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CONS P EC TU S

P rotein labeling and imaging techniques have provided tremendous opportunities to study the structure, function, dynamics,
and localization of individual proteins in the complex environment of living cells. Molecular biology-based approaches, such

as GFP-fusion tags and monoclonal antibodies, have served as important tools for the visualization of individual proteins in cells.
Although these techniques continue to be valuable for live cell imaging, they have a number of limitations that have only been
addressed by recent progress in chemistry-based approaches. These chemical approaches benefit greatly from the smaller probe
sizes that should result in fewer perturbations to proteins and to biological systems as a whole. Despite the research in this area, so
far none of these labeling techniques permit labeling and imaging of selected endogenous proteins in living cells.

Researchers have widely used affinity labeling, in which the protein of interest is labeled by a reactive group attached to a ligand, to
identify and characterize proteins. Since the first report of affinity labeling in the early 1960s, efforts to fine-tune the chemical structures of
both the reactive group and ligand have led to protein labeling with excellent target selectivity in the whole proteome of living cells.
Although the chemical probes used for affinity labeling generally inactivate target proteins, this strategy holds promise as a valuable tool
for the labeling and imaging of endogenous proteins in living cells and by extension in living animals.

In this Account, we summarize traceless affinity labeling, a technique explored mainly in our laboratory. In our overview of the
different labeling techniques, we emphasize the challenge of designing chemical probes that allow for dissociation of the affinity
module (often a ligand) after the labeling reaction so that the labeled protein retains its native function. This feature distinguishes
the traceless labeling approach from the traditional affinity labeling method and allows for real-timemonitoring of protein activity.
With the high target specificity and biocompatibility of this technique, we have achieved individual labeling and imaging of
endogenously expressed proteins in samples of high biological complexity. We also highlight applications in which our current
approach enabled the monitoring of important biological events, such as ligand binding, in living cells. These novel chemical
labeling techniques are expected to provide a molecular toolbox for studying a wide variety of proteins and beyond in living cells.

1. Introduction
Over the past years, the main focus of proteome research

has been gradually shifting from understanding how indi-

vidual proteins work in test tubes to how proteins function

in the context of native environments, that is, in cells or in

animal bodies. Protein labeling and imaging techniques

have been one of the most valuable methods to study

structure, dynamics, function, and cellular localization of
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proteins. Molecular biology-based protein labelingmethods

such as GFP-fusion tags and monoclonal antibodies have

served as powerful tools to visualize many types of proteins

(Figure 1A).1,2 While these techniques allow for real-time

monitoring of individual proteins in living organisms,

their relatively large size or undesired protein�protein

interactions often prevents sophisticated biophysical mea-

surements.3 Synthetic chemistry based approaches, on

the other hand, may overcome such limitations, because

much smaller synthetic probes will likely result in no or

minimal perturbations to the structure and function of

labeled proteins (Figure 1B). A breakthrough for chemical

probes came with the establishment of bioorthogonal

chemistry.4 This approach involves metabolic or genetic

incorporation of chemical entities that do not usually exist

in living systems, followed by the addition of chemical

probes that react specifically with the noncanonically intro-

duced chemical handle (Figure 1B). Although undeniably

powerful and highly selective, this approach involves genet-

ic modifications or metabolic uptake of labeled biomole-

cules as prerequisites, thereby limiting their applications.

Thus, methods for selective labeling and imaging of endo-

genously expressed proteins, namely native proteins, in

their native habitats are in high demand.5 The methodolo-

gies for such purposes would have features of (1) no pre-

labeling processes required, (2) no interference with the

protein function, and (3) high selectivity toward target pro-

teins in samples of high biological complexity.

One way to meet such criteria is to use affinity labeling.

The term “affinity labeling”was introduced by Singer et al. in

the early 1960s, although related investigations had been

independently reported from several groups almost at the

same time.6�8 The concept was to place a chemically or

photochemically reactive handle on the substrate-like or

ligand-like compound (Figure 2A) and covalently modify the

target proteins upon specific ligand recognition (Figure 2B).

In the early days, this (photo)affinity labeling with radio-

active ligands was widely used for the identification of

various proteins, mostly receptors and transporters.9,10

When modern mass spectroscopy (MS) techniques became

available, this approach provided additional information

regarding the structure and function of target proteins, such

as the identification of exact amino acid residues in active

sites and the examination of stoichiometry and site speci-

ficity of biomolecular interactions.11,12 More recently, Cravatt

et al. have made substantial improvements on the proto-

type affinity probes and developed a way to directly evalu-

ate protein activity, rather than abundance, in whole

proteomes.13,14 This method, termed activity-based protein

profiling (ABPP) enables the characterization of more than a

dozenenzymes, including (metallo)proteases, kinases, phos-

phatases, glycosidases, and oxidoreductases in their active

states.15 However, the chemical probes used in these ap-

proaches usually inactivate the target proteins, limiting

valuable potential applications, such as real-time monitor-

ing of protein activity in vivo.

From the viewpoint of protein engineering, we became

particularly interested in affinity labeling and sought to

develop methods for monitoring protein activity in living

organisms. Only a decade ago,we reported the first example

of affinity labeling, in which the protein activity was fully

conserved in test tubes.16 After several years of “trial and

error”, we subsequently developed new chemical methods

that allowed target protein labeling and the monitoring of

the activity of these labeledproteins in living cells.17,18 In this

Account, we summarize the affinity-based native protein

labeling we have explored over the past decade.

