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1. Introduction

The study of protein structure and function is not only of
significant importance to fundamental scientific research, but
also critical to the development of biomedical and biotech-
nological applications, because proteins are implicated in so
many biological systems. The modification of proteins with
molecular probes provides a powerful technique for the
elucidation of protein functions.[1, 2] For fluorescence bio-
imaging studies in live cells, for example, the proteins of
interest should be labeled with a fluorescent marker, which
allows for the selective real-time detection of their local-
ization, trafficking, and activities. Protein modification with
synthetic molecules is also a valuable technique for the
engineering of protein functions to create new biocatalysts
and bio-analytical tools. In a recent trend in chemical biology
research, there has been an aspiration to conduct protein
modification under more biological (crude) conditions, such
as in live cells or tissues/bodies, rather than in pure test tubes
(in vitro). Several issues need to be addressed for the
construction of homogenously modified proteins with syn-
thetic molecules, including 1) protein selectivity, 2) labeling-
site selectivity, 3) control of the labeling-site numbers, and
4) expansion of the labeled amino acids. Recently developed
high-precision protein modification methods can be roughly
divided into two categories, with the first involving the use of
a genetic modification system exploiting the expanded
genetic code, and the second being based on the labeling of
expressed proteins (post-translational protein modification).
The first technique was pioneered by Peter G. Schultz, and
involves the direct introduction of a non-natural amino acid
possessing a fluorophore or other functionalities into a target
protein scaffold at a desirable position.[3–6] The application of

this technique, however, can some-
times be frustrating because of the
limited functionality of the probes and
the restricted number of usable cell
lines, as well as the insufficient yield of

the genetically engineered proteins. In contrast, the technique
of post-translational protein modification is better suited to
fully engage the variety of different functionalities present in
synthetic molecules. This method of protein modification,
which is driven predominantly by chemistry, allows for the
flexible and efficient modification of proteins at any appro-
priate time and position in the protein sequence. The proteins
themselves can be modified with a variety of functional
molecules, including luminescent dyes, spin-active probes,
NMR-active probes, photo-responsive (caged) molecules,
polymers, provided the issues mentioned above can be
overcome. The main focus of the current Review is post-
translational protein modification, and a description of recent
progress in this research area toward expanding the utility of
these chemical tools for fundamental biological research and
applications has been provided (Scheme 1).

The modification of proteins with synthetic probes is a powerful
means of elucidating and engineering the functions of proteins both
in vitro and in live cells or in vivo. Herein we review recent progress in
chemistry-based protein modification methods and their application in
protein engineering, with particular emphasis on the following four
strategies: 1) the bioconjugation reactions of amino acids on the
surfaces of natural proteins, mainly applied in test-tube settings; 2) the
bioorthogonal reactions of proteins with non-natural functional
groups; 3) the coupling of recognition and reactive sites using an
enzyme or short peptide tag–probe pair for labeling natural amino
acids; and 4) ligand-directed labeling chemistries for the selective
labeling of endogenous proteins in living systems. Overall, these
techniques represent a useful set of tools for application in chemical
biology, with the methods 2–4 in particular being applicable to crude
(living) habitats. Although still in its infancy, the use of organic
chemistry for the manipulation of endogenous proteins, with subse-
quent applications in living systems, represents a worthy challenge for
many chemists.
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2. Bioconjugation of Natural Amino Acids for
Protein Modification and Engineering

2.1. Bioconjugation Reactions of Natural Amino Acids on
a Protein Surface

2.1.1. Classical Bioconjugation Methods for Proteins

From the chemical perspective, all proteins can be
regarded as folded polymers which have many nucleophilic
functional groups on their surfaces. Of the various naturally
occurring nucleophilic amino acid residues present in pro-
teins, the thiol group of cysteine is often used for the site-
specific modification of proteins because of its higher
nucleophilicity and relatively low level of occurrence on the
surfaces of many proteins (only 2.3% genome-wide). If
a reactive cysteine does not exist on the protein surface then
one can be introduced by a genetic point mutation, which is an
effective technique for site-specific protein modification. The
thiol group of cysteine can readily undergo alkylation by
reaction with a-haloketones or Michael acceptors, such as
maleimide derivatives (Scheme 2 a). Although considerably

more prevalent than cysteine, the e-amino group of lysine is
a popular target for protein modification because of the
abundance of methods available for the selective modifica-
tion of primary amines.[7] Lysine can react with activated
esters, sulfonyl chlorides, isocyanates, and isothiocyanates to
afford the corresponding amides, sulfonamides, ureas, and
thioureas, respectively (Scheme 2b). It is worthy of note that
these reagents can also modify the N termini of proteins.

2.1.2. New Methods for the Modification of Lysine and Cysteine
Residues

Several new methods for the selective modification of
amines and thiols have recently been developed and opti-
mized. For example, Francis and McFarland reported a lysine-
specific reductive alkylation reaction that proceeded by an
iridium-catalyzed transfer hydrogenation (Scheme 3a).[8] In
contrast to the classical technique of reductive alkylation
using sodium cyanoborohydride under acidic conditions, the
iridium-mediated process provided high yields of the desired
products under neutral pH conditions. Francis�s group also
reported a unique biomimetic transamination of the N termi-
nus of a protein. This method involved the condensation of
the N-terminal amine of the protein with pyridoxal-5-
phosphate, followed by hydrolysis to provide the correspond-
ing pyruvamide (Scheme 3b).[9] The resulting protein was
then further modified by the reaction of the newly generated
ketone moiety of the pyruvamide with aminooxy reagents.
Fukase et al. reported a new lysine-based labeling method for
proteins on the basis of a 6p-aza-electrocyclization (Sche-
me 3c).[10] Using this techniques, a short-lived PET (positron
emission tomography) probes can be incorporated into the
target proteins or hormones and utilized for the in vivo
imaging of glycans and glycoconjugates because this reaction
is extremely rapid (within 30 min under neutral pH condi-
tions).[10, 11] Davis et al. recently developed a two-step cysteine
modification method (Scheme 3d), with the first step involv-
ing the transformation of cysteine to dehydroalanine by
treatment with O-mesitylenesulfonylhydroxylamine. The
dehydroalanine residues were then used as “reactive handles”
for further modifications, such as a Michael addition with
thiol reagents[12] or olefin cross-metathesis reactions with allyl
sulfides catalyzed by the Hoveyda–Grubbs ruthenium cata-
lyst.[13]

