becoming feasible to directly construct semisynthetic biosensors 

in living cells, providing unprecedented tools for life-science research. We discuss here recent efforts 

regarding the in situ construction of protein-based semisynthetic biosensors and highlight their uses 

in the visualization and quantification of biomolecules and events in multi-molecular and crowded 

cellular systems. 

 

KEYWORDS: semisynthetic biosensor, live cell imaging, protein modification, peptide-tag, 

protein-tag, ligand-directed chemistry, chemosensor, 
19

F-probe, FRET. 
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 2 

Elucidating the inner workings of complicated cellular processes requires a powerful set of 

bioanalytical tools that allow for the visualization of various biological parameters, such as pH, ionic 

concentrations, metabolites, and protein activities. Over the past two decades, a large number of 

biosensors based on fluorescent proteins (FP) have been developed for the real-time tracking of a 

range of biological events and substances in vitro, inside cells, or even in vivo.
1–7

 These biosensors 

typically consist of a recognition domain that can specifically bind or respond to a target analyte, and 

a FP-based fluorescent transducer to convert the recognition of the analyte into a change in the 

fluorescent signal, either in its intensity or wavelength.
6
 Since these sensors can be genetically 

encoded, they are relatively easy to construct in live cells using conventional transfection protocols, 

in which cellular translational machinery spontaneously produces the biosensors. These biosensors 

can be confined to a particular subcellular compartment by tethering a specific signal sequence tag,
8–

14
 which provides more precise spatial localization of the analyte. These advantages make FP-based 

biosensors indispensable tools for quantitative analysis in live-cell imaging using fluorescent 

microscopy. However, there are still many biological substances that are difficult or impossible to 

detect with conventional FP-based biosensors,
2, 3, 15

 along with other situations in which a detection 

mode other than fluorescence is desirable, as with deep tissue imaging in animals.
16–19

 

Chemistry-based protein labeling techniques offer a complimentary approach for the 

construction of protein-based biosensors.
2, 6, 7, 20–26

 Remarkable progress in chemical modification 

methods have recently accelerated the development of protein-based semisynthetic biosensors as an 

alternative to FP-based biosensors. Semisynthetic biosensors are generally constructed in a 

site-specific process by introducing a small synthetic probe to a protein domain, which acts as a 

recognition or a subcellular localization motif. Although they are more difficult to prepare, compared 

with FP-based biosensors, semisynthetic biosensors possess several unique features, including a 

small probe size (< 1 kDa), which may minimize perturbations to the structure and function of the 

protein scaffold. Also, they allow for a wide variety of fluorescent probes and sensors with diverse 

spectroscopic properties, such as wavelength, brightness, stability against photobleaching, and 

microenvironment sensitivity, and can be made into sensing modules. Finally, imaging modalities 

other than fluorescence, such as NMR or MRI probes, can be incorporated into the protein scaffold 

as a unique reporter. In early studies, semisynthetic biosensors were constructed in vitro and 

subsequently transferred into living cells with microinjection, or with the help of cell-penetrating 

peptides,
27–32

 because of the limited number of bioconjugation strategies then available (Figure 1a). 

In recent years, however, several biocompatible and/or bioorthogonal methods for the selective 

chemical modification of target proteins in live cells have emerged,
21, 22, 33–41

 which allow for the 

direct conversion of intracellular proteins into semisynthetic biosensors (Figure 1b). 

In this review, we focus on chemical strategies for the in situ construction of protein-based 
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 3 

semisynthetic biosensors and successful biological applications. A wide variety of semisynthetic 

biosensors described herein were summarized in Table 1. Due to limitations of space, we omit 

descriptions of FP-based biosensors and studies for the in vitro construction of semisynthetic 

biosensors, the details of which are available in previous reviews.
1, 3, 4, 7, 42

  

Figure 1. General schemes of (a) in vitro and (b) in situ construction of semisynthetic biosensors for 

live-cell applications. 

 

Table 1. Summary of semisynthetic biosensors for in situ analysis. 

Method Analyte Binding/sensing 

module 

Modality Context Reference 

tetracysteine-tag Ca
2+

 CaGF  

(Ca
2+

 sensor) 

fluorescence inside cell 82 

SNAP-tag Zn
2+

 Zn
2+

 sensor fluorescence inside cell 83 

Ca
2+

 Ca
2+

 sensor 84 

H2O2 H2O2 sensor 86, 87 

NO NO sensor 88 
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 4 

H2S H2S sensor 89 

Halo-tag K
+
 K

+
 sensor fluorescence cell 

surface 

85 

Snifit HCA inhibitor and 

Zn
2+

 

HCA FRET cell 

surface 

93, 94 

glutamate iGluR5-S1S2 95 

GABA and 

GABABR inhibitor 

GB1a 96 

ACh and AChE 

inhibitor 

AChE 97 

LUCID methotrexate cpDHFR BRET in vitro 

(paper 

device) 

91 

antibody 

fragment 

92 

tacrolimus and 

sirolimus 

FKBP12 91 

cyclosporine A cpCyA 

topiramate HCA 

digoxin DIG10.3 

theophylline antibody 

fragment 

92 

quinine antibody 

fragment 

LDT HCA inhibitor HCA 
19

F chemical 

shift 

inside cell 101, 105, 

106 

interaction of 

FKBP12 and FRB 

 FRET inside cell 107 

Q-LDT HCA inhibitor HCA BFQR cell lysate 104 

phosphotyrosine 

peptide 

SH2 domain  

LDAI FR inhibitor FR fluorescence cell 

surface 

108 

GABAAR inhibitor GABAAR BFQR 110 

AGD B2R inhibitor B2R BFQR cell 

surface 

114 

ligand-probe FR inhibitor FR fluorescence cell 128, 129 
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 5 

conjugate surface 

HCA inhibitor HCA inside cell 

Hsp90 inhibitor Hsp90 

 

 

 Semisynthetic biosensors constructed by peptide/protein tagging systems 

In-situ conjugation of chemosensors with proteins for targeting subcellular compartments  

One straightforward approach to the design of a semisynthetic biosensor is the hybridization of a 

protein with an artificial fluorescent chemosensor.
8, 43–48

 Many fluorescent chemosensors have been 

used for the detection of biologically active species, including metal cations,
49–52

 anions,
53, 54

 

carbohydrates,
55, 56

 pH,
57, 58

 and reactive oxygen and nitrogen species.
59–62

 These chemosensors have 

greatly contributed to deciphering complicated biological processes. Currently, it is thought that the 

local concentration distributions of these biological species inside cells may be critical to their 

biological roles. Thus, chemosensors that can localize in an organelle are strongly desirable. 

Unfortunately, however, spatial control of conventional chemosensors in certain subcellular 

compartments remains quite challenging, although there have been some successful examples.
63–71

 In 

contrast, the spatial distribution of proteins can be genetically controlled using localization signal 

sequences.
8–14

 To localize chemosensors in a specific subcellular region, a chemosensor-protein 

conjugate strategy has been proposed, in which the protein scaffold is employed as a controlled 

localization unit.  

   Genetically encodable peptide/protein tag systems
72–81

 are widely used to conjugate a 

chemosensor with a localized protein scaffold (Figure 2). As the first example, Tsien et al. installed a 

calcium-responsive dye, called Calcium Green FlAsH (CaGF), in connexin 43 expressed at the gap 

junctions of HeLa cells, using the tetracysteine–biarsenical system which relied on the strong 

interaction between the thiol group and arsenicum.
82

 This CaGF-connexin 43 conjugate displayed 

ten-fold brighter fluorescence upon Ca
2+

 binding, with a Kd of 100 µM, so Ca
2+

 waves could be 

sensed near the gap junctions in live cells. Also, the same group constructed CaGF-modified 1C 

L-type calcium channels, and successfully visualized µm-sized hot spots of calcium influx at the 

cellular membrane (Figure 2a).  