2. Traceless Affinity Labeling of Native
Proteins
Asmentioned above, affinity-driven protein labeling offers a

highly selective means of protein modification with syn-

thetic probes. The key to our strategy is that the ligand is

removed after labeling such that the labeled protein retains

its native function, thereby allowing for real-timemonitoring

of protein activity. Our labelingmethods are roughly divided

into two: an exchange/cleavage reaction type and a catalyst

tethering type (Figure 3). The former reaction proceeds via

three steps: (1) recognition of the ligand part of the labeling

FIGURE 1. Schematic representations of (A) molecular biology-based
and (B) chemistry-based protein labeling methods.

FIGURE 2. Affinity-based protein labeling: (A) the general design of
affinity probes and (B) its reaction scheme.
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reagent; (2) covalent attachment to the target protein; (3)

concurrent cleavage or subsequent exchange of the ligand

moiety (Figure 3A). The catalyst tethering reaction also

proceeds via three steps: (1) recognition of the ligand teth-

ered to the catalyst; (2) activation and covalent attachment

of the probe; (3) dissociation of the ligand (Figure 3B). In both

cases, the labeling reaction is driven by the “proximity

effect”, that is, reactive groups are brought to or formed near

the ligand-binding site and only specific amino acid residues

near the ligand-binding site are modified.

2.1. The First Generation of Traceless Affinity Labeling:

Post-photoaffinity Labeling Modification (P-PALM). We

have employed photoreactive groups as reactive modules

in our first generation affinity labeling, termed post-photo-

affinity labeling modification (P-PALM).16 As our initial tar-

get, concanavalin A (ConA), a plant lectin, was used

(Figure 4C). We designed the labeling reagent to contain

three functionalities: (1) a high-affinity protein ligand (R-D-
mannoside or R-D-glucoside); (2) a photoreactive group

(diazirine); (3) a cleavage site (disulfide) that can generate a

chemoselective reaction site (nucleophilic thiol group) upon

chemical reduction (Figure 4A). The saccharidemoiety of this

labeling reagent binds to ConA, which brings the photo-

reactive group nearby the ligand-binding site of the protein,

that is, proximity effect (Figure 4D). UV irradiation of this

complex results in covalent attachment of the reagent. After

gel filtration and affinity chromatography, the labeled ConA

was treated with DTT to generate a mercaptobenzyl group

on ConA, which is then modified with a series of fluorescent

probes bearing electrophiles, such as iodoacetamide and

maleimide groups (Figure 4B,D).16,19,20 Despite the highly

reactive nature of the photoreactive groups, we revealed

that the labeling reaction occurs exclusively on tyrosine

residues located proximal to the saccharide binding pocket

(Tyr100 or Tyr12) (Figure 4C).

Monitoring the concentration level of metabolites, such

as saccharides, is of particular importance in biological

research and diagnosis. Although FRET-based biosensors

have been developed for some sugars, most rely on drastic

conformational changes of the proteins upon ligand binding.

When ConA was modified with an environmentally sensitive

fluorescent dansyl probe (DANS-ConA), the DANS-ConA func-

tioned as a fluorescence biosensor for the sugar with a smaller

conformational change occurring to the ConA scaffold. The

spectral change upon addition of methyl-R-mannoside gave a

binding constant that was identical to that determined for

native ConA by isothermal titration calorimetry.21 Further, the

same titration experiments with other saccharides gave bind-

ing constants similar to those obtained for native ConA,

indicating that the fluorescent probe was successfully intro-

duced into ConA without compromising its native function.

2.2. TheSecondGenerationTracelessAffinity Labeling:

Postaffinity Labeling Modification (P-ALM). Regardless of

the partial success of P-PALM, this method is not applicable

to proteins containing cysteine residues, which may poten-

tially be modified by the thiol chemistry. Additionally, the

FIGURE 3. General concept of traceless affinity-based protein labeling:
(A) the exchange/cleavage reaction type and (B) the catalyst tethering
type.

FIGURE 4. Chemical structure of P-PALM reagents, (A) labeling reagent
and (B) fluorescent probe, and (C) crystal structure of ConA. The orange
residues represent Tyr100 and Tyr12 labeled by P-PALM, and green
represents themannobiose (PDB ID 1I3H). (D) Also shown is the general
reaction scheme of P-PALM.
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approach requires several purification steps in order to

remove the ligand, excess reagents, andbyproducts,making

the method difficult and not practical in the presence of

other proteins. In order to address these issues, we have

proposed an improved method, called postaffinity labeling

modification (P-ALM).22,23 This strategy involves the affinity-

basedmodification of a target proteinwith a unique reactive

handle, followed by selective transformation of this handle

by a bioorthogonal reaction to introduce a variety of probes

into the target protein. Human carbonic anhydrase II (hCAII)

was employed as a proof-of-principlemodel (Figure 5C), and

a labeling reagent was designed that has an affinity ligand

(benzene sulfonamide) and an electrophilic reactive group

(epoxide) linked by an exchangeable unit (hydrazone)

(Figure 5A). Aswith P-PALM, the ligandmoiety of the labeling

reagents brings the epoxide group nearby the surface of the

hCA active site, which facilitates the nucleophilic attack of a

protein amino acid to the electrophile, that is, epoxide with-

out light irradiation (Figure 5D).24 Subsequent addition of

probes containing aminooxy or hydrazine groups allows for

the dissociation of the ligand moiety and incorporation of

the probes to the protein via the hydrazone/oxime ex-

change reaction with almost 100% yield (Figure 5D).