2.1.3. Bioconjugation for Tyrosine and Tryptophane

In contrast to Cys and Lys, the remaining canonical
18 amino acid residues have been only minimally explored as
tools for selective modification. Novel methods have been
developed for the modification of tyrosine and tryptophane
involving transition-metal-mediated processes. In their pio-
neering work, Kodadek et al. developed a method for the
oxidative coupling of the phenolic groups of two Tyr residues
for cross-linking two proteins using a ruthenium(II) catalyst
and a co-oxidant.[14, 15] Francis and co-workers explored the
modification of tyrosine residues through a three-component
Mannich reaction with aldehydes and anilines (Sche-
me 4a).[16, 17] They also succeeded in modifying Tyr residues
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using p-allyl palladium complexes (Scheme 4b).[18] Francis
et al. reported an interesting bioconjugation reaction for
tryptophane, which is the rarest amino acid in proteins,
involving a rhodium carbenoid that was generated in situ
from rhodium acetate and a diazo compound (Sche-
me 4c).[19, 20]

2.2. Protein Engineering Using the Bioconjugation Method

The majority of the methods of bioconjugation for protein
engineering are conducted in test-tube settings, which pro-
vides a variety of different opportunities for manipulating,
improving, or mimicking the performances of proteins. The
modification of proteins with polyethylene glycol (PEG)
groups, otherwise known as PEGylation, is one of the most
representative applications in protein bioconjugation.[21,22]

Scheme 1. Schematic illustration of the chemical reactions used for specific endogenously expressed protein modifications in miscellaneous
conditions including various reactive species (such as proteins, sugars, and peptides).
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PEG–protein conjugates are typically constructed using the
methods highlighted above (e.g. cysteine–maleimide, disul-
fide bond formation, and lysine-activated esters).[23, 24] These
conjugates offer several advantages relative to the parent
proteins, including increased solubility, prolonged residence
in the body, decreased degradation by metabolic enzymes and
reduced immunogenicity, and these properties can play an
important roles in the delivery of protein drugs[25] and the
development of improved therapeutic agents.[26]

2.2.1. Protein-Based Biosensors for Detection of Biologically
Active Agents

Protein-based semisynthetic biosensors, which consist of
a ligand-binding protein and an artificial probe for the output
signal, provide an indispensable approach to detect and
monitor not only a range of important substances, such as
saccharides and various chemicals, but also many biological
events in live cells, such as protein–protein interactions
(Scheme 5).[27,28] The site-specific replacement of a less-reac-
tive amino acid residue with cysteine by using conventional
site-directed mutagenesis techniques is the most common way
to covalently attach a synthetic probe to a ligand-binding
protein. In their pioneering work, Hellinga et al. converted

bacterial periplasmic saccharide binding
proteins (bPBP) into fluorescent biosensors
for the specific detection of saccharides
(Scheme 5b).[29] They succeeded in devel-
oping a variety of bPBP-based fluorescent
biosensors on the basis of the site-specific
conjugation of eleven different bPBP scaf-
folds with different microenvironmentally
sensitive fluorophores (e.g. IANBD, Sche-
me 5c).[30] Morii et al. reported a novel
inositol-1,4,5-trisphosphate (IP3) sensor by
the conjugation of the pleckstrin homology
(PH) domain from phospholipase C-d with
a microenvironmentally sensitive fluoro-
phore (e.g. acrylodan, Scheme 5c) in the
proximity of the IP3-binding pocket.[31] The
IP3 biosensor was successfully translocated
into live cells by using arginine-tagged
peptide sequences, which enabled the
real-time quantitative monitoring of phys-
iological IP3 production.[31,32] Hahn et al.
have developed a fluorescent biosensor
that visualizes the activation of endogenous
Cdc42 in live cells by ratiometric sensing.[33]

A domain from the Wiskott–Aldrich syn-
drome protein (WASP), which is a Cdc42
effector protein, was covalently labeled
with a solvent-sensitive fluorescent dye
(e.g. JPW4039 or I-SO, Scheme 5c)[34]

using an in vitro cysteine modification.
The labeled WASP domain was fused to
an enhanced green fluorescent protein
(EGFP), which provided a fluorescence
signal that was insensitive to Cdc42 binding
and was used as an internal standard. By

Scheme 2. Classical bioconjugation reactions for the modification of
a) cysteine and b) lysine.

Scheme 3. Modern bioconjugation reactions for protein modification using lysine and
cysteine. a) Iridium-catalyzed transfer hydrogenation for a lysine-specific reductive alkylation
reaction (Cp*= C5Me5, bipy= bipyridyl). b) Biomimetic transmamination, specific for the N-
terminus, with pyridoxal-5-phosphate and labeling of the newly generated ketone with
aminooxy reagents. c) 6p-Aza-electrocyclization reaction for a lysine specific modification.
d) Transformation of cysteine into dehydroalanine with O-mesitylenesulfonylhydroxylamine
and the Michael addition of thiol reagents to give cysteine-specific modifications.
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injection into cells, the ratiometric biosensor was successfully
used to image the activation of endogenous Cdc42 under
physiological conditions.[33] More recently, Rauh et al. have
developed a new screening assay system for kinase inhibitors
using fluorophore-appended kinases.[35, 36] Their semisynthetic
biosensors were useful to find a drug-like lead compound,
which binds to an extra site of the ATP binding pocket.