   Despite the importance of this labeling technique, the inherent toxicity of the biarsenical 

compounds prevents it from being widely applied in living cells. As another strategy for in situ 

incorporation of chemosensors into intracellular proteins, self-labeling protein-tag systems are 

valuable because of their high biocompatibility. Several protein-tag systems have been developed so 

far,
36, 38, 40, 81

 among which the SNAP-tag and Halo-tag systems are the most robust and widely used 
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 6 

for intra- and extracellular protein labeling.
78–80

 A SNAP-tag, an engineered mutant of 19-kDa 

human O
6
-alkylguanine-DNA alkyltransferase (AGT), catalyzes the covalent bond formation of 

O
6
-benzylguanine (BG) derivatives with an active cysteine residue of the enzyme. A Halo-tag is 

created from haloalkane dehalogenase, 33-kDa bacterial enzyme, to attach a haloalkane derivative to 

a reactive aspartate residue at the enzyme’s active site. The nontoxic and highly selective labeling of 

these protein-tag systems greatly facilitates in situ construction of semisynthetic biosensors in a 

specific intracellular compartment (Figure 2b). Lippard et al. detected Zn
2+

 ions in Golgi and 

mitochondria by tethering Zn
2+

 fluorescent chemosensors to SNAP-tag fusion proteins with a 

localization unit.
83

 Johnsson et al. measured the Ca
2+

 concentration inside nuclei, using the dye 

Iodo-1 conjugated with the fused SNAP-tag nuclear localization signal protein.
84

 Urano et al. 

analyzed physiological K
+
 dynamics at cellular membranes using TLSHalo, which consists of a K

+
 

ion-sensitive probe conjugated with a GPCR/Halo-tag fusion protein.
85

 In addition, several research 

groups proved that such protein-tag strategies are useful with a variety of chemosensors in a specific 

organelle to sense biofunctional molecules, such as H2O2,
86, 87

 NO,
88

 and H2S.
89
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 7 

Figure 2. (a) Schematic illustration of a Calcium Green FlAsH (CaGF)-based biosensor that can 

report highly localized, rapid Ca
2+

 dynamics in live cells. (b) General strategy for organelle-targeting 

chemosensors. Chemosensors can be targeted to various subcellular compartments through the 

organelle-localized protein-tags, such as the SNAP-tag and Halo-tag systems.  

 

Snifits  

Although there are a vast array of chemosensors equipped with a synthetic chelator and/or  

reactive group for the detection of inorganic ions or redox species, it is still difficult for the 

chemosensors to selectively recognize large and structurally complex analytes, such as metabolites 

and drugs. On the other hand, natural proteins exhibit excellent recognition ability with regard to 
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 8 

these analytes, showing high selectivity and affinity. Thus, if a protein-based recognition module is 

equipped with the appropriate transducer functionality, such constructs are able to act as 

semisynthetic biosensors for complex analytes. Among a few of the signal transduction mechanisms, 

Förster resonance energy transfer (FRET)-based techniques are valuable for biosensor construction.
42

 

FRET is a quantum-mechanical phenomenon of nonradiative energy transfer from a donor 

fluorophore in its excited state to an acceptor fluorophore. This occurs only when the two 

fluorophores are in very close proximity to each other (1-10 nm), and the emission spectrum of the 

donor overlaps with the excitation spectrum of the acceptor. The analyte-induced conformational 

changes in distance and/or relative orientation of the two fluorophores affect the FRET efficiency, 

which induces a ratiometric fluorescence readout from the FRET-based biosensors. 

Johnsson and coworkers exquisitely constructed FRET-based semisynthetic biosensors 

called Snifits, for SNAP-tag based indicator with a fluorescent intramolecular tether.
7, 90

 This 

strategy uses an orthogonal labeling technology, employing both SNAP-tag and CLIP-tag.
77

 A 

CLIP-tag is a variant of the SNAP-tag that selectively reacts with benzylcytosine (BC) derivatives as 

the substrates. Thus, the SNAP-tag and CLIP-tag systems can be simultaneously attached to two 

different fluorophores, the FRET donor and acceptor, in an analyte-binding protein domain. The 

general design of a Snifit is shown in Figure 3a. The SNAP-tag is modified with a bifunctional 

molecule containing both the FRET acceptor and an affinity ligand for the analyte-binding protein, 

while the CLIP-tag is labeled with a FRET donor. In the absence of the analyte, the tethered ligand 

binds to the protein, resulting in a closed conformation for the Snifit. In the presence of the analyte, 

the equilibrium is shifted toward an open conformation, with a competition between the tethered 

ligand and the analyte. Such conformational changes induce alterations of the FRET between the two 

attached fluorophores. In contrast with FP-based FRET sensors, Snifit sensors have many advantages. 

These include removing the need for ligand-induced conformational change, a wide variety of 

options for the synthetic fluorophores of the FRET pair (eg. Cy5/DY-547, Cy3/Cy5, Alexa Fluor 

488/DY-547, and Alexa Fluor 488/Alexa Fluor 594), and a detection range of that can be tuned in 

light of the desired analyte concentration with an appropriately chosen tethered ligand. Furthermore, 

replacement of one fluorophore with a luciferase can generate bioluminescent resonance energy 

transfer (BRET)-based sensors, termed luciferase-based indicators of drugs (LUCIDs), which permit 

therapeutic drug monitoring for point-of-care diagnosis with portable paper devices.
91, 92

 

Using various binding proteins, such as human carbonic anhydrase,
93, 94

 ionotropic 

glutamate receptor 5,
95

 GABAB receptor,
96

 and acetylchlolinesterase,
97

 Johnsson's group successfully 

demonstrated that the Snifits strategy can be used for the ratiometric detection of several drugs and 

metabolites in live cells. As an impressive example, the GABA-Snifit visualized GABA 

concentrations in the µM to mM range on the surface of a live cell. In addition, the GABA-Snifit 
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 9 

module was able to sense and quantify the relative binding affinity of agonists, antagonists, and 

allosteric modulators for the GABAB receptor (Figure 3b).   

Snifits often suffered from modest dynamic ranges, with a maximum of value 5,
94–98 

because the large size of the fluorophores carrying the SNAP-tags and CLIP-tags prevents them from 

getting very close in their closed conformation. Recently, Johnsson et. al. solved this problem by 

conjugating a fluorophore at the vicinity of a binding site of the analyte-binding protein using 

unnatural amino acids, a process they termed uSnifit.
98

 The group created semisynthetic 

methotrexate (MTX)-uSnifit using a DHFR scaffold as the binding protein, which sensitively 

detected MTX with a large dynamic range both in vitro (up to 32) and on the surface of a living cell 

(up to 13).  

Figure 3. (a) Schematic illustration of the principle of Snifit. Adapted with permission from ref 94. 

Copyright 2011 American Chemical Society. (b) Titration curves of a GABA-Snifit system 

constructed on the surface of HEK 293 cells with different GABAB receptor ligands [R,S-baclofen 

(black squares), GABA (cyan triangles), 3-APPA (red circles), and CGP 52432 (blue triangles)]. 

Adapted with permission from ref 96. Copyright 2012 American Chemical Society. 

 

 Semisynthetic biosensors constructed using traceless affinity-based modification 

In addition to the engineered proteins exogenously expressed in cells, native endogenous 

proteins are attractive as the recognition module for biosensor construction. This is because some of 

the endogenous proteins are also drug targets and/or biomarkers for specific diseases, such as cancer 

and neuronal disorders. Also, in the case of structurally complicated proteins composed of 

heterooligomers in nature, the direct conversion of native proteins into semisynthetic biosensors in 

their native habitats is preferable to avoid undesired perturbations. However, such conversions have 

remained challenging, because suitable methods for native protein modification without the help of 

genetic manipulation have yet to be adequately developed. To date, traceless affinity-based protein 

labeling developed by Hamachi and coworkers offers the only means for the in-situ construction of 

“native protein-based” semisynthetic biosensors.
21, 22, 99, 100

 This method uses a designed compound 

connecting a protein ligand and a probe through a cleavable reactive group, termed ligand-directed 
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 10 

(LD) chemistry. In LD chemistry, the ligand part selectively recognizes and binds to the target 

protein, facilitating the chemical reaction of the reactive group with an amino acid located near the 

ligand-binding site through a proximity effect. Importantly, the ligand part can be removed after 

labeling using the cleavable linker of the LD reagents, so that the labeled protein retains its original 

function. This labeling mechanism permits biosensor construction, unlike in conventional 

affinity-based protein labeling. A few cleavable reactive groups in LD chemistry, such as 

phenylsulfonate ester (LDT),
101–107

 acyl imidazole (LDAI),
108–111

 and dibromophenylbenzoate 

(LDBB),
112

 have been developed to date. As another class of traceless affinity-based protein labeling, 

called affinity-guided DMAP (4-dimethylaminopyridine) (AGD) catalysts, have been used for 

target-selective acylation with a thiophenyl ester acyl donor carrying a fluorophore.
113–117

 Both LD 

and AGD chemistry are used to transform endogenous proteins into semisynthetic biosensors even 

under the crowded multi-molecular conditions of a living cell. 