It is interesting that the labeling occurred exclusively on

two histidine residues (His3 and His4) of hCAII located on a

protein surface near the active site (Figure 5C). Most

importantly, the enzyme activity assay of the labeled hCAII

using the conventional hydrolysis reaction of p-nitrophenyl

acetate showed that the labeledhCAII retains its activitywith

both Km and kcat parameters similar to those of native hCAII.

2.3. The Third Generation Traceless Affinity Labeling:

Ligand-DirectedTosyl (LDT) Chemistry.While our first- and

second-generation affinity labeling methods allowed for

labeling of native proteins without compromising their

native functions, their applications remained limited only

to in vitro systems owing to the multistep labeling protocol

used and the low bioorthogonality. By unifying the covalent

bond formation and ligand cleavage, we have developed a

new labeling method, called ligand-directed tosyl (LDT)

chemistry, in which the phenyl sulfonate (tosyl) linker plays

roles both as a linker between the ligand and the reactive

group and as a good leaving group (Figure 6).17,25 The SN2-

type reaction between the tosyl ester moiety and a nucleo-

philic amino acid residue results in the release of the ligand

moiety upon the labeling reaction, and thus the protein

retains activity.

The utility of LDT chemistry was first demonstrated by

hCAII modification. LDT reagents were synthesized that

have benzenesulfonamide and synthetic probes, a fluoro-

phore (Dc, 7-dimetylaminocoumarin) or biotin tag,which are

connected through tosylate (Figure 7A). After 48 h of incuba-

tion at 37 �Cusing theDc-type labeling reagent in a test tube,

hCAII was labeled with Dc with a relatively high yield

(∼75%). Further, the labeling experiment in the presence

of other proteins showed that only hCAII was labeled,

suggesting that the labeling reaction proceeds with high

protein selectivity. The peptide mapping analysis identified

that His3, which is located proximal to the active site and

was also labeled by P-ALM, was predominantly labeled by

LDT chemistry (Figure 5C). As with P-ALM, the labeled hCAII

displayed enzyme activity identical to that of native hCAII.

Given thehigh selectivity achievedby the current approach,

wenext attempted labelingof endogenously expressedhCA in

living cells.We incubatedhuman redbloodcells (hRBCs),which

FIGURE 5. Chemical structure of P-ALM reagents, (A) labeling reagent
and (B) fluorescent probe, and (C) crystal structure of hCAII. Red colored
residues represent His3 and His4 labeled by P-ALM, and green repre-
sents an inhibitor 4-fluorobenzenesulfonamide (PDB ID 1IF4). (D) Also
shown is the general reaction scheme of P-ALM.

FIGURE 6. General reaction scheme of LDT chemistry. Lg and Nu
denote an affinity ligand and a nucleophilic residue on the protein
surface, respectively.
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stably express hCAI and II, in the presence of the Dc-type

labeling reagent for 48 h, during which no hemolysis was

observed. The SDS�PAGE after lysis exhibits a single fluores-

cent band corresponding to endogenous hCA (Figure 7B).

Importantly, when the same reaction was conducted in the

presence of an inhibitor, 6-ethoxy-benzothiazole sulfonamide

(EZA), the hCA labeling was not observed, suggesting that

selective labeling was achieved by the affinity-based reaction

(Figure 7B). Encouraged by these results, we took one step

further, that is, hCA labeling in an animal body. The biotin-type

labeling reagent was intravenously injected into Slc:ICR mice,

andafter correspondinghours blood sampleswere taken from

the tail vein and analyzed byWestern blotting. Remarkably, a

single band was detected by a streptavidin�horseradish per-

oxidase conjugate (SAv�HRP), whichwas also identified by an

anti-mouse CA antibody, suggesting that CA-selective labeling

occurs in a living body (Figure 7C). These results clearly

demonstrated the validity of the LDT chemistry in the context

of whole proteomes.

The characteristics of LDT chemistry demonstrated to

date are (1) sufficient stability in biological conditions, (2) a

one-step labeling process, (3) no or minimal perturbation of

the target protein, and (4) high selectivity toward target

proteins inwhole proteomes. Furthermore, the currentmod-

ular approach is applicable to, in principle, any endogenous

protein by simply switching the ligand moiety. We have

successfully labeled FKBP12, Src homology 2 (SH2) domain,

and congerin II (CongII) using LDT reagents containing the

synthetic analog of FK506, peptide, and lactose ligands.17

More recently, other groups have elegantly utilized LDT

chemistry for selective protein labeling, such as heat shock

cognate 70 (Hsc70), a molecular chaperone, and 14-3-3

proteins.26,27

2.4. Alternative Traceless Affinity Labeling: Affinity-

Guided DMAP (AGD) Chemistry. An alternative approach

to protein labeling involves the use of a catalyst to facilitate

the chemical modification of target proteins (Figure 3B).18,28

Francis and co-workers have recently demonstrated the use

of transition metal catalysts as powerful tools for protein

modification with excellent chemoselectivity in the test

tube.29,30 In addition to transition metal catalysts, organo-

catalysts should be useful for protein labeling. We have

developed a new method, termed affinity-guided DMAP

(4-dimethylaminopyridine) chemistry or AGD chemistry.

