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ABSTRACT: Site-specific modification of proteins is a major challenge in
modern chemical biology due to the large number of reactive functional
groups typically present in polypeptides. Because of its importance in
biology and medicine, the development of methods for site-specific
modification of proteins is an area of intense research. Selective protein
modification procedures have been useful for oriented protein immobiliza-
tion, for studies of naturally occurring post-translational modifications, for
creating antibody−drug conjugates, for the introduction of fluorophores
and other small molecules on to proteins, for examining protein structure,
folding, dynamics, and protein−protein interactions, and for the
preparation of protein−polymer conjugates. One of the most important
approaches for protein labeling is to incorporate bioorthogonal
functionalities into proteins at specific sites via enzymatic reactions. The
incorporated tags then enable reactions that are chemoselective, whose
functional groups not only are inert in biological media, but also do not occur natively in proteins or other macromolecules. This
review article summarizes the enzymatic strategies, which enable site-specific functionalization of proteins with a variety of
different functional groups. The enzymes covered in this review include formylglycine generating enzyme, sialyltransferases,
phosphopantetheinyltransferases, O-GlcNAc post-translational modification, sortagging, transglutaminase, farnesyltransferase,
biotin ligase, lipoic acid ligase, and N-myristoyltransferase.

■ INTRODUCTION

Site-specific modification of proteins is a challenging problem
in modern chemical biology.1−4 With applications in fields
including biology, chemistry, and medicine,5 developing
methods to site-specifically modify proteins is of great
importance. Site-specific protein modifications have been
used to create antibody−drug conjugates,6 to study natural
post-translational modifications, to introduce fluorophores and
other small molecules for biophysical studies, oriented protein
immobilization,7 to prepare protein−polymer conjugates,8 and
to examine the properties of proteins such as their folding, their
dynamics, and their interactions with other proteins.9 Protein
immobilization is an important first step for many biotechnol-
ogy applications including the construction of protein micro-
arrays, biosensors, immunoassays, and protein conjugates which
are used for medical therapies.10,11 One of the main advantages
of site-specific protein modification is that it can be used to
create structurally defined covalent linkages between proteins
and surfaces, materials, or biomolecules.12 This ensures
homogeneous coverage and accessibility to the active site of
the protein. These are important factors in studying protein
expression and localization, to improve bioavailability and
pharmacokinetics of protein-based drugs, in structure−function
studies, and in the development of biosensors.13

Early methods of protein functionalization exploited the
reactivity of either cysteine or lysine residues