   LD chemistry is able to introduce various probes close to the ligand-binding site of a target 

protein. This feature allows the researchers to directly convert an endogenous protein into a 

semisynthetic biosensor inside live cells when the environmentally sensitive probe is tethered to the 

ligand-binding pocket. For example, a semisynthetic 
19

F NMR-based biosensor was constructed in 

red blood cells (RBCs) by tethering a 
19

F NMR probe to native carbonic anhydrase I (CAI) proteins 

(Figure 4a).
101, 105, 106

 Since the chemical shift of 
19

F nuclei is very sensitive to the surrounding 

microenvironment, the ligand-free and bound states of CAI can be distinguished using in-cell 
19

F 

NMR spectroscopy, thereby detecting the presence or absence of a CAI ligand (Figure 4b). The 

crystal structure of the 
19

F-modified CAI revealed the ligand sensing mechanism (Figure 4c).
106

 The 

19
F-probe attached to an active pocket, proximal His (His67), was inserted deeply into the 

hydrophobic active pocket of CAI in the ligand-free state, while the 
19

F-probe extruded from the 

pocket upon ligand binding (Figure 4). Such a slight change in the microenvironment surrounding 

the 
19

F-probe was transduced to a chemical shift change in the 
19

F NMR spectrum. The 
19

F 

NMR-based titration curves yielded the association constants of various CAI inhibitors, both in vitro 

and in live RBCs. The relative order of the affinity of these inhibitors obtained using 
19

F-modified 

CAI was very similar to those reported for native CAI. Interestingly, however, the affinity value of 

acetazolamide (AAZ) in RBCs in the natural environment was significantly lower than those found 

in the in vitro experiment. This difference can be attributed to the lower effective concentration of 

AAZ inside RBCs, which is due to its limited cell permeability, as well as nonspecific interactions 

with other biomolecules, such as cell membranes or off-target proteins.  
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 11 

Figure 4. (a) In situ conversion of endogenous human carbonic anhydrase isoform I (hCAI) to a 

semisynthetic 
19

F NMR biosensor in red blood cells using LDT chemistry. (b) In-cell detection of 

CA inhibitors using 
19

F NMR spectroscopy. (c) Crystal structures of the bound and free states of 

19
F-labeled hCAI. The 

19
F-probe in the free and bound states are shown as green and purple sticks, 

respectively. A ligand of hCAI (acetazolamide) is also shown as a stick model, and the Zn
2+

 ion at 

the active site of hCAI is depicted by a purple sphere.  

 

   In many cancer cells, folate receptors (FR) are overexpressed, which is an important biomarker. 

LD chemistry has successfully labeled endogenous FR with several fluorophores. It turned out that 

fluorescein (FL)-modified FR worked as a fluorescent biosensor for FR ligands on a surface of a live 

cell (Figure 5a).
108

 The fluorescence intensity of FL attached to FR increased with the addition of 

folic acid (FA), which allowed for the evaluation of the binding kinetics and affinities of various FR 

ligands in live cells. The time-profile of the fluorescence intensity changes yielded an apparent 

association rate constant (kon) for FA of 3.0 × 10
4 

M
–1

s
–1

 (Figure 5b). Similarly, the kon values for 

other ligands, such as dihydrofolic acid (H2FA), tetrahydrofolic acid (H4FA), MTX, and pterine 

(PT) can also be determined. In addition, by varying the ligand concentrations, the fluorescence 

titration experiments gave the association constants (Ka/M
–1

) for the FR ligands. The dissociation 
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 12 

rate constants (koff) for these ligands were determined by these kon and Ka values. Such analysis on 

live cells clarified that the affinity of FR ligands was controlled by the dissociation rate, not the 

association rate. This was the first report of the binding kinetics of FR ligands in live cells, 

highlighting the utility of the native protein-based FL-biosensor (Figure 5c, d).  

Figure 5. (a) In situ construction of a folate receptor (FR)-based biosensor with LDAI reagent in live 

cells. (b) Time-dependent fluorescence enhancement of fluorescein-labeled FR after the addition of 

folic acid (FA). Adapted with permission from ref 108. Copyright 2012 American Chemical Society. 

(c) Fluorescence titration profiles of fluorescein-labeled FR upon the addition of various ligands: FA 

(red solid circles), H2FA (blue solid triangles), H4FA (green solid squares), MTX (black solid 

down-triangles), or PT (orange open circles). Adapted with permission from ref 108. Copyright 2012 
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 13 

American Chemical Society. (d) Binding parameters of ligands to fluorescein-labeled endogenous 

FR in cells determined by a live-cell imaging study. 

 

   Despite the few successful examples mentioned, the chemical labeling of endogenous proteins by 

LD chemistry does not always directly produce useful biosensors, and it is still difficult to predict the 

appropriate probe and labeling site to achieve a detectable response. The coupling of traceless 

affinity labeling with a bimolecular fluorescence quenching and recovery (BFQR) system has proven 

to be a powerful tool for rationally designing native protein-based fluorescent biosensors. By taking 

advantage of the unique reaction mechanism of LDT chemistry, a quenched LDT (Q-LDT) method 

for the one-step construction of turn-on fluorescent semisynthetic biosensors has been reported.
104

 

The Q-LDT reagent contains a fluorophore and its quencher (Figure 6a), so that the fluorescence of 

the reagent itself is initially suppressed. Like the LDT chemistry, the Q-LDT reagent is also able to 

attach a fluorophore to a native protein, but the cleaved ligand-quencher fragment remains 

noncovalently bound to the ligand binding pocket, so it remains quenched. Subsequently, upon the 

binding of specific analytes to the protein, the fluorescence can be recovered by expelling the 

quencher fragment from the ligand-binding site. This Q-LDT strategy was successfully used to 

directly transform the CAII and SH2 (Src homology 2) domains into semisynthetic turn-on 

fluorescent biosensors in test tubes and cell lysates.  

   Recently, the BFQR method was extended to the construction of turn-on fluorescent biosensors 

on the surface of a live cell. Both bradykinin B2 receptors (B2R), which are G-protein coupled 

receptors, and GABAA receptors, which are inhibitory neurotransmitter receptors, are important drug 

target proteins, and can be converted to BFQR-based biosensors in live cells. In a B2R study, a 

FL-labeled B2R was prepared on the surface of a live cell using AGD chemistry, followed by the 

addition a B2R antagonist-quencher (DABCYL) conjugate, to generate a quenched state of 

FL-B2R.
114

 The fluorescence is enhanced (tuned on) in response to the antagonist ligand by the 

competitive exchange with the ligand-quencher conjugate (Figure 6b). Similarly, the GABAA 

receptor-based turn-on fluorescent biosensor was fabricated on live cells by using LDAI chemistry to 

introduce Oregon-green (OG) dye to GABAAR.
110

 To exclusively sense the orthosteric (GABA) site 

ligands and allosteric benzodiazepine site ligands, a pair of the corresponding labeling reagents and 

ligand-quencher conjugates was used (Figure 7). The fluorescence of the OG-labeled GABAAR was 

effectively quenched by the corresponding ligand-quencher conjugate, which was clearly visualized 

using confocal laser scanning microscopy. The quenched fluorescence was recovered by the addition 

of the appropriate ligand, such as GABA for the orthosteric site, or flumazenil for the allosteric 

benzodiazepine site, demonstrating that this system can specifically discriminate between orthosteric 

and allosteric ligands. The observed fluorescence recovery allowed for the determination of the 
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 14 

ligand affinity in live cells.  

   Interestingly, the BFQR-based GABAAR biosensor in live cells can be used for the 

high-throughput screening of a chemical library of pharmacologically active compounds 

(LOPAC1280) to discover novel ligands for the benzodiazepine site. The fluorescent imaging-based 

screening resulted in the identification of four candidate compounds, including flumazenil, 

isoliquiritigenin (ILTG), 4,4',4''-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT), and 

4,5,6,7-tetrabromo-2-azabenzimidazole (TBB). Although flumazenil and ILTG were already known 

to be ligands of GABAAR, there have been no previous reports that PPT and TBB can interact with 

GABAAR. A competitive radiolabeled ligand binding assay using [
3
H]flumazenil indicated that 

flumazenil and ILTG bind to the benzodiazepine sites, whereas PPT and TBB did not bind 

competitively to the benzodiazepine sites. An electrophysiological assay clearly showed that these 

compounds indeed bind to GABAAR allosterically at the non-benzodiazepine site, which structurally 

perturbed the benzodiazepine sites. These results highlight the great potential of biosensors 

constructed in situ as invaluable tools for drug discovery.   
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 15 

Figure 6. (a) One-step construction of turn-on fluorescent semisynthetic biosensors using Q-LDT 

reagents in test tubes and bacteria lysates. (b) AGD chemistry-mediated construction of B2R-based 

fluorescent biosensors on live cells using the BFQR mechanism. Adapted with permission from ref 

114. Copyright 2011 American Chemical Society. 
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Figure 7. In situ construction of GABAA receptor-based fluorescent biosensors for testing orthosteric 

GABA site ligands and allosteric benzodiazepine site ligands with LDAI chemistry. 