DMAP is a commonly used catalyst for acyl transfer reac-

tions, which can activate and transfer an ester to a

nucleophile.31 Our strategy is depicted in Figure 8A. We

designed an affinity ligand tethered to the DMAP catalyst,

which, in the presence of appropriate acyl donors, facilitates

the acyl transfer reaction to a nucleophilic amino acid

residue near the active site of target proteins.

To test our idea, we used CongII, an animal lectin with

highaffinity for lactose and LacNAc (Figure 8D).Weprepared

lactose- andNAG3-tetheredDMAP catalysts and acyl donors

(Figure 8B,C). During optimization of the labeling reagents,

FIGURE 7. LDT reagents used for hCA labeling: (A) 7-dimethylamino-
coumarin (Dc) and the biotin-tag (Bt) type. CA-selective labeling in (B)
RBCs and (C) in a living mouse. The labeling reaction was detected by
SDS�PAGE combined with CBB staining, fluorescence imaging (FL), and
Western blotting (WB).

FIGURE 8. (A) General reaction scheme of AGD chemistry. Chemical
structure of AGD reagents, (B) ligand-tethered DMAP catalysts and (C)
acyl donors, and (D) crystal structure of CongII. The red color residue is
Tyr51 labeled by AGD, and the green structure is lactose (PDB ID 1IS4).
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we found that the structure of the acyl donors should be

carefully chosen in both the carboxylic ester part (acyl group)

and the thiol part (leaving group) in order to achieve efficient

and selective protein labeling. The acyl donor containing

benzyl thioester is not sufficiently reactive to be activated by

DMAP, as compared with the ones containing a thiophenyl

ester. On the other hand, among the thiophenyl esters, the

acyl donor with an R-amino acid scaffold was too reactive,

causing a considerable amount of nonspecific acylation and

rapid hydrolysis. We found that an acyl donor with a γ-

amino acid exhibits enhanced specificity with the least

number and amount of side reactions (Figure 8C). We then

carried out labeling reactions of CongII using Lac-DMAP with

the optimal acyl donors at 25 �C in 35% yield. The labeling

occurred on Tyr51, presumably on its OH group, proximal to

the sugar binding pocket (Figure 8D). The fluorescence titration

experiments with various saccharides showed that the fluor-

escein-labeled CongII exhibits sugar-binding ability similar to

that of the native CongII, as with other labeling techniques.

Like LDT, the AGD-based approach greatly benefits from

its modular design. By simply switching the selectivity mod-

ule (ligand), one can easily alter the target protein. Currently,

we have designed a series of ligand-tethered DMAP cata-

lysts specific to lectins (CongII, ConA,wheat germagglutinin),

the SH2 domain, and FKBP12 (Figure 9A) and have demon-

strated the high target specificity in a bacterial cell lysate and

an animal tissue extract.18,28

To our surprise, we recently discovered that the labeling

reaction can be greatly accelerated by increasing the num-

ber of DMAP groups in the ligand�catalyst complex

(Figure 9B).18 The initial rate of CongII labeling was acceler-

ated by 3.6- and 4.6-fold when the number of DMAP

moieties was increased from one to two and three, respec-

tively (Figure 9C). The effect was even more pronounced

with the SH2 domain and FKBP12, where the rates were

accelerated more than 10-fold with tri-DMAP catalysts com-

pared with the mono-DMAP counterparts (Figure 9C). Interest-

ingly, we have found that the DMAPmoiety of themultivalent

DMAP catalysts acts not only as an activator but also as a base

to accelerate the acyl transfer reactions. Thus, with a multi-

valent DMAPunit, the chemical acylation reaction of the target

protein was significantly accelerated, making the reaction

efficient and more suitable to in vivo protein labeling. An

example of this reaction is detailed in section 3.2.

3. Applications of Traceless Affinity Labeling
The applications of our affinity labeling were initially limited

to in vitro. However, we accomplished extending these

methods to crude proteinmixtures such as cell lysates, living

cells, and ultimately to living animals. Moreover, because of

the modular strategy, chemical probes are not limited to

fluorescence probes or biotin tags and can be creatively

designed for a variety of applications. Here we describe a

few examples of the many applications of the affinity

labeling and engineering of native proteins.