Bayley et al. developed several stochastic sensors for the
detection of organic molecules, DNA/RNA and proteins
using an engineered transmembrane protein nanopore of
nanometer dimensions in an insulating membrane and by
measuring voltage-driven ionic transport through the pore in
the presence of analytes.[37] In their earlier works, b-cyclo-
dextrin (b-CD) adapters immobilized noncovalently within
the lumen of the nanopore formed by a-hemolysin (a-HL),
providing a substantial but incomplete blockage of the
channel.[38] To eliminate the background signals caused by
the dissociation of the adapters, Bayley�s team attached b-CD
covalently within the a-HL pore in stable orientations by
disulfide bond formation with the cysteine residues of a-HL
(Scheme 5d). Thereafter, oligo-DNA and DNA aptamers
were conjugated to a-HL for bioanalysis at a single-molecule
level.

2.2.2. Other Examples of Protein Engineering by Using Biocon-
jugation

Francis and Stephanopolous have reported the unique
applications of several engineered proteins that were con-

structed using the bioconjugation
method. A representative example is the
engineered virus capsid.[39] The “tobacco-
mosaic-virus coat protein monomer”
building blocks were modified by attach-
ing various maleimide-tethered func-
tional molecules, including PEGs, drugs,
fluorophores, and porphyrins to cysteine
residues (Scheme 6 a). Modified virus
capsids of this type are attractive nano-
materials for the targeted delivery of
therapeutic and imaging agents, light-
harvesting systems, and singlet oxygen
generation. Furthermore, the Francis
group developed protein–polymer
hybrid materials for water remedia-
tion,[40, 41] by using metallothionein scaf-
folds, which are cysteine-rich proteins
capable of binding toxic metal ions. The
resulting bioconjugates retained their
selectivity and effectively removed trace
amounts of toxic metal ions from ocean
water with concurrent polymer gel
shrinking.

The bioconjugation reaction is also
powerful for the construction of semi-
synthetic protein mimics involving post-
translational modifications. Davis et al.
created semi-synthetic glycosylated and
sulfonated protein mimics by using two

orthogonal bioconjugation strategies, including azide–alkyne
click chemistry and disulfide formation on a cysteine residue
(Scheme 6b).[42] Their reports clearly showed that the intro-
duction of appropriate chemical modifications with suitable
spatial arrangements could mimic the function of a native
protein precisely.

Trauner and co-workers reported a unique approach for
the photo-switching of channel-protein activity on live cell
surfaces using an azobenzene optical switch conjugated to
a cysteine residue by a Michael addition (Scheme 6 c). Their
method could potentially be applied to a variety of different
channel proteins, including the ionotropic glutamate recep-
tor[43] and the potassium channel.[44,45] Furthermore, it could
be used to manipulate the neuronal activity with light even in
living zebrafish, as well as in cultured cells.

3. Specific Protein Labeling in Cells and In Vivo

3.1. Bioorthogonal Organic Reactions for Protein Labeling
3.1.1. Bioorthogonal Reactions with Ketones and Aldehydes

Although the bioconjugation methods outlined in Sec-
tion 2 for natural amino acids are indeed very useful for
protein engineering in vitro, the modification of a specific
target protein in living cells containing a variety of other non-
target proteins and reactive biomolecules represents a signifi-
cant challenge. In essence, for the chemical modification of
a protein in a crude biological system with a high degree of

Scheme 4. Modern bioconjugation reactions for the protein modification of tyrosine and
tryptophane residues. a) Three-component tyrosine-specific Mannich reaction with aldehydes
and anilines. b) Tyrosine specific reactions via palladium p-allyl species. c) A tryptophan
specific reaction with rhodium acetate and a diazo compound.
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specificity, a pair of biologically rare reactive groups that
could react exclusively with each other would represent
a useful scenario. These types of bioorthogonal reactions
between non-natural reactive groups have been actively

reported in recent years.[2] Ketone and aldehyde groups
incorporated into a protein can serve as selective reactive
handles because they do not usually exist in proteins
(Scheme 7a). To date, several methods have been developed
for the incorporation of ketone and aldehyde groups into the
proteins of interest.[46–48] For instance, Meijler et al. reported
the successful installation of a ketone group on a bacterial
receptor in a living cell system using the site-specific reaction
of a reactive ligand mimic.[49] Bertozzi et al. reported an
enzymatic method for the generation of an aldehyde group on
a genetically encoded short peptide tag using a formylglycine
generating enzyme—the so called aldehyde tag.[50] They also
demonstrated the utility of this method in the specific
modification of recombinant proteins produced in mamma-
lian cells. It is well established that ketone and aldehyde
groups can bio-orthogonally form oximes or hydrazones by
reaction with the corresponding hydroxylamine or hydrazine
derivatives, respectively, allowing for the introduction of
a wide variety of functional molecules into the protein
scaffolds which have been so modified.

3.1.2. Bioorthogonal Reactions with Azides and Alkynes

Living organisms do not generally employ any azide
compounds. In addition, the azide group has a high biocom-
patibility because of its low reactivity with biological sub-
stances and low toxicity. Conjugate reactions with an azide
therefore represent an ideal method of protein labeling,
providing a high level of bioorthogonality. For example, in
their pioneering work, Bertozzi et al. applied a classical
reduction reaction of alkyl azide, catalyzed by triarylphos-
phine (the Staudinger reaction), for protein modification in
a cellular environment (Scheme 7b).[51] They found that
proteins bearing an alkyl azide group readily undergo
a ligation reaction with triarylphosphine derivatives which
have an ester group on their aromatic rings. This process is
known as the Staudinger–Bertozzi ligation reaction and has
been widely applied for probing biomolecules, especially
glycoproteins, in a variety of different cellular environ-
ments,[52] as well as in living mice.[53] Another versatile
reaction well suited to protein modification and that har-
nesses the high bioorthogonality of the azide group is the
azide–alkyne [3+2] cycloaddition which is otherwise known
as the Huisgen cycloaddition (Scheme 7c). The utility of this
reaction was first demonstrated by Sharpless and Finn et al. as
part of their �click chemistry� research.[54, 55] Meldal et al.
separately developed this reaction for site-specific peptide
modification.[56] The reaction can be conducted at room
temperature to afford a triazole compound by the catalytic
action of a CuI salt. Bertozzi et al. have recently reported
a copper-free Huisgen cycloaddition reaction using strained
cyclooctyne reagents,[57, 58] thus avoiding the use of toxic CuI.
This improvement significantly expanded the utility of this
ligation reaction in complicated biological systems, including
cultured cells,[59] zebrafish embryos,[60] as well as living mice.[61]