 

   The semisynthetic biosensors constructed using LD chemistry can be applied to the detection of 

not only protein-ligand binding, but also protein-protein interactions.
107

 It is well known that 

FK506-binding protein 12 (FKBP12) has an interaction with the FKBP-rapamycin-binding domain 

(FRB) mediated by rapamycin. To image the formation of this ternary complex, intracellular 

endogenous FKBP12 was selectively labeled with OG dye using LDT chemistry. The 

rapamycin-induced interaction of the OG-modified FKBP12 with the FP (DsRed)-tagged FRB in a 

single live cell could be monitored using an intermolecular FRET signal. This biosensor clarified the 

interaction between FKBP12 and FRB and could be completed within five minutes under cellular 

conditions. 
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 Inhibitor sensing using noncovalently bound protein/ligand-probe complexes  

   As an alternative to covalently modified proteins, in situ noncovalent protein labeling is available 

for the construction of protein-based biosensors. Ligand-probe conjugates are widely used to 

visualize specific subcellular localization and the concentrations of the corresponding proteins.
118–123

 

These conjugates enable the noncovalent attachment of a probe to a ligand-binding pocket in a target 

protein scaffold. If a signal coming from the probe can be reversibly altered by the presence of the 

target protein in a live cell, such ligand-probe conjugates can allow for not only protein detection 

(imaging), but also for the evaluation of the ligand-protein interaction process. In the case of 

targeting intracellular proteins without washing, a turn-on mechanism in response to the target 

protein is highly desirable to reduce background noise. 

   Although conventional ligand-probe conjugates generally cannot change their fluorescence after 

binding with a target protein, it was reported that some of the ligand-probe conjugates with 

self-assembling properties may generate a turn-on signal in response to a target protein. For instance, 

the monomeric state of the conjugate may exhibit strong fluorescence, while the fluorescence is 

significantly quenched upon the self-assembly. Or, the reverse may occur, as with 

aggregation-induced emission (AIE) probes.
124–127

 Therefore, it is expected that supramolecular 

assemblies that can be selectively collapsed by protein/ligand recognition even in live cells may 

become a promising system for the turn-on detection of target proteins with low background noise. 

In a pioneering work, Hamachi’s group developed a disassembly-driven turn-on protein detection 

system using ligand-probe conjugates. Using elaborated designed ligand-probe conjugates, whose 

assembly-disassembly properties can be reversibly controlled upon protein recognition, they carried 

out the construction of noncovalent biosensors (Figure 8a). These were composed of a ligand-probe 

conjugate and folate receptor (FR), carbonic anhydrases (CAs), or heat shock protein 90 (hsp90), and 

used in vitro, or even in living cells.
128, 129

 Moreover, they demonstrated that such noncovalent 

biosensors were useful for assaying inhibitors of these proteins, due to the reversibility of the 

self-assembled and disassembled state. As a representative example, the ligand-probe conjugate for 

Hsp90 consists of PU-H71 as the Hsp90 ligand and tetramethylrhodamine (TMR) as the detection 

module (Figure 8b), the fluorescent properties of which are significantly different between the 

monomeric and assembled states, with the latter being quenched ten-fold (Figure 8c, d). When the 

PU-H71-TMR conjugate was used in SKBR3 cells endogenously expressing Hsp90, a strong TMR 

fluorescent signal was detected in the cytosol region due to conjugate-Hsp90 complexation. The 

fluorescent intensity inside the cells substantially decreased upon the addition of PU-H71 or other 

Hsp90 inhibitors (Figure 8e), suggesting that the PU-H71-TMR conjugate was expelled from the 

ligand-binding site of the Hsp90, and then reformed into less fluorescent supramolecular assemblies. 

Such a fluorescence change induced by the recognition-driven assembly or disassembly yielded IC50 
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values for the Hsp90 ligands for the first time. 

Figure 8. (a) Schematic illustration of inhibitor sensing by noncovalently bound protein/ligand-probe 

complexes in live cells. (b) Molecular structure of PU-H71–tetramethylrhodamine (TMR) conjugate 

for noncovalently labeling intracellular Hsp90. (c) Fluorescence spectra change for PU-H71–TMR 
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(10 μM) upon the addition of the ligand binding domain of Hsp90 (Hsp90-N) (0−20 μM) (λex = 480 

nm) in 50 mM HEPES buffer. (d) Photographs of PU-H71–TMR (10 μM) in the absence or presence 

of HSP90-N (20 μM, left and middle, respectively), and after the addition of PU-H71 (100 μM) to 

the solution of PU-H71–TMR and HSP90-N (right). Adapted with permission from ref 129. 

Copyright 2014 American Chemical Society. (e) Confocal images of cells treated with PU-H71–

TMR in the absence or presence of Hsp90 inhibitor (PU-H71, left and right, respectively). Adapted 

with permission from ref 129. Copyright 2014 American Chemical Society. 

 

 Conclusion and perspective 

Here, we briefly described semisynthetic biosensors constructed in situ, which allow for the 

visualization of multiple classes of biomolecules and drugs in living cells and the development of 

new therapeutics and diagnostics. The unique sensing mechanisms and the availability of diverse 

semisynthetic probes provide an invaluable platform to study cellular phenomena that cannot be 

investigated by conventional biological tools. One of the important challenges for chemistry-based 

biosensors is their transition for use in non-cultured cells and in vivo, beyond the cultured cells. 

Although some pioneering studies have achieved chemical protein modification in tissues and living 

animals,
101, 111, 130–134

 there are still many problems involving stabilities, toxicities, unspecific binding 

to non-target proteins and tissue distributions of chemical probes, as well as labeling specificities and 

efficiencies. Thus, future work in this field will likely focus on the further development of new 

protein chemical labeling technologies applicable to more complicated biological environments and 

the improvement of ADME (absorption, distribution, metabolism and excretion) properties of 

synthetic molecules to realize the in vivo construction of semisynthetic biosensors. We envision that 

such research will facilitate an understanding of complex biological systems, and contribute to new 

insights regarding the in situ behavior of biomolecules in detail. 
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and pharmacology. The abbreviation for absorption, distribution, metabolism and excretion. 

 

 Reference 

(1) Okumoto, S.; Jones, A.; Frommer, W. B. Quantitative Imaging with Fluorescent Biosensors. Annu. 

Rev. Plant Biol. 2012, 63, 663–706. 

(2) Tainaka, K.; Sakaguchi, R.; Hayashi, H.; Nakano, S.; Liew, F.; Morii, T. Design Strategies of 

Fluorescent Biosensors Based on Biological Macromolecular Receptors. Sensors 2010, 10, 1355–

1376. 

(3) Newman, R. H.; Fosbrink, M. D.; Zhang, J. Genetically Encodable Fluorescent Biosensors for 

Tracking Signaling Dynamics in Living Cells. Chem. Rev. 2011, 111, 3614–3666. 

(4) Ozawa, T.; Yoshimura, H.; Kim, S. B. Advances in Fluorescence and Bioluminescence 

Imaging. Anal. Chem. 2013, 85, 590–609. 

(5) Frommer, W. B.; Davidson, M. W.; Campbell, R. E. Genetically Encoded Biosensors Based on 

Engineered Fluorescent Proteins. Chem. Soc. Rev. 2009, 38, 2833–2841. 

(6) Wang, H.; Nakata, E.; Hamachi, I. Recent Progress in Strategies for the Creation of Protein‐Based 

Fluorescent Biosensors. Chembiochem 2009, 10, 2560–2577. 

(7) Tamura, T.; Hamachi, I. Recent Progress in Design of Protein-Based Fluorescent Biosensors and 

Their Cellular Applications. ACS Chem. Biol. 2014, 9, 2708–2717. 

(8) Carter, K. P.; Young, A. M.; Palmer, A. E. Fluorescent Sensors for Measuring Metal Ions in 

Living Systems. Chem. Rev. 2014, 114, 4564–4601. 

(9) Miyawaki, A.; Llopis, J.; Heim, R.; McCaffery, J. M.; Adams, J. A.; Ikura, M.; Tsien, R. Y. 

Page 20 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 21 

Fluorescent Indicators for Ca
2+ 

based on Green Fluorescent Proteins and 

Calmodulin. Nature 1997, 388, 882–887. 

(10) Miesenböck, G.; De Angelis, D. A.; Rothman, J. E. Visualizing Secretion and Synaptic 

Transmission with pH-Sensitive Green Fluorescent Proteins. Nature 1998, 394, 192–195. 

(11) Vinkenborg, J. L.; Nicolson, T. J.; Bellomo, E. A.; Koay, M. S.; Rutter, G. A.; Merkx, M. 

Genetically Encoded FRET Sensors to Monitor Intracellular Zn
2+

 Homeostasis. Nat. 

Methods 2009, 6, 737–740. 

(12) Qin, Y.; Dittmer, P. J.; Park, J. G.; Jansen, K. B.; Palmer, A. E. Measuring Steady-State and 

Dynamic Endoplasmic Reticulum and Golgi Zn
2+

 with Genetically Encoded Sensors. Proc. Natl. 

Acad. Sci. U. S. A. 2011, 108, 7351–7356. 

(13) Park, G.; Qin, Y.; Galati, D.; Palmer, A. New Sensors for Quantitative Measurement of 

Mitochondrial Zn
2+

. ACS Chem. Biol. 2012, 7, 1636–1640. 