3.1. In Vitro Applications . 3.1.1. Biosensors for Oligo-

saccharides Using a Lectin Scaffold. In a previous section,

we described that ConA labeled with an environmentally

sensitive fluorophore worked as a fluorescence-based bio-

sensor for various saccharides. The strategy was rather

unique, because the biosensor did not require drastic struc-

tural changes upon sugar binding. Using P-PALM, we further

incorporated a synthetic receptor into the ConA scaffold

with the aim that the affinity for certain sugars can be

enhanced. A phenylboronic acid (PBA)-based fluorescent

chemosensor (APET) whose signal switches on upon recog-

nition of 1,2- and 1,3-diols due to the PETmechanism32 was

attached for construction of a semisynthetic fluorescent

biosensor (APET-ConA) (Figure 10A,B).33 The cooperative

binding by PBA and ConA afforded an improved selectivity

FIGURE 9. (A) Chemical structure of AGD catalysts for CongII, the SH2
domain, and FKBP12 with (B) mono-, di-, and tri-DMAP, and (C) initial
rates of the labeling reactions obtained for CongII, the SH2 domain, and
FKBP12 with mono-, di-, and tri-DMAP catalysts.
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and binding affinity for specific oligosaccharides overmono-

saccharides.While lectins have been used to analyze certain

carbonhydrates, their relatively low selectivity and binding

affinity prevents robust and accurate high-throughput as-

says of sugars. This example clearly represents coupling of

artificial sugar recognition sites with native lectins as a

promising strategy to enhance the binding affinity for cer-

tain sugars.

3.1.2. Turn-on Fluorescence Biosensor. LDT chemistry is

quite unique in that the ligand moiety is cleaved upon

covalent bond formation between the reagent and the

target protein. Given the features of the current approach,

we sought to develop a turn-on type fluorescence biosensor

by incorporating a fluorescence quencher in the dissociating

ligand part.25 Our strategy is depicted in Figure 11. We

designed a quencher-tethered LDT (Q-LDT) reagent contain-

ing both a fluorescent probe and quencher within one

molecule such that the reagent itself is weakly fluorescent

(Figure 11A). Upon the labeling reaction, the ligandmoiety is

cleaved off but still remains within the ligand-binding site of

the protein, and therefore the fluorescence is largely

quenched (Figure 11B). However, addition of exogenous

ligand causes displacement of the quencher-tethered ligand,

resulting in fluorescence recovery (Figure 11B). This bimole-

cular fluorescence quenching and recovery (BFQR)-based

approach has been applied for ligand binding assays of

hCAII and the SH2 domain both in purified protein solutions

FIGURE 10. (A) Chemical structure of APET-Br and (B) schematic repre-
sentation of the PETmechanism of cooperative saccharide binding and
sensing by APET-ConA.

FIGURE 11. (A) Chemical structure of the quenched LDT (Q-LDT)
reagent and (B) the schematic representation of the Q-LDT-based
biosensor.

FIGURE 12. (A) Chemical structure of AGD reagents for B2R and fluorescein-labeled B2R on HEK293 cells, (B) Western blotting analysis of biotin-
labeled B2R on HEK 293, (C) structure of the quencher 4-dimethylaminophenolazobenzene-4-carboxylic acid (DABCYL) conjugated to a B2R
antagonist, and (D) the BFQR mechanism based biosensor constructed on live HEK293 cells.
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and in crude cell lysates.25 This may provide a rational

strategy for designing turn-on-type fluorescent biosensors.

Similarly, Johnsson et al. have reported an hCA-based bio-

sensor where displacement of an external ligand with the

intramolecular ligand causes distance changes between the

two fluorophores installed on the hCA scaffold.34

3.2. On Cell Application: Chemical Labeling of B2R on

the Surface of Live Cells. Given the high efficiency and

selectivity of the multivalent AGD-based protein labeling

approach, we attempted to label the bradykinin B2 receptor

(B2R), a G-protein coupled receptor, on live cell surfaces.18

We synthesized a multivalent AGD catalyst containing a

B2R-selective antagonist peptide as the ligand and three

DMAP groups (Figure 12A). A cell-impermeable fluorescein

(Fl) type acyl donor and human embryonic kidney (HEK) 293

cells transfected with B2R harboring the plasmid were pre-

pared as the experimental setup (Figure 12A). After incuba-

tion of the HEK293 cells with the AGD catalyst and acyl

donor, the cells were extensively washed and observed by

conforcal laser scanning microscopy (CLSM). A strong fluor-

escence was detected on the cell surfaces (Figure 12A).

Kinetic analysis indicated∼85%of the entire cell population

of B2R was labeled within 30 min. To further examine the

labeling reaction, the same labeling experiments were per-

formed with a biotin (Bt)-type acyl donor (Figure 12A). Using

an anti-B2R antibody and a biotin-blotting analysis, we

detected a single broad band that corresponded to the

biotinylated B2R (Figure 12B). Importantly, no significant

change in cell morphology and intracellular Ca2þ flux in-

duced by the agonist were observed, clearly demonstrating

the applicability of the current approach for on-cell protein

labeling.

A large number of fluorescent-based GPCR biosensors

have been reported on live cells.35 Two approaches have

been mainly taken to study ligand binding of GPCRs. First,

FRET between a fluorescent-labeled receptor and a fluores-

cently modified ligand has been used to directly monitor

ligand binding.36 Second, two fluorophores were inserted

into one GPCR and the ligand-induced conformational

change was detected by FRET.37 The former gives a larger

fluorescence change as the dynamic range is greater. We

thus constructed a BFQR-based B2R biosensor using a live

cell system. Addition of the quencher-conjugated B2R an-

tagonist (Figure 12C) to the Fl-modified B2R (Fl-B2R) on

HEK293 cells resulted in a reduction of fluorescence from

the cell membranes (Figure 12D). Subsequent addition of a

high-affinity antagonist, HOE140, resulted in the recovery of

the fluorescence intensity (Figure 12D). These fluorescence

changes represent ∼80% of the total fluorescence from Fl-

B2R, whereas only an∼10% changewas reported for a CFP/

FlAsH-tetracysteine system constructed on human adeno-

sine A2A receptors.
37 As a comparison, we also attempted to

construct a BFQR-based biosensor using a conventional

genetic technique, where we prepared an enhanced green

fluorescence protein (EGFP) fused B2R and expressed the EGFP-

B2R on HEK293 cells. In contrast to the Fl-B2R system, no

quenching of EGFP fluorescence was observed upon addition

of the quencher, presumably due to the greater distance

between EGFP and the quencher. These results established

the advantage of our AGD-based chemical modification of

proteins for biosensor construction on live cell surfaces.