Scheme 5. a) Schematic illustration of the typical strategy for con-
structing a semisynthetic protein biosensor using the bioconjugation
method. b) Conformational changes of the maltose binding protein
(MBP, Protein data bank (PDB)code: 1OMP and 1ANF) upon ligand
binding. c) Chemical structures of microenvironmentally sensitive and
reactive fluorophores for the construction of semisynthetic biosensors.
d) Stochastic sensors for the detection of single organic molecules
based on b-CD-conjugated a-hemolysin, reported by Bayley and
Cremer.[37]
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3.1.3. Other Reactive Groups for Bioorthogonal Reactions

Following on from the successes outlined above, a variety
of other elaborated bioorthogonal reactions using non-
natural reactive handles have been actively devised by
many groups.[62–64] Fox et al. reported a protein bioconju-
gation based on the inverse-electron-demand Diels–Alder
reaction between a strained trans-cyclooctene and a tetrazine
compound.[65] This reaction proceeded at an unusually fast
rate (typically within 5 min at room temperature) to quanti-
tatively afford a chemically modified protein (Scheme 7 d).
Most recently, Bertozzi et al. reported the application of
another type of cycloaddition reaction for protein modifica-

tion, known as the quadricyclane ligation.[66, 67] They showed
that the [2+2+2] cycloaddition reaction between the highly
strained quadricyclane and Ni bis(dithiolene) proceeded
rapidly in aqueous environments at a rate comparable to
that of the cyclooctyne–azide cycloaddition. They also
demonstrated that the quadricyclane ligation was compatible
with and orthogonal to the strain-promoted azide–alkyne
cycloaddition and oxime ligation reactions.[67] Palladium-
catalyzed cross-coupling reactions, such as the Suzuki–
Miyaura coupling represent another useful tool for protein
modification. Davis et al. contributed to the development of
palladium chemistry on protein surfaces and demonstrated
the use of 2-amino-4,6-dihydroxypyrimidine as a convenient

Scheme 6. Typical examples of applications using the bioconjugation methods. a) Self-assembly of bioconjugated tobacco-mosaic-virus (TMV)
coat proteins (PDB code: 1EI7 and 3 KML) into disk and rod structures, reported by Francis et al.[39–41] b) Construction of posttranslational
modified protein-mimics by using orthogonal bioconjugation reactions, reported by Davis et al.[42] (PDB code: 1GOW). c) Photoswitchable affinity
label (PAL) for imparting light sensitivity onto native K+ channels, reported by Trauner et al.[43] (PDB code: 2A9H).
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catalyst for the Suzuki–Miyaura coupling reaction of 4-
iodophenylalanine displayed on protein surface.[68,69] Most
recently, Geierstanger et al. reported a unique site-specific
protein-modification method using the non-natural amino
acid pyrroline-carboxy-lysine (Pcl).[70] They showed that Pcl
can be genetically incorporated into a broad range of target
proteins with a high degree of efficiency using the amber
codon (TAG). The reversible bioorthogonal conjugation
reactions of Pcl with aminobenzaldehyde and 2-aminoaceto-
phenone reagents proceeded efficiently at neutral pH to
afford the corresponding functionally modified proteins.

Photoinduced organic reactions provide a unique tool for
enabling the spatial and temporal control of protein labeling
processes, especially in cell systems. Lin et al. reported the
photoinduced 1,3-dipolar cycloaddition reactions of alkenes
with tetrazole derivatives, otherwise known as “photoclick
chemistry” (Scheme 7e).[71] The application of UV-light
irradiation induced the formation of a nitrile imine from the

tetrazoles, which subsequently under-
went a cycloaddition reaction to afford
a pyrazole cycloadduct. They also
reported the successfully application of
this reaction to a protein bearing
unnatural amino acids such as O-allyl-
tyrosine inside E. coli cells, as well as in
buffer solutions. Recently, Popik et al.
reported a photo-triggered click reac-
tion between an azide and strained
cycloalkyne.[72]

3.2. Selective Protein Labeling by Using an
Enzyme or Peptide Tag Binding to
a Small Molecular Probe

3.2.1. Enzyme Tags for Protein Modifica-
tion

Most of the bioorthogonal reactions
described above invariably require spe-
cial pre-treatments to decorate the
target protein with biologically unique
non-natural functional groups, such as
azide, alkyne, and ketone groups. These
modifications are based on metabolic
labeling, genetic incorporation, and site-
selective bioconjugation. The applica-
tion of such laborious and cumbersome
pretreatments can sometimes reduce
the protein selectivity and restrict the
applicable cell lines. With this in mind,
an alternative strategy capable of
directly modifying proteins consisting
of natural amino acids would be desir-
able. A number of enzyme-catalyzed
protein-labeling methods have been
developed recently for this purpose on
the basis of the strict enzyme–substrate
recognition, with Johnsson et al. provid-
ing some pioneering work in this area.

This method employs a mutant of human O6-alkylguanine–
DNA alkyltransferase (hAGT) as an enzyme tag, which
specifically reacts with an O6-benzylguanine derivative to
afford a covalently labeled protein (Scheme 8 a).[73] This
labeling method is known as SNAP-tag technology and is
currently widely used for a variety of biological applica-
tions.[73–75] Another practically useful enzyme tag, known as
HaloTag technology, was developed by Promega (Sche-
me 8b).[76] This technology has also been widely applied not
only for specific protein labeling in a cellular context, but for
protein purification,[77] immobilization,[78] and incorporation
of degradation tags into target proteins,[79] demonstrating its
versatility as a biological research tool. In contrast to these
techniques, the substrate-conjugation strategy is another type
of enzyme-catalyzed labeling method, which uses a short
peptide or small protein domain fused to a target protein as an
enzyme substrate. Ting et al. reported the probe incorpora-
tion mediated by enzymes (PRIME) protein-labeling system

Scheme 7. Bioorthogonal reactions for selective protein labeling. a) Reactions of aldehydes and ketones
with hydroxyamines. b) Staudinger ligation of azides and triarylphosphines. c) Click reactions of alkynes
and azides. d) Inverse-electron-demand Diels–Alder reaction of trans-cyclooxtenes and dipyridyl tetrazines.
e) Photoclick reactions of O-ally-tyrosine and diaryltetrazoles.