(14) Ding, Y.; Li, J.; Enterina, J. R.; Shen, Y.; Zhang, I.; Tewson, P. H.; Mo, G. C. H.; Zhang, J.; 

Quinn, A. M.; Hughes, T. E.; Maysinger, D.; Alford, S. C.; Zhang, Y.; Campbell, R. E.  Ratiometric 

Biosensors Based on Dimerization-Dependent Fluorescent Protein Exchange. Nat. Methods 2015, 12, 

195–198. 

(15) Schena, A.; Griss, R.; Johnsson, K. Modulating Protein Activity Using Tethered Ligands with 

Mutually Exclusive Binding Sites. Nat. Commun. 2015, 6, 7830. 

(16) Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.; Li, J. J.; Sundaresan, G.; Wu, 

A. M.; Gambhir, S. S.; Weiss, S. Quantum Dots for Live Cells, in Vivo Imaging, and 

Diagnostics. Science 2005, 307, 538–544. 

(17) Ahrens, E. T.; Flores, R.; Xu, H.; Morel, P. A. In Vivo Imaging Platform for Tracking 

Immunotherapeutic Cells. Nat. Biotechnol. 2005, 23, 983–987. 

(18) Louie, A. Y.; Hüber, M. M.; Ahrens, E. T.; Rothbächer, U.; Moats, R.; Jacobs, R. E.; Fraser, S. 

E.; Meade, T. J. In Vivo Visualization of Gene Expression Using Magnetic Resonance Imaging. Nat. 

Biotechnol. 2000, 18, 321–325. 

(19) Yu, J.-X.; Hallac, R. R.; Chiguru, S.; Mason, R. P. New Frontiers and Developing Applications 

in 
19

F NMR. Prog. Nucl. Magn. Reson. Spectrosc. 2013, 70, 25–49. 

(20) Xue, L.; Karpenko, I. A.; Hiblot, J.; Johnsson, K. Imaging and Manipulating Proteins in Live 

Cells through Covalent Labeling. Nat. Chem. Biol. 2015, 11, 917–923. 

(21) Amaike, K.; Tamura, T.; Hamachi, I. Recognition-Driven Chemical Labeling of Endogenous 

Proteins in Multi-Molecular Crowding in Live Cells. Chem. Commun. 2017, 53, 11972–11983. 

(22) Hayashi, T.; Hamachi, I. Traceless Affinity Labeling of Endogenous Proteins for Functional 

Analysis in Living Cells. Acc. Chem. Res. 2012, 45, 1460–1469. 

(23) Dwyer, M. A.; Hellinga, H. W. Periplasmic Binding Proteins: A Versatile Superfamily for 

Page 21 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 22 

Protein Engineering. Curr. Opin. Struct. Biol. 2004, 14, 495–504. 

(24) González-Vera, J. A.; Morris, M. C. Fluorescent Reporters and Biosensors for Probing the 

Dynamic Behavior of Protein Kinases. Proteomes 2015, 3, 369–410. 

(25) Takikawa, K.; Asanuma, D.; Namiki, S.; Sakamoto, H.; Ariyoshi, T.; Kimpara, N.; Hirose, K. 

High-Throughput Development of a Hybrid-Type Fluorescent Glutamate Sensor for Analysis of 

Synaptic Transmission. Angew. Chem. Int. Ed. 2014, 53, 13439–13443. 

(26) Mayer-Wrangowski, S. C.; Rauh, D. Monitoring Ligand-Induced Conformational Changes for 

the Identification of Estrogen Receptor Agonists and Antagonists. Angew. Chem. Int. Ed. 2015, 54, 

4379–4382. 

(27) Miller, D. S.; Lau, Y. T.; Horowitz, S. B. Artifacts Caused by Cell Microinjection. Proc. Natl. 

Acad. Sci. U. S. A. 1984, 81, 1426–1430. 

(28) Heim, R.; Prasher, D. C.; Tsien, R. Y. Wavelength Mutations and Posttranslational Autoxidation 

of Green Fluorescent Protein. Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 12501–12504. 

(29) Guidotti, G.; Brambilla, L.; Rossi, D. Cell-Penetrating Peptides: From Basic Research to Clinics. 

Trends Pharmacol. Sci. 2017, 38, 406-424. 

(30) Nalbant, P.; Hodgson, L.; Kraynov, V.; Toutchkine, A.; Hahn, K. M. Activation of Endogenous 

Cdc42 Visualized in Living Cells. Science 2004, 305, 1615–1619. 

(31) Gulyani, A.; Vitriol, E.; Allen, R.; Wu, J.; Gremyachinskiy, D.; Lewis, S.; Dewar, B.; Graves, L. 

M.; Kay, B. K.; Kuhlman, B.; Elston, T.; Hahn, K. M.  A Biosensor Generated via High-Throughput 

Screening Quantifies Cell Edge Src Dynamics. Nat. Chem. Biol. 2011, 7, 437–444. 

(32) Sugimoto, K.; Nishida, M.; Otsuka, M.; Makino, K.; Ohkubo, K.; Mori, Y.; Morii, T. Novel 

Real-Time Sensors to Quantitatively Assess In Vivo Inositil 1,4,5-Trisphosphate Production in Intact 

Cells. Chem. Biol. 2004, 11, 475-485. 

(33) Sletten, E. M.; Bertozzi, C. R. Bioorthogonal Chemistry: Fishing for Selectivity in a Sea of 

Functionality. Angew. Chem. Int. Ed. 2009, 48, 6974–6998. 

(34) Spicer, C. D.; Davis, B. G. Selective Chemical Protein Modification. Nat. Commun. 2014, 5, 

4740. 

(35) Lang, K.; Chin, J. W. Cellular Incorporation of Unnatural Amino Acids and Bioorthogonal 

Labeling of Proteins. Chem. Rev. 2014, 114, 4764–4806. 

(36) Rabuka, D. Chemoenzymatic Methods for Site-Specific Protein Modification. Curr. Opin. Chem. 

Biol. 2010, 14, 790–796. 

(37) Ramil, C. P.; Lin, Q. Bioorthogonal Chemistry: Strategies and Recent Developments. Chem. 

Commun. 2013, 49, 11007–11022. 

(38) O’Hare, H. M.; Johnsson, K.; Gautier, A. Chemical Probes Shed Light on Protein Function. Curr. 

Opin. Struc. Biol. 2007, 17, 488–494. 

Page 22 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 23 

(39) Takaoka, Y.; Ojida, A.; Hamachi, I. Protein Organic Chemistry and Applications for Labeling 

and Engineering in Live‐Cell Systems. Angew. Chem. Int. Ed. 2013, 52, 4088–4106. 

(40) Schneider, A. F. L.; Hackenberger, C. P. R. Fluorescent Labelling in Living Cells. Curr. Opin. 

Biotechnol. 2017, 48, 61–68. 

(41) Zhang, J.; Campbell, R. E.; Ting, A. Y.; Tsien, R. Y. Creating New Fluorescent Probes for Cell 

Biology. Nat. Rev. Mol. Cell. Biol. 2002, 3, 906-918. 

(42) Hochreiter, B.; Garcia, A. P.; Schmid, J. A. Fluorescent Proteins as Genetically Encoded FRET 

Biosensors in Life Sciences. Sensors 2015, 15, 26281–26314. 

(43) Ackerman, C. M.; Lee, S.; Chang, C. J. Analytical Methods for Imaging Metals in Biology: 

From Transition Metal Metabolism to Transition Metal Signaling. Anal. Chem. 2017, 89, 22–41. 

(44) Wu, D.; Sedgwick, A. C.; Gunnlaugsson, T.; Akkaya, E. U.; Yoon, J.; James, T. D. Fluorescent 

Chemosensors: The Past, Present and Future. Chem. Soc. Rev. 2017, 46, 7105–7123. 

(45) Chen, X.; Pradhan, T.; Wang, F.; Kim, J. S.; Yoon, J. Fluorescent Chemosensors Based on 

Spiroring-Opening of Xanthenes and Related Derivatives. Chem. Rev. 2012, 112, 1910–1956. 

(46) Domaille, D. W.; Que, E. L.; Chang, C. J. Synthetic Fluorescent Sensors for Studying the Cell 

Biology of Metals. Nat. Chem. Biol. 2008, 4, 168–175. 

(47) Fernández-Suárez, M.; Ting, A. Y. Fluorescent Probes for Super-Resolution Imaging in Living 

Cells. Nat. Rev. Mol. Cell. Biol. 2008, 9, 929–943. 

(48) Kolanowski, J. L.; Liu, F.; New, E. J. Fluorescent Probes for the Simultaneous Detection of 

Multiple Analytes in Biology. Chem. Soc. Rev. 2018, 47, 195–208. 