3.3. In Cell Application: A 19F-NMR-Based Biosensor in

Living Cells. The chief advantage of our affinity labeling (or

chemical labeling in general) is that diverse chemical probes

can be readily chosen depending upon the detectionmodes.

FIGURE 13. (A) Chemical structure of the 19F-type LDT reagent, (B)
monitoring of 19F-labeling, and (C) the EZA binding processes by in cell
NMR, and (D) schematic illustration of the in cell 19F-NMR biosensor by
LDT chemistry.
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19F-NMR 3MRI is expected to be a promising alternative to

the conventional 1H-MRI technique. 19F has a high gyro-

magnetic ratio of 40.05 MHz/T (42.58 MHz/T for 1H) and

100% natural abundance, yet there is no 19F signal detect-

able in an animal body.38 We thus designed a 19F-type LDT

reagent (Figure 13A) and havemonitored the labeling process

of endogenously expressed hCA in intact RBCs. Despite the

complex cellular environment, the 19F signal was clearly

detected by in cell NMR. The original 19F-peak at �62.3 ppm,

which is identical to that of the 19F-type LDT reagent bound to

hCAI, was shifted to �62.0 ppm upon incubation at 25 �C for

48 h (Figure 13B). The chemical shift of the new peak was

assigned to that of 19F-labeled hCAIwithout the ligand, indicat-

ing that hCAI labeling occurs even in themiscellaneous interior

of RBCs. We then incubated the labeled hCAI in RBCs with

several CA inhibitors. Upon increase of the extracellular con-

centration of EZA, a new peak at �62.5 ppm appeared at the

expense of the initial peak at �62.0 ppm (Figure 13C). This

change was ascribed to the binding of EZA to 19F-labeled hCAI

in RBC, demonstrating that a 19F-NMR based biosensor was

successfully constructed in the cell from an endogenous pro-

tein using LDT chemistry (Figure 13D).

4. Concluding Remarks and Perspectives
Due to the paradigm shift of recent protein research, visua-

lization and functional analysis of individual proteins in their

native habitats has become highly desirable. Herein, we

have summarized new chemical approaches to label and

monitor the activity of individual proteins in their native

environments. Compared with other protein labeling tech-

niques, the approaches described above are unique in that

(1) no preidentification of target proteins is required at the

genetic level, (2) the target selectivity is achieved primarily

by protein�ligand interactions, (3) the labeled proteins

retain their native functions, and (4) endogenous proteins

in living systems can be targeted and monitored. With the

high selectivity and biocompatibility of the present techniques

(especially with LDT and AGD), labeling of target proteins was

achieved under miscellaneous native environments, that is, in

or on cells and in living animals. Significantly, the present

techniques enable the monitoring of important biological

events such as ligand binding in living cells. Further, given

the modular strategy, the selective module (ligand) and the

read-outmodule (probe) can be creatively designed, providing

a “molecular toolbox” for studying a wide variety of proteins

with various biophysical techniques.

With the present techniques in hand, particularly impor-

tant biological questions can be answered. Introduction

of other functionalities, such as photo-cross-linkers or

bioorthogonal reaction handles, may expand the applica-

tions to investigate biomolecular interactions, such as

protein�protein, protein�DNA/RNA, and protein�lipid

interactions, in living cells.39 In addition, the chemistry-

based approaches should allow for labeling of other

important biological components, such as sugars40 and

lipids.41

One of the drawbacks of our current approach appears to

be the inability to predict which amino acid residue will be

labeled by each method. We have only shown that the

amino acids proximal to the ligand binding pocket can be

selectively modified. In this regard, genetic or metabolic

incorporation of bioorthogonal groups exhibit more advan-

tages. We are now empirically collecting data to describe

amino acid selectivity by each method: tyrosine, histidine,

glutamic acid and aspartic acid by LDT and tyrosine and

lysine by AGD. Further, our recent reports suggest that fine-

tuning of the chemical structures of the labeling agents,39 as

well as the use of a new reactive group,42 can provide a gain

in selectivity of the target amino acid. In combination with

computational approaches, these experimental data may

provide further insight in designing new labeling agents for

selective labeling of native proteins in vitro as well as in vivo.

We believe that such efforts may establish a new paradigm

of synthetic chemistry in living cells/systems, which facil-

itates an understanding of complex biological systems and

contributes to pharmaceuticals.