.Angewandte
Reviews

I. Hamachi et al.

4096 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 4088 – 4106

http://www.angewandte.org


catalyzed by lipoic acid ligase (LplA, Sche-
me 8c).[80, 81] They created a mutant LplA capable
of recognizing a coumarin-type substrate and
catalyzing its covalent conjugation to a 13 amino
acid peptide LplA acceptor peptide (LAP) tag.
They successfully demonstrated that this fluores-
cence labeling process occurred in living cells
within 10 min and was highly specific for the
LAP tag-fused protein over all other endogenous
mammalian proteins. Several other enzyme-cat-
alyzed labeling methods have been developed
(Scheme 8d) and their applications demon-
strated in live-cell protein labeling as well as
in vitro.[82–84]

3.2.2. Short Peptide Tags for Protein Modification

Unfortunately, there are potential drawbacks
to the enzymatic labeling methods in that they
can have an adverse impact on protein functions
because of the large molecular weights of the
enzyme units (hAGT, 20 kDa; HaloTag dehy-
drogenase, 33 kDa) which are comparable to
those of green fluorescent proteins (GFPs;
27 kDa). There have been several reports
describing the disruption of correct protein

assembly that was induced by the fused GFPs in a bio-
imaging study.[85] To avoid this problem, another labeling
strategy has been proposed using a complementary recog-
nition pair of a short peptide tag and a small molecular probe.
In a pioneering piece of work conducted in this field in 1998,
Tsien et al. demonstrated that probes containing two arsenic
atoms (a biarsenical probe), such as FlAsH selectively binds
to a tetracysteine motif (CCXXCC) with a remarkably strong
binding affinity (100 pm>Kd).[86] Furthermore, the binding
induced large fluorescent enhancement of the probe (Sche-
me 9a). This labeling method was also successfully applied to
the fluorescence bio-imaging study of proteins inside and
outside living cells,[87] including the determination of protein
lifetime by multicolor fluorescence pulse-chase[88] and chro-
mophore-assisted light inactivation (CALI) for the spatio-
temporal inactivation of proteins.[89] More recently, the same
group have developed a biarsenical calcium indicator, known
as Calcium Green FlAsH for imaging regional calcium
concentration changes in the proximity of the tag-fused
proteins in cells.[90] In addition to these bioimaging applica-
tions, the FlAsH method has also been used in other studies,
including the investigation of protein–protein interactions,
monitoring of protein folding, and enzyme activity control in
test-tube systems.[91–93]

The oligo-histidine tag (His-tag), originally developed by
F. Hoffmann-La Roche as an affinity tag for protein purifica-
tion,[94] has also been applied for selective protein labeling.
Vogel et al. and Piehler et al. independently reported a pro-
tein-labeling system using a conventional binding pair of

Scheme 8. a,b) Schematic illustration of the enzyme tags for recombi-
nant protein labeling. a) SNAP-tag with benzyl guanine probe. b) Halo-
tag with alkyl chloride probe. c,d) Schematic illustration of the enzy-
matic protein labeling by fusion with a peptide tag. c) Lipoic acid
ligase (LplA) with the acceptor peptide (LAP). d) Sorta-
se A (SrtA) with the substrate peptide. POI =protein of
interest.

Scheme 9. Schematic illustration of peptide tag and probe pair systems for recombinant
protein labeling. a) Tetra-cysteine-tag with a FlAsH probe, b) His6-tag with a Ni-NTA probe and
Asp4-tag with a Zn-DpaTyr probe.
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a His-tag and a NiII nitrilotriacetic acid (NTA) probe
(Scheme 9b). The Vogel group demonstrated the feasibility
of their approach by binding NiII-NTA-chromophore conju-
gates to a ligand-gated ion channel and a G-protein coupled
receptor (GPCR), each containing a His-tag sequence. The
ionotropic 5-hydroxytryptamine (5HT) receptor was selec-
tively labeled with NiII-NTA probes for fluorescence meas-
urements to characterize the structure and plasma membrane
distribution of the receptor on the surface of live cells.[95] The
Piehler group developed an efficient method for the selective
and stable noncovalent labeling of His-tag proteins using
multivalent tris-NiII-NTA probes.[96] Fluorescence labeling
with tris-NiII-NTA-fluorophore conjugates was applied for
the real-time sensing of multi-protein complex formation in
solution and on surfaces. In a separate piece of research, Tsien
et al. developed HisZnFiT as a new fluorescent ZnII complex
that bound strongly to a His6 tag (Kd� 40 nm), which was
designed to overcome the strong fluorescence quenching
effect and cell toxicity caused by the nickel ion of the NiII-
NTA probes.[97] Very recently, Hamachi et al. also reported
the use of multinuclear zinc complexes as a selective fluo-
rescent probes for the bio-imaging of His-tag fused GPCR on
the surfaces of live cell.[98, 99]