(49) Hirayama, T.; Okuda, K.; Nagasawa, H. A Highly Selective Turn-on Fluorescent Probe for 

Iron(II) to Visualize Labile Iron in Living Cells. Chem. Sci. 2012, 4, 1250–1256. 

(50) Walkup, G. K.; Burdette, S. C.; Lippard, S. J.; Tsien, R. Y. A New Cell-Permeable Fluorescent 

Probe for Zn
2+

. J. Am. Chem. Soc. 2000, 122, 5644–5645. 

(51) Yang, L.; McRae, R.; Henary, M. M.; Patel, R.; Lai, B.; Vogt, S.; Fahrni, C. J. Imaging of the 

Intracellular Topography of Copper with a Fluorescent Sensor and by Synchrotron X-Ray 

Fluorescence Microscopy. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 11179–11184. 

(52) Aron, A. T.; Loehr, M. O.; Bogena, J.; Chang, C. J. An Endoperoxide Reactivity-Based FRET 

Probe for Ratiometric Fluorescence Imaging of Labile Iron Pools in Living Cells. J. Am. Chem. 

Soc. 2016, 138, 14338–14346. 

(53) Lou, X.; Qiang, L.; Qin, J.; Li, Z. A New Rhodamine-Based Colorimetric Cyanide 

Chemosensor: Convenient Detecting Procedure and High Sensitivity and Selectivity. ACS Appl. 

Mater. Interfaces 2009, 1, 2529–2535. 

(54) Lohani, C. R.; Kim, J.-M.; Chung, S.-Y.; Yoon, J.; Lee, K.-H. Colorimetric and Fluorescent 

Sensing of Pyrophosphate in 100% Aqueous Solution by a System Comprised of Rhodamine B 

Page 23 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 24 

Compound and Al
3+

 Complex. Analyst 2010, 135, 2079–2084. 

(55) Ke, C.; Destecroix, H.; Crump, M. P.; Davis, A. P. A Simple and Accessible Synthetic Lectin for 

Glucose Recognition and Sensing. Nat. Chem. 2012, 4, 718–723. 

(56) Xing, Z.; Wang, H. C.; Cheng, Y.; Zhu, C.; James, T. D.; Zhao, J. Selective Saccharide 

Recognition Using Modular Diboronic Acid Fluorescent Sensors. Eur. J. Org. Chem. 2012, 1223–

1229. 

(57) Best, Q. A.; Xu, R.; McCarroll, M. E.; Wang, L.; Dyer, D. J. Design and Investigation of a 

Series of Rhodamine-Based Fluorescent Probes for Optical Measurements of pH. Org. 

Lett.  2010, 12, 3219–3221. 

(58) Zhang, W.; Tang, B.; Liu, X.; Liu, Y.; Xu, K.; Ma, J.; Tong, L.; Yang, G. A Highly Sensitive 

Acidic pH Fluorescent Probe and Its Application to HepG2 Cells. Analyst 2009, 134, 367–371. 

(59) Kenmoku, S.; Urano, Y.; Kojima, H.; Nagano, T. Development of a Highly Specific 

Rhodamine-Based Fluorescence Probe for Hypochlorous Acid and Its Application to Real-Time 

Imaging of Phagocytosis. J. Am. Chem. Soc. 2007, 129, 7313–7318. 

(60) Zheng, H.; Shang, G.-Q.; Yang, S.-Y.; Gao, X.; Xu, J.-G. Fluorogenic and Chromogenic 

Rhodamine Spirolactam Based Probe for Nitric Oxide by Spiro Ring Opening Reaction. Org. 

Lett. 2008, 10, 2357–2360. 

(61) Chang, M. C. Y.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. A Selective, Cell-Permeable Optical 

Probe for Hydrogen Peroxide in Living Cells. J. Am. Chem. Soc. 2004, 126, 15392–15393. 

(62) Maeda, H.; Yamamoto, K.; Nomura, Y.; Kohno, I.; Hafsi, L.; Ueda, N.; Yoshida, S.; Fukuda, M.; 

Fukuyasu, Y.; Yamauchi, Y.; Itoh, N. A Design of Fluorescent Probes for Superoxide Based on a 

Nonredox Mechanism. J. Am. Chem. Soc. 2005, 127, 68–69. 

(63) Dickinson, B. C.; Chang, C. J. A Targetable Fluorescent Probe for Imaging Hydrogen Peroxide 

in the Mitochondria of Living Cells. J. Am. Chem. Soc. 2008, 130, 9638–9639. 

(64) Dodani, S. C.; Leary, S. C.; Cobine, P. A.; Winge, D. R.; Chang, C. J. A Targetable Fluorescent 

Sensor Reveals That Copper-Deficient SCO1 and SCO2 Patient Cells Prioritize Mitochondrial 

Copper Homeostasis. J. Am. Chem. Soc. 2011, 133, 8606–8616. 

(65) Masanta, G.; Lim, C. S.; Kim, H. J.; Han, J. H.; Kim, H. M.; Cho, B. R. A 

Mitochondrial-Targeted Two-Photon Probe for Zinc Ion. J. Am. Chem. Soc. 2011, 133, 5698–5700. 

(66) Li, L.; Ge, J.; Wu, H.; Xu, Q.-H.; Yao, S. Q. Organelle-Specific Detection of Phosphatase 

Activities with Two-Photon Fluorogenic Probes in Cells and Tissues. J. Am. Chem. Soc. 2012, 134, 

12157–12167. 

(67) Kurishita, Y.; Kohira, T.; Ojida, A.; Hamachi, I. Organelle-Localizable Fluorescent 

Chemosensors for Site-Specific Multicolor Imaging of Nucleoside Polyphosphate Dynamics in 

Living Cells. J. Am. Chem. Soc. 2012, 134, 18779–89. 

Page 24 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 25 

(68) Lee, M. H.; Park, N.; Yi, C.; Han, J. H.; Hong, J. H.; Kim, K. P.; Kang, D. H.; Sessler, J. L.; 

Kang, C.; Kim, J. S. Mitochondria-Immobilized pH-Sensitive Off–On Fluorescent Probe. J. Am. 

Chem. Soc. 2014, 136, 14136–14142. 

(69) Yuan, L.; Wang, L.; Agrawalla, B. K.; Park, S.-J.; Zhu, H.; Sivaraman, B.; Peng, J.; Xu, Q.-H.; 

Chang, Y.-T. Development of Targetable Two-Photon Fluorescent Probes to Image Hypochlorous 

Acid in Mitochondria and Lysosome in Live Cell and Inflamed Mouse Model. J. Am. Chem. Soc. 

137, 5930–5938. 

(70) Zhu, H.; Fan, J.; Du, J.; Peng, X. Fluorescent Probes for Sensing and Imaging within Specific 

Cellular Organelles. Acc. Chem. Res. 2016, 49, 2115–2126. 

(71) Xu, W.; Zeng, Z.; Jiang, J.-H.; Chang, Y.-T.; Yuan, L. Discerning the Chemistry in Individual 

Organelles with Small‐Molecule Fluorescent Probes. Angew. Chem. Int. Ed. 2016, 55, 13658–13699. 

(72) Gaietta, G.; Deerinck, T. J.; Adams, S. R.; Bouwer, J.; Tour, O.; Laird, D. W.; Sosinsky, G. E.; 

Tsien, R. Y.; Ellisman, M. H. Multicolor and Electron Microscopic Imaging of Connexin 

Trafficking. Science 2002, 296, 503–507. 

(73) Griffin, B. A.; Adams, S. R.; Tsien, R. Y. Specific Covalent Labeling of Recombinant Protein 

Molecules Inside Live Cells. Science 1998, 281, 269–272. 

(74) Martin, B. R.; Giepmans, B. N. G.; Adams, S. R.; Tsien, R. Y. Mammalian Cell–based 

Optimization of the Biarsenical-Binding Tetracysteine Motif for Improved Fluorescence and 

Affinity. Nat. Biotechnol. 2005, 23, 1308–1314. 

(75) Adams, S. R.; Campbell, R. E.; Gross, L. A.; Martin, B. R.; Walkup, G. K.; Yao, Y.; Llopis, J.; 

Tsien, R. Y. New Biarsenical Ligands and Tetracysteine Motifs for Protein Labeling in Vitro and in 

Vivo: Synthesis and Biological Applications. J. Am. Chem. Soc. 2002, 124, 6063–6076. 

(76) Lotze, J.; Reinhardt, U.; Seitz, O.; Beck-Sickinger, A. G. Peptide-Tags for Site-Specific Protein 

Labelling in vitro and in vivo. Mol. Biosyst. 2016, 12, 1731–1745. 

(77) Gautier, A.; Juillerat, A.; Heinis, C.; Corrêa, I. R.; Kindermann, M.; Beaufils, F.; Johnsson, K. 

An Engineered Protein Tag for Multiprotein Labeling in Living Cells. Chem. Biol. 2008, 15, 128–

136. 