We thank all former and current members of the Hamachi
laboratory who have contributed to the work described herein.
T.H. also thanks Drs. Yosuke Takaoka and Shohei Fujishima and
Keigo Mizusawa and Tomonori Tamura for helpful discussions
and advice on the manuscript. The work described herein was
supported by generous funding from the Japan Science and
Technology Agency (JST), Japan Society for Promotion of Science
(JSPS), and the Ministry of Education, Culture, Sports, Science and
Technology of Japan (MEXT).

BIOGRAPHICAL INFORMATION

TakahiroHayashi received his B.S, in biotechnology from Tokyo
University of Agriculture and Technology in 2006 and his Ph.D. in
biochemistry from Oregon Health and Science University in 2011.
He is currently a postdoctoral fellow with Professor Itaru Hamachi
at Kyoto University.

Itaru Hamachi is a professor of chemistry at Kyoto University,
CREST investigator (JST), and Royal Society of Chemistry fellow. He
received his B.S., M.S. and Ph.D. degrees from Kyoto University in
1988. He then joined the faculty of Kyushu University and was



Vol. 45, No. 9 ’ 2012 ’ 1460–1469 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1469

Traceless Affinity Labeling of Endogeneous Proteins Hayashi and Hamachi

promoted to associate professor in 1992 and full professor in
2001. In 2005, he returned to Kyoto University. His research areas
lie in bioorganic and bioinorganic chemistry, protein engineering,
chemical biology, and supramolecular chemistry.

FOOTNOTES

*Corresponding author. Mailing address: Kyoto University, Katsura, Nishikyo-ku, Kyoto,
Kyoto 615-8510, Japan. Tel: 075-383-2757. Fax: 075-383-2759. E-mail: ihamachi@
sbchem.kyoto-u.ac.jp.
The authors declare no competing financial interest.

REFERENCES
1 Tsien, R. Y. The green fluorescent protein. Annu. Rev. Biochem. 1998, 67, 509–544.
2 Lippincott-Schwartz, J.; Patterson, G. H. Development and use of fluorescent protein

markers in living cells. Science 2003, 300, 87–91.
3 Shaner, N. C.; Steinbach, P. A.; Tsien, R. Y. A guide to choosing fluorescent proteins. Nat.

Methods 2005, 2, 905–909.
4 Special issue on Bioorthogonal Chemistry. Acc. Chem. Res. 2011, 44, 651�840.
5 Johnsson, K. Visualizing biochemical activities in living cells. Nat. Chem. Biol. 2009,

5, 63–65.
6 Wofsy, L.; Metzger, H.; Singer, S. J. Affinity labeling - a general method for labeling the

active sites of antibody and enzyme molecules. Biochemistry 1962, 1, 1031–1039.
7 Baker, B. Factors in the design of active-site-directed irreversible inhibitors. J. Pharm. Soc.

1964, 53, 347–364.
8 Lawson, W.; Schramm, H. Modification of a methionine residue near the active site of

chymotrypsin. J. Am. Chem. Soc. 1962, 84, 2017–1018.
9 Kiefer, H.; Lindstrom, J.; Lennox, E. S.; Singer, S. J. Photo-affinity labeling of

specific acetylcholine-binding sites on membranes. Proc. Natl. Acad. Sci. U.S.A. 1970, 67,
1688.

10 Walter, U.; Uno, I.; Liu, A.; Greengard, P. Identification, characterization, and quantitative
measurement of cyclic AMP receptor proteins in cytosol of various tissues using a
photoaffinity ligand. J. Biol. Chem. 1977, 252, 6494.

11 Mills, J. S.; Miettinen, H. M.; Barnidge, D.; Vlases, M. J.; Wimer-Mackin, S.; Dratz, E. A.;
Sunner, J.; Jesaitis, A. J. Identification of a ligand binding site in the human neutrophil
formyl peptide receptor using a site-specific fluorescent photoaffinity label and mass
spectrometry. J. Biol. Chem. 1998, 273, 10428–10435.

12 Last-Barney, K.; Davidson, W.; Cardozo, M.; Frye, L. L.; Grygon, C. A.; Hopkins, J. L.;
Jeanfavre, D. D.; Pav, S.; Qian, C.; Stevenson, J. M.; Tong, L.; Zindell, R.; Kelly, T. A.
Binding site elucidation of hydantoin-based antagonists of LFA-1 using multidisciplinary
technologies: Evidence for the allosteric inhibition of a protein�protein interaction. J. Am.
Chem. Soc. 2001, 123, 5643–5650.

13 Adam, G. C.; Sorensen, E. J.; Cravatt, B. F. Proteomic profiling of mechanistically distinct
enzyme classes using a common chemotype. Nat. Biotechnol. 2002, 20, 805–809.

14 Barglow, K. T.; Cravatt, B. F. Activity-based protein profiling for the functional annotation of
enzymes. Nat. Methods 2007, 4, 822–827.

15 Evans, M. J.; Cravatt, B. F. Mechanism-based profiling of enzyme families. Chem. Rev.
2006, 106, 3279–3301.

16 Hamachi, I.; Nagase, T.; Shinkai, S. A general semisynthetic method for fluorescent
saccharide-biosensors based on a lectin. J. Am. Chem. Soc. 2000, 122, 12065–12066.

17 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.

18 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 organocata-
lysts. J. Am. Chem. Soc. 2011, 133, 12220–12228.