In general, the de novo design of complementary recog-
nition systems comprising small molecules and peptides with
a strong and selective binding affinity represent a significant
challenge. In spite of the issues associated with this strategy,
several new tag–probe pairs have been reported in recent
years, including a pair comprising a tetraserine motif and
boronic acid probe,[100] and a pair comprising a lanthanoid
binding tag and TbIII ion.[101] A distinct tag–probe pair based
on coordination chemistry was developed by Hamachi et al.
The pair was composed of an oligo(aspartate) peptide (D4
tag; DDDD) and a binuclear ZnII complex (ZnII-DpaTyr;
Scheme 9b).[102] This pair was successfully applied to the
fluorescent bio-imaging study of a (GPCR) protein fused to
a triply repeated D4-tag [(D4)3] expressed on the cell surface.
Following on from this work, Hamachi et al. further advanced
their covalent protein-labeling system based on this
tag–probe pair, developing a tag and a probe that were
elaborately designed to undergo a specific nucleophilic
reaction in the binding complex between the cysteine
residue incorporated into the D4 tag and the a-
chloroacetyl group of the ZnII-DpaTyr probe.[103] The
rapid labeling (10–30 min) of GPCRs such as the
bradykinine B2 receptor (B2R) and the acetyl choline
receptor (M1R), proceeded selectively with ZnII-
DpaTyr probes bearing a variety of different functional
groups,[104] and enabled the fluorescence visualization of
the GPCRs on surface of HEK293 cells and any shifts in
their localization.

These non-enzymatic labeling methods have several
potential advantages over the enzyme-catalyzed meth-
ods in that: 1) there is no need to incorporate a large
enzyme or protein domain into the target proteins; 2) a
wide range of labeling reagents are available without
the structural restrictions that they must be suitable as
enzyme substrates; and 3) the labeling conditions are
independent of the enzyme properties.

4. Selective Endogenous Protein Labeling in Live-
Cell Systems

By using the bioorthogonal reactions or the enzyme/short-
peptide tags mentioned above, specific protein labeling events
can be achieved even under the crude conditions experienced
in cells and in vivo. The incorporation of a reactive handle
(bioorthogonal non-natural reactive handle or enzyme/pep-
tide tag) into the target proteins using genetic manipulation,
however, is a necessary pre-requisite for the application of
this strategy. Consequently, these target proteins are no
longer endogenous, but over expressed. The specific labeling
of a natural protein that is endogenously expressed in the
typical context of a living system represents an ideal scenario
for precise and quantitative intracellular protein analysis. The
affinity labeling method provided us with an important clue as
to how to achieve the specific labeling of an endogenous
target protein. Several chemistry-based methods have
recently been proposed in this particular context.[105] Such
methods may come to be used in selective molecular therapy
in future medicinal applications.

4.1. Affinity-Based Labeling Method for Selective Endogenous
Protein Labeling

Affinity labeling, in which the protein of interest is labeled
with a reactive group attached to a ligand, has been widely
used for the identification and characterization of endoge-
nously expressed proteins (Scheme 10).[106–109] By coupling
this technology with modern mass-spectrometry techniques,
additional information can be acquired regarding the struc-
ture and function of target proteins, such as the identification
of the exact amino acid residues in the active sites and the
examination of the stoichiometry and site-specificity of
biomolecular interactions. Since the first report of affinity
labeling in the early 1960s, significant efforts have been
invested in the fine tuning of the chemical structures used in

Scheme 10. a) Schematic illustration of the (photo)affinity labeling method
for target-specific protein labeling. b) Chemical structures of the reactive
groups widely used for (photo)affinity labeling.
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reactive-group-enabled
protein labeling, culminat-
ing in excellent levels of
target selectivity in the
whole proteomes of living
cells. The most commonly
used affinity labeling meth-
ods are based on several
photoactivatable groups
such as diazirine, phenyl-
azide, and benzophenone.
Although these photo-trig-
gered reactions can occur in
all of the natural amino
acids present on the surfa-
ces of proteins, labeling
efficiency is generally low
because of the short life-
span of the reactive car-
bene or nitrene species in
aqueous solution. Instead
of photo-affinity labeling
methods, recent progress
has been made using ther-
mally driven chemical reac-
tions that require relatively
moderate levels of reactiv-
ity that are suitable for
effectively providing high
levels of selectivity to the
protein-labeling process.
Sames et al. reported
a new affinity labeling
reagent based on an epox-
ide group that provide
highly efficient and site-
selective labeling of puri-
fied human carbonic anhy-
drase II (hCAII) both in vi-
tro and in cell lysates.[110] Systematic screening revealed that
the epoxide functionality had the special combination of
stability and reactivity necessary to make it stable towards
proteins in solution but reactive in the proximity of the active
site.

4.2. Activity-Based Protein Labeling for Proteomic Profiling

Based on the affinity labeling method, activity-based
probes (ABP) were developed using suicide substrates for the
corresponding enzymes.[111, 112] By greatly improving the ABP,
Cravatt et al. and Bogyo et al. independently demonstrated
activity-based protein profiling (ABPP) as a powerful pro-
teomic strategy for the direct characterization of the “active
form” of an enzyme under native biological habitats
(Scheme 11).[108, 113,114] ABPP reagents are generally designed
on the basis of them behaving as suicide substrates for the
target enzymes, and generally consist of three basic elements:
1) a reactive group, which binds and covalently modifies the

active sites of the enzymes; 2) a linker region; and 3) a
reporter tag, such as a fluorophore or biotin molecule, for the
detection and isolation of probe-labeled enzymes from
proteomes. Subsequently, Cravatt et al. reported the applica-
tion of a bioorthogonal chemical tag for ABPP which
eliminated the need for the detection tag that usually
restricted the incorporation efficiency into cells and intra-
cellular distribution of the reagents. They initially used an
azide-functionalized phenyl sulfonate that targeted serine
hydrolases.[115] The azide probes were introduced into live
cells, where the active enzymes were covalently modified.
Cell lysates were generated and subsequently treated with an
alkyne–rhodamine tag using copper-catalyzed click reactions,
allowing for several enzyme classes including glutathione S-
transferase, enoyl CoA hydratase and aldehyde dehydrogen-
ase to be analyzed and clarified.[116–118] Bogyo et al. also
explored various ABPP probes for imaging of cysteine
proteases in live-cell systems.[119] During the past decade,
several research groups designed a number of ABPP probes
as active-site-directed covalent probes allowing for the

Scheme 11. a) Schematic illustration of activity-based proteomic profiling (ABPP). b) Chemical structures of
typical activity-based probes (ABP).