(78) Keppler, A.; Gendreizig, S.; Gronemeyer, T.; Pick, H.; Vogel, H.; Johnsson, K. A General 

Method for the Covalent Labeling of Fusion Proteins with Small Molecules in Vivo. Nat. 

Biotechnol. 2003, 21, 86–89. 

(79) Keppler, A.; Pick, H.; Arrivoli, C.; Vogel, H.; Johnsson, K. Labeling of Fusion Proteins with 

Synthetic Fluorophores in Live Cells. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 9955–9959. 

(80) Los, G. V.; Encell, L. P.; McDougall, M. G.; Hartzell, D. D.; Karassina, N.; Zimprich, C.; Wood, 

M. G.; Learish, R.; Ohana, R. F.; Urh, M.; Simpson, D.; Mendez, J.; Zimmerman, K.; Otto, P.; 

Vidugiris, G.; Zhu, J.; Darzins, A.; Klaubert, D. H.; Billeit, R. F.; Wood, K. V. HaloTag: A Novel 

Page 25 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 26 

Protein Labeling Technology for Cell Imaging and Protein Analysis. ACS Chem. Biol. 2008, 3, 373–

382. 

(81) Jing, C.; Cornish, V. W. Chemical Tags for Labeling Proteins Inside Living Cells. Acc. Chem. 

Res. 2011, 44, 784–792. 

(82) Tour, O.; Adams, S. R.; Kerr, R. A.; Meijer, R. M.; Sejnowski, T. J.; Tsien, R. W.; Tsien, R. Y. 

Calcium Green FlAsH as a Genetically Targeted Small-Molecule Calcium Indicator. Nat. Chem. Biol. 

2007, 3, 423–431. 

(83) Tomat, E.; Nolan, E. M.; Jaworski, J.; Lippard, S. J. Organelle-Specific Zinc Detection Using 

Zinpyr-Labeled Fusion Proteins in Live Cells. J. Am. Chem. Soc. 2008, 130, 15776–15777. 

(84) Bannwarth, M.; Correa, I. R.; Sztretye, M.; Pouvreau, S.; Fellay, C.; Aebischer, A.; Royer, L.; 

Rios, E.; Johnsson, K. Indo-1 Derivatives for Local Calcium Sensing. ACS Chem. Biol. 2009, 4, 

179–190. 

(85) Hirata, T.; Terai, T.; Yamamura, H.; Shimonishi, M.; Komatsu, T.; Hanaoka, K.; Ueno, T.; 

Imaizumi, Y.; Nagano, T.; Urano, Y. Protein-Coupled Fluorescent Probe To Visualize Potassium Ion 

Transition on Cellular Membranes. Anal. Chem. 2016, 88, 2693–2700. 

(86) Srikun, D.; Albers, A. E.; Nam, C. I.; Iavarone, A. T.; Chang, C. J. Organelle-Targetable 

Fluorescent Probes for Imaging Hydrogen Peroxide in Living Cells via SNAP-Tag Protein 

Labeling. J. Am. Chem. Soc. 2010, 132, 4455–4465. 

(87) Abo, M.; Minakami, R.; Miyano, K.; Kamiya, M.; Nagano, T.; Urano, Y.; Sumimoto, H. 

Visualization of Phagosomal Hydrogen Peroxide Production by a Novel Fluorescent Probe That Is 

Localized via SNAP-Tag Labeling. Anal. Chem. 2014, 86, 5983–5990. 

(88) Wang, C.; Song, X.; Han, Z.; Li, X.; Xu, Y.; Xiao, Y. Monitoring Nitric Oxide in Subcellular 

Compartments by Hybrid Probe Based on Rhodamine Spirolactam and SNAP-Tag. ACS Chem. 

Biol. 2016, 11, 2033–2040. 

(89) Montoya, L. A.; Pluth, M. D. Organelle-Targeted H2S Probes Enable Visualization of the 

Subcellular Distribution of H2S Donors. Anal. Chem. 2016, 88, 5769–5774. 

(90) Bolbat, A.; Schultz, C. Recent Developments of Genetically Encoded Optical Sensors for Cell 

Biology. Biol. Cell 2017, 109, 1–23. 

(91) Griss, R.; Schena A.; Reymond, L.; Patiny, L; Werner, D.; Tinberg, C. E.; Baker, D.; Johnsson, 

K. Bioluminescent sensor proteins for point-of-care therapeutic drug monitoring. Nat. Chem. 

Biol. 2014, 10, 598–603. 

(92) Xue, L.; Yu, Q.; Griss, R.; Schena, A.; Johnsson, K. Bioluminescent Antibodies for 

Point-of-Care Diagnostics. Angew. Chem. Int. Ed. 2017, 56, 7112–7116. 

(93) Brun, M. A.; Tan, K.-T.; Nakata, E.; Hinner, M. J.; Johnsson, K. Semisynthetic Fluorescent 

Sensor Proteins Based on Self-Labeling Protein Tags. J. Am. Chem. Soc. 2009, 131, 5873–5884. 

Page 26 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 27 

(94) Brun, M. A.; Griss, R.; Reymond, L.; Tan, K.-T.; Piguet, J.; Peters, R. J.R.W.; Vogel, H.; 

Johnsson, K. Semisynthesis of Fluorescent Metabolite Sensors on Cell Surfaces. J. Am. Chem. 

Soc. 2011, 133, 16235–16242. 

(95) Brun, M. A.; Tan, K.-T.; Griss, R.; Kielkowska, A.; Reymond, L.; Johnsson, K. A Semisynthetic 

Fluorescent Sensor Protein for Glutamate. J. Am. Chem. Soc. 2012, 134, 7676–7678. 

(96) Masharina, A.; Reymond, L.; Maurel, D.; Umezawa, K.; Johnsson, K. A Fluorescent Sensor for 

GABA and Synthetic GABAB Receptor Ligands. J. Am. Chem. Soc. 2012, 134, 19026–19034. 

(97) Schena, A.; Johnsson, K. Sensing Acetylcholine and Anticholinesterase Compounds. Angew. 

Chem. Int. Ed. 2014, 53, 1302–1305. 

(98) Xue, L.; Prifti, E.; Johnsson, K. A General Strategy for the Semisynthesis of Ratiometric 

Fluorescent Sensor Proteins with Increased Dynamic Range. J. Am. Chem. Soc. 2016, 138, 5258–

5261. 

(99) Lin, Q.; Lim, R. K. V. Traceless Native Protein Labeling in Mice. Nat. Chem. Biol. 2009, 5, 

275–276. 

(100) Gong, Y.; Pan, L. Recent Advances in Bioorthogonal reactions for site-specific protein labeling 

and engineering. Tetrahedron Lett. 2015, 56, 2123-2132. 

(101) Tsukiji, S.; Miyagawa, M.; Takaoka, Y.; Tamura, T.; Hamachi, I. Ligand-Directed Tosyl 

Chemistry for Protein Labeling in Vivo. Nat. Chem. Biol. 2009, 5, 341–343. 

(102) Tamura, T.; Tsukiji, S.; Hamachi, I. Native FKBP12 Engineering by Ligand-Directed Tosyl 

Chemistry: Labeling Properties and Application to Photo-Cross-Linking of Protein Complexes in 

Vitro and in Living Cells. J. Am. Chem. Soc. 2012, 134, 2216–2226. 

(103) Yamaura, K.; Kuwata, K.; Tamura, T.; Kioi, Y.; Takaoka, Y.; Kiyonaka, S.; Hamachi, I. Live 

Cell off-Target Identification of Lapatinib Using Ligand-Directed Tosyl Chemistry. Chem. Commun. 

2014, 50, 14097–14100. 

(104) Tsukiji, S.; Wang, H.; Miyagawa, M.; Tamura, T.; Takaoka, Y.; Hamachi, I. Quenched 

Ligand-Directed Tosylate Reagents for One-Step Construction of Turn-on Fluorescent Biosensors. J. 

Am. Chem. Soc. 2009, 131, 9046–9054. 

(105) Takaoka, Y.; Sun, Y.; Tsukiji, S.; Hamachi, I. Mechanisms of Chemical Protein 
19

F-Labeling 

and NMR-Based Biosensor Construction in Vitro and in Cells Using Self-Assembling Ligand 

-Directed Tosylate Compounds. Chem. Sci. 2011, 2, 511–520. 

(106) Takaoka, Y.; Kioi, Y.; Morito, A.; Otani, J.; Arita, K.; Ashihara, E.; Ariyoshi, M.; Tochio, H.; 

Shirakawa, M.; Hamachi, I. Quantitative Comparison of Protein Dynamics in Live Cells and in Vitro 

by in-Cell 
19

F-NMR. Chem. Commun. 2013, 49, 2801–2803. 