19 Nagase, T.; Shinkai, S.; Hamachi, I. Post-photoaffinity labeling modification using aldehyde
chemistry to produce a fluorescent lectin toward saccharide-biosensors. Chem. Commun.
2001, 229–230.

20 Nagase, T.; Nakata, E.; Shinkai, S.; Hamachi, I. Construction of artificial signal transducers
on a lectin surface by post-photoaffinity-labeling modification for fluorescent saccharide
biosensors. Chem.;Eur. J. 2003, 9, 3660–3669.

21 Dam, T. K.; Brewer, C. F. Thermodynamic Studies of Lectin�Carbohydrate Interactions by
Isothermal Titration Calorimetry. Chem. Rev. 2002, 102, 387–430.

22 Takaoka, Y.; Tsutsumi, H.; Kasagi, N.; Nakata, E.; Hamachi, I. One-pot and sequential
organic chemistry on an enzyme surface to tether a fluorescent probe at the proximity
of the active site with restoring enzyme activity. J. Am. Chem. Soc. 2006, 128, 3273–
3280.

23 Wakabayashi, H.; Miyagawa, M.; Koshi, Y.; Takaoka, Y.; Tsukiji, S.; Hamachi, I. Affinity-
labeling-based introduction of a reactive handle for natural protein modification. Chem.;
Asian J. 2008, 3, 1134–1139.

24 Chen, G.; Heim, A.; Riether, D.; Yee, D.; Milgrom, Y.; Gawinowicz, M. A.; Sames, D.
Reactivity of functional groups on the protein surface: Development of epoxide probes for
protein labeling. J. Am. Chem. Soc. 2003, 125, 8130–8133.

25 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.

26 Cho, H. J.; Gee, H. Y.; Baek, K.-H.; Ko, S.-K.; Park, J.-M.; Lee, H.; Kim, N.-D.; Lee, M. G.;
Shin, I. A small molecule that binds to an ATPase domain of Hsc70 promotes membrane
trafficking of mutant cystic fibrosis transmembrane conductance regulator. J. Am. Chem.
Soc. 2011, 133, 20267–20276.

27 Takahashi, M.; Kawamura, A.; Kato, N.; Nishi, T.; Hamachi, I.; Ohkanda, J. Phosphopep-
tide-dependent labeling of 14�3-3 ζ proteins by Fusicoccin-based fluorescent probes.
Angew. Chem., Int. Ed. 2012, 51, 509–512.

28 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.

29 Antos, J. M.; Francis, M. B. Selective tryptophan modification with rhodium carbenoids in
aqueous solution. J. Am. Chem. Soc. 2004, 126, 10256–10257.

30 Tilley, S. D.; Francis, M. B. Tyrosine-selective protein alkylation using π-allylpalladium
complexes. J. Am. Chem. Soc. 2006, 128, 1080–1081.

31 H€ofle, G.; Steglich, W.; Vorbr€uggen, H. 4-Dialkylaminopyridines as highly active acylation
catalysts. Angew. Chem., Int. Ed. 1978, 17, 569–583.

32 James, T. D.; Sandanayake, K. R. A. S.; Iguchi, R.; Shinkai, S. Novel saccharide-
photoinduced electron transfer sensors based on the interaction of boronic acid and amine.
J. Am. Chem. Soc. 1995, 117, 8982–8987.

33 Nakata, E.; Nagase, T.; Shinkai, S.; Hamachi, I. Coupling a natural receptor protein with an
artificial receptor to afford a semisynthetic fluorescent biosensor. J. Am. Chem. Soc. 2004,
126, 490–495.

34 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.

35 Lohse, M. J.; Nuber, S.; Hoffmann, C. Fluorescence/bioluminescence resonance energy
transfer techniques to study G-protein-coupled receptor activation and signaling. Phar-
macol. Rev. 2012, 64, 299–336.

36 Ilien, B.; Franchet, C.; Bernard, P.; Morisset, S.; Weill, C. O.; Bourguignon, J.-J.; Hibert, M.;
Galzi, J.-L. Fluorescence resonance energy transfer to probe human M1 muscarinic
receptor structure and drug binding properties. J. Neurochem. 2003, 85, 768–778.

37 Hoffmann, C.; Gaietta, G.; B€unemann, M.; Adams, S. R.; Oberdorff-Maass, S.; Behr, B.;
Vilardaga, J.-P.; Tsien, R. Y.; Ellisman,M. H.; Lohse, M. J. A FlAsH-based FRET approach to
determine G protein-coupled receptor activation in living cells. Nat. Methods 2005, 2, 171–
176.

38 Takaoka, Y.; Sakamoto, T.; Tsukiji, S.; Narazaki, M.; Matsuda, T.; Tochio, H.; Shirakawa,
M.; Hamachi, I. Self-assembling nanoprobes that display off/on 19F nuclear magnetic
resonance signals for protein detection and imaging. Nat. Chem. 2009, 1, 557–561.

39 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.

40 Laughlin, S. T.; Bertozzi, C. R. Metabolic labeling of glycans with azido sugars and
subsequent glycan-profiling and visualization via Staudinger ligation. Nat. Protoc. 2007, 2,
2930–2944.

41 Neef, A. B.; Schultz, C. Selective fluorescence labeling of lipids in living cells. Angew.
Chem., Int. Ed. 2009, 48, 1498–1500.

42 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.