Protein Modification
Angewandte

Chemie

4099Angew. Chem. Int. Ed. 2013, 52, 4088 – 4106 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


discovery of many different enzyme classes in complex
proteomes, including mettalloproteases,[120] kinases,[121] phos-
phatases,[122] glycosidases,[123] and oxidoreductases.[124] More
recently, Cravatt et al. also reported the use of 1,2,3-triazole
urea as a versatile chemical species for the selective inhibition
of serine hydrolases.[125] These 1,2,3-triazole urea derivatives
exhibited their inhibitory activities through the covalent
carbamoylation of the reactive serine residues of the hydro-
lase enzymes. They clearly demonstrated that rapid lead
optimization and competitive activity-based profiling were
carried out by ABPP for identifying selective inhibitors for
a diverse series of serine hydrolases, including peptidases,
lipases, and uncharacterized hydrolases, with high potency in
cells and mice. This work represents an intriguing example of
the exploitation of an endogenous protein-labeling reaction
to discover a mechanism-based irreversible inhibitor. In an
attempt to extend the scope of the ABPP strategy, Yao et al.
modified the method by introducing a photo-crosslinkable
moiety to the ABPP reagents.[126,127]

4.3. Ligand-Directed and Traceless Chemical Labeling for Protein
Engineering in Live Cells

Although the affinity labeling methods including the
ABPP approaches are powerful for the specific labeling of

proteins and proteomic analysis under miscellaneous condi-
tions, the associated probes usually inactivate the target
proteins, limiting the value of any potential applications, such
as the real-time monitoring of protein activities in cells. For
any subsequent functional studies of the labeled proteins, the
restoration of the original functions of the protein is essential
even after labeling. Hamachi et al. developed several new
approaches for achieving such traceless protein labeling.[128]

In their earlier work, disulfide or hydrazone linkers were used
as cleavage sites for the removal of the ligand following
protein labeling (Scheme 12 a,b). The disulfide linkers could
be cleaved by dithiothreitol treatment (termed post-photo-
affinity labeling method, P-PALM),[129, 130] whereas the hydra-
zone linkers could be converted into a non-obstructive oxime
using an excess of hydroxylamine (termed post-affinity
labeling method, P-ALM).[131, 132] These improvements in
affinity labeling, however, are still insufficient for the
application of the technique in living systems because of
their low bioorthogonality. Recently, Hamachi et al. devel-
oped a new labeling strategy, known as ligand-directed
“tosyl” (LDT) chemistry, in which the phenylsulfonate
(sometimes termed “tosyl”) linker behaves both as a linker
between the ligand and the probe and as a reactive group
(Scheme 12c).[133,134] A typical SN2-type reaction between the
phenylsulfonate moiety and a (natural) nucleophilic amino
acid residue resulted in the release of the ligand moiety during

Scheme 12. a) Schematic illustration of the post-(photo)affinity labeling method (P-(P)ALM). b) Molecular design of the P-PALM and P-ALM
reagents. c) Schematic illustration of the ligand-directed “tosyl” (LDT) chemistry and chemical structures of LDT reagents for hCAII labeling and
for FKBP12 engineering. d) Chemical structure of acyl phenol-type marrinopyrrole-tethered labeling reagent.[140]
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the labeling reaction and the retention of the protein activity.
This method allowed for the execution of efficient and
extremely specific protein-labeling reactions in live cells, on
tissue, and even in live mice, as well as in vitro. Taking
advantage of LDT chemistry, endogenous proteins can be
converted into protein-based biosensors inside cells. In
a proof-of-principle experiment, an in-cell 19F NMR spec-
troscopy biosensor was constructed in human red blood cells
(RBCs) on the basis of an endogenously expressed carbonic
anhydrase I (CAI),[133,135] which can sense the ligand binding
to CAI through a change in the chemical shift of a 19F signal.
More recently, the ligand-bound and unbound structures of
19F-labeled CAI were fully characterized by X-ray crystallog-
raphy, and an unprecedented quantitative comparison of the
protein�s dynamics was conducted in RBCs and in vitro using
19F exchange (EXSY) NMR spectroscopy.[136]

Given the benefits of the modular nature of the LDT
reagents, it is envisaged that this labeling method will be
applicable to the specific modification of a variety of different
endogenous proteins under many cellular environments. For
example, the FK506-binding protein 12 (FKBP12) in mam-
malian cells was successfully labeled using optimized LDT
reagents containing a photoreactive probe, and the UV-
induced covalent cross-linking of FKBP12 with its interacting
proteins (FRB or calcineurin) was achieved in living cells
(Scheme 12c).[137] Recently, other researchers have utilized
LDT chemistry for selective protein labeling and character-
ization. Shin et al. recently used LDT chemistry to demon-
strate that the small-molecule apoptozole (Az) was bound to
the ATP-binding pocket of the molecular chaperon heat
shock cognate 70 (Hsc70).[138] Ohkanda et al. also reported
the phosphopeptide-dependent site-selective fluorescent
labeling of 14-3-3d protein using an LDT reagent tethering
a diterpene fusicoccin A (FC) ligand.[139] These two results

clearly demonstrated that the power of LDT chemistry for
characterization of both the target protein and ligand-binding
site, with the success reflecting the strict site-selectivity of the
technique.

Other methods for chemically labeling endogenous pro-
teins in a cellular context have also been reported using
distinct reactive groups with carefully tuned levels of reac-
tivity. For example, Fenical et al. reported the use of a so-
called acyl phenol (that is, a 2-hydroxybenzoyl) moiety as
a reactive group for identifying the target protein of
marrinopyrrole A, which is a natural product with anticancer
properties in live cells (Scheme 12d).[140] Hamachi et al. very
recently reported a new type of ligand-directed chemistry,
known as ligand-directed acyl imidazole (LDAI) chemistry
(Scheme 13).[141] A moderately reactive alkyloxyacyl imida-
zole (AI) assisted by ligand binding enabled the selective
modification of natural proteins, such as the endogenous
folate receptor (FR) on the surface of live cells, which could
not be efficiently labeled using the LDT chemistry. Interest-
ingly, the fluorescein-labeled FR was shown to work as
a fluorescent biosensor on the live-cell surface, which allowed
for the unprecedented in situ ligand-binding kinetic analysis
of the FR.