(107) Tamura, T.; Kioi, Y.; Miki, T.; Tsukiji, S.; Hamachi, I. Fluorophore Labeling of Native FKBP12 

by Ligand-Directed Tosyl Chemistry Allows Detection of Its Molecular Interactions in Vitro and in 

Page 27 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 28 

Living Cells. J. Am. Chem. Soc. 2013, 135, 6782–6785. 

(108) Fujishima, S.; Yasui, R.; Miki, T.; Ojida, A.; Hamachi, I. Ligand-Directed Acyl Imidazole 

Chemistry for Labeling of Membrane-Bound Proteins on Live Cells. J. Am. Chem. Soc. 2012, 134, 

3961–3964. 

(109) Miki, T.; Fujishima, S.; Komatsu, K.; Kuwata, K.; Kiyonaka, S.; Hamachi, I. LDAI-Based 

Chemical Labeling of Intact Membrane Proteins and Its Pulse-Chase Analysis under Live Cell 

Conditions. Chem. Biol. 2014, 21, 1013-1022. 

(110) Yamaura, K.; Kiyonaka, S.; Numata, T.; Inoue, R.; Hamachi, I. Discovery of Allosteric 

Modulators for GABAA Receptors by Ligand-Directed Chemistry. Nat. Chem. Biol. 2016, 12, 822–

830. 

(111) Wakayama, S.; Kiyonaka, S.; Arai, I.; Kakegawa, W.; Matsuda, S.; Ibata, K.; Nemoto, Y. L.; 

Kusumi, A.; Yuzaki, M.; Hamachi, I. Chemical Labelling for Visualizing Native AMPA Receptors in 

Live Neurons. Nat. Commun. 2017, 8, 14850. 

(112) Takaoka, Y.; Nishikawa, Y.; Hashimoto, Y.; Sasaki, K.; Hamachi, I. Ligand-Directed 

Dibromophenyl Benzoate Chemistry for Rapid and Selective Acylation of Intracellular Natural 

Proteins. Chem. Sci. 2015, 6, 3217–3224. 

(113) Koshi, Y.; Nakata, E.; Miyagawa, M.; Tsukiji, S.; Ogawa, T.; Hamachi, I. Target-Specific 

Chemical Acylation of Lectins by Ligand-Tethered DMAP Catalysts. J. Am. Chem. Soc. 2008, 130, 

245–251. 

(114) Wang, H.; Koshi, Y.; Minato, D.; Nonaka, H.; Kiyonaka, S.; Mori, Y.; Tsukiji, S.; Hamachi, I. 

Chemical Cell-Surface Receptor Engineering Using Affinity-Guided, Multivalent Organocatalysts. J. 

Am. Chem. Soc. 2011, 133, 12220–12228. 

(115) Hayashi, T.; Sun, Y.; Tamura, T.; Kuwata, K.; Song, Z.; Takaoka, Y.; Hamachi, I. Semisynthetic 

Lectin–4-Dimethylaminopyridine Conjugates for Labeling and Profiling Glycoproteins on Live Cell 

Surfaces. J. Am. Chem. Soc. 2013, 135, 12252–12258. 

(116) Yasueda, Y.; Tamura, T.; Kuwata, K.; Takaoka, Y.; Hamachi, I. Biomembrane-Embedded 

Catalysts for Membrane-Associated Protein Labeling on Red Blood Cells. Chem. Lett. 2015, 44, 

1673–1675. 

(117) Hayashi, T.; Yasueda, Y.; Tamura, T.; Takaoka, Y.; Hamachi, I. Analysis of Cell-Surface 

Receptor Dynamics through Covalent Labeling by Catalyst-Tethered Antibody. J. Am. Chem. 

Soc. 2015, 137, 5372–5380. 

(118) Kubota, R.; Hamachi, I. Protein Recognition Using Synthetic Small-Molecular Binders Toward 

Optical Protein Sensing in Vitro and in Live Cells. Chem. Soc. Rev. 2015, 44, 4454–4471. 

(119) Karpenko, I. A.; Kreder, R.; Valencia, C.; Villa, P.; Mendre, C.; Mouillac, B.; Mély, Y.; Hibert, 

M.; Bonnet, D.; Klymchenko, A. S. Red Fluorescent Turn-On Ligands for Imaging and Quantifying 

Page 28 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 29 

G Protein-Coupled Receptors in Living Cells. ChemBioChem. 2014, 15, 359–363. 

(120) Karpenko, I. A.; Collot, M.; Richert, L.; Valencia, C.; Villa, P.; Mély, Y.; Hibert, M.; Bonnet, 

D.; Klymchenko, A. S. Fluorogenic Squaraine Dimers with Polarity-Sensitive Folding As Bright 

Far-Red Probes for Background-Free Bioimaging. J. Am. Chem. Soc. 2015, 137, 405–412. 

(121) Unger-Angel, L.; Rout, B.; Ilani, T.; Eisenstein, M.; Motiei, L.; Margulies, D. Protein 

Recognition by Bivalent, 'Turn-On' Fluorescent Molecular Probes. Chem. Sci. 2015, 6, 5419–5425. 

(122) Zhang, H.; Fan, J.; Wang, J.; Zhang, S.; Dou, B.; Peng, X. An Off–On COX-2-Specific 

Fluorescent Probe: Targeting the Golgi Apparatus of Cancer Cells. J. Am. Chem. Soc. 2013, 135, 

11663–11669. 

(123) Zhang, S.; Yang, C.; Lu, W.; Huang, J.; Zhu, W.; Li, H.; Xu, Y.; Qian, X. A Highly Selective 

Space-Folded Photo-Induced Electron Transfer Fluorescent Probe for Carbonic Anhydrase Isozymes 

IX and Its Applications for Biological Imaging. Chem. Commun. 2011, 47, 8301–8303. 

(124) Ding, D.; Li, K.; Liu, B.; Tang, B. Z. Bioprobes Based on AIE Fluorogens. Acc. Chem. 

Res. 2013, 46, 2441–2453. 

(125) Shi, H.; Liu, J.; Geng, J.; Tang, B. Z.; Liu, B. Specific Detection of Integrin αvβ3 by Light-Up 

Bioprobe with Aggregation-Induced Emission Characteristics. J. Am. Chem. Soc. 2012, 134, 9569–

9572. 

(126) Shi, H.; Kwok, R. T. K.; Liu, J.; Xing, B.; Tang, B. Z.; Liu, B. Real-Time Monitoring of Cell 

Apoptosis and Drug Screening Using Fluorescent Light-Up Probe with Aggregation-Induced 

Emission Characteristics. J. Am. Chem. Soc. 2012, 134, 17972–17981. 

(127) Gao, M.; Tang, B. Z. Fluorescent Sensors Based on Aggregation-Induced Emission: Recent 

Advances and Perspectives. ACS Sens. 2017, 2, 1382-1399. 

(128) Mizusawa, K.; Takaoka, Y.; Hamachi, I. Specific Cell Surface Protein Imaging by Extended 

Self-Assembling Fluorescent Turn-on Nanoprobes. J. Am. Chem. Soc. 2012, 134, 13386–13395. 

(129) Yoshii, T.; Mizusawa, K.; Takaoka, Y.; Hamachi, I. Intracellular Protein-Responsive 

Supramolecules: Protein Sensing and in-Cell Construction of Inhibitor Assay System. J. Am. Chem. 

Soc. 2014, 136, 16635–16642. 

(130) Tamura, T.; Song, Z.; Amaike, K.; Lee, S.; Yin, S.; Kiyonaka, S.; Hamachi, I. Affinity-Guided 

Oxime Chemistry for Selective Protein Acylation in Live Tissue Systems. J. Am. Chem. Soc. 2017, 

139, 14181–14191. 

(131) Grüner, B. M.; Schulze, C. J.; Yang, D.; Ogasawara, D.; Dix, M. M.; Rogers, Z. N.; Chuang, 

C.-H.; McFarland, C. D.; Chiou, S.-H.; Brown, J. M.; Cravatt, B. F.; Bogyo, M.; Winslow, M. M.  An 

in Vivo Multiplexed Small-Molecule Screening Platform. Nat. Methods 2016, 13, 883–889. 

(132) Greiss, S.; Chin, J. W. Expanding the Genetic Code of an Animal. J. Am. Chem. Soc. 2011, 133, 

14196–14199. 

Page 29 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 30 

(133) Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R. In Vivo Imaging of 

Membrane-Associated Glycans in Developing Zebrafish. Science 2008, 320, 664–667. 

(134) Yang, G.; Reis, F. de C.; Sundukova, M.; Pimpinella, S.; Asaro, A.; Castaldi, L.; Batti, L.; 

Bilbao, D.; Reymond, L.; Johnsson, K.; Heppenstall, P. A. Genetic Targeting of Chemical Indicators 

in Vivo. Nat. Methods 2015, 12, 137–139. 

 

  

Page 30 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 31 

TOC 

 

 

Page 31 of 31

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