4.4. Ligand-Tethered Catalysts for Traceless Protein Labeling on
the Cell Surface

Another strategy for endogenous protein labeling was
recently reported by the Hamachi group, they used a catalyst
decorated in such a way as to achieve specific affinity for
a target protein.[142] 4-Dimethylaminopyridine (DMAP) has
been widely used as an organocatalyst in a variety of acyl-
transfer reactions in organic synthesis. The Hamachi group

Scheme 13. a) Schematic illustration of the ligand-directed acyl imidazole (LDAI) chemistry; Nu = nucleophile. b) Chemical structure of the LDAI
reagent for FR labeling.
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designed affinity-guided DMAP (AGD) catalysts consisting
of a DMAP group and an affinity ligand (Scheme 14 a,b).
Selective binding of the AGD catalyst to a target protein
facilitated the acyl transfer reaction of a thioester probe in the
proximity of the protein active site. The validity of this
chemistry was demonstrated using lectins, sugar-binding
proteins, such as Congerin II (CongII), Concanavarin A
(ConA), and wheat germ agglutinin (WGA), and the
ligand-binding proteins, such as the SH2-domain and
FKBP12.[142–144] More recently, the realization was made that
the labeling reaction could be significantly accelerated by
increasing the number of DMAP groups in the ligand–catalyst
complex.[144] Given the high efficiency and selectivity of
multivalent AGD-based protein labeling, the labeling of B2R
was conducted on the surface of a live cell (85 % yield within
30 min). Based on the fluorescently labeled B2R, the ligand-
binding assay was performed using a bimolecular fluores-
cence quenching and recovery (BFQR) system on the live-cell
surfaces. To date, approximately 50% of all modern drugs are
targeted to GPCRs. With this in mind, the development of an
efficient and robust drug-screening platform for GPCRs, is of
broad significance to pharmaceutical chemistry and drug
discovery.

Other types of affinity-guided catalyst have been pre-
pared, Kunishima reported the use of a biotin-tethered
chlorotriazine for avidin labeling (Scheme 15a).[145] Ball
et al. recently reported a new labeling method using rhodiu-
m(II) metallopeptides and functionalized diazo compounds
(Scheme 15b).[146, 147] Site-specific, proximity-driven protein
modification can be carried out using a unique combination of
peptide-based molecular recognition and a rhodium catalyst
capable of modifying a wide range of amino acid side chains in
cell lysates as well as in vitro.

5. Summary and Outlook

In summary, recent efforts have provided important and
significant advances in the field of selective protein modifi-
cation with synthetic molecules. Four main strategies have
been reviewed in this article:
1) the bioconjugation of natural amino acids (predominantly

in vitro)
2) the bioorthogonal reaction of non-natural amino acids

Scheme 14. a,b) AGD catalyst-mediated selective chemical protein labeling. Schematic illustration of a) the basic strategy and b) the multivalent
DMAP system for efficient labeling. c) Chemical structures of the lactose-type AGD catalyst for CongII labeling and fluorescein-type acyl donor.
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3) the coupling of selective recogni-
tion and reactivity using an
enzyme or short-peptide tag and
a probe label (tag–probe pair)

4) the use of ligand-directed labeling
reactions for endogenous proteins

These techniques represent
a useful set of tools for use in chemical
biology,[148–151] with methods 2–4 in
particular been applicable to crude
(i.e. living) habitats. The complemen-
tary or combined use of these meth-
ods should further expand opportuni-
ties for highlighting the power of
chemistry-based approaches as essen-
tial tools in biological investigations.
To potentially address some of the
currently unsolved and future issues
in cellular biology, pharmaceutical
research, and the medical sciences,
the development of new protein-
modification methods in living sys-
tems are undoubtedly required. Any
future developments should be able
to facilitate the analysis of huge
protein complexes, identify target
proteins for new medicines, and
allow for the rational design of irre-
versible inhibitors, and as well as
providing cancer detection and diag-
nosis in vivo. Research into the use of
organic chemistry for manipulating
and altering endogenous natural pro-
teins in their live habitats is currently
at an early stage in its development
(Table 1), and the development of
new chemical techniques that can be
successfully applied in living systems

Scheme 15. a) Schematic illustration of the ligand-tethered chlorothiazine for protein labeling.[145]

b) Schematic illustration of the proximity-driven protein modification using rhodium(II) metal-
lopeptides and diazo compound.[146,147]

Table 1: Ligand-directed reactions for specific protein labeling.

Method Reactive group Modified protein Labeled amino acid Conditions Ref.

P-PALM trifluoromethyldiazirine ConA Tyr Test tube [129,130]
P-ALM epoxide hCAII His Test tube [131]
LDT phenylsulfonate hCAI, hCAII,

SH2 domain, FKBP12, CongII, 14-3-3d,
Hsc70

His, Tyr, Glu Test tube
Live cell
In vivo

[133–
139]

LDAI acyl imidazole DHFR, FR Lys Test tube
Live cell

[141]

Acyl dye transfer acylphenol actin Lys Test tube
Live cell

[140]

AGD-DMAP DMAP
/thioester

CongII, ConA, WGA, SH2 domain, FKBP12,
FR, B2R

Lys, Tyr Test tube
Cell
lysates
Live cell

[142–
144]

AGD-chlorothia-
zine

trimethoxychlorothiazine Avidin Glu Test tube [145]

Rh-diazo rhodium(II)/diazo Coiled coils,
SH3 domain

Trp, Tyr, Phe, Asn, Gln, Asp, Glu,
Arg, Cys

Test tube
Cell
lysates

[146,147]
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represents a worthy challenge to organic chemistry and those
who practice the art.
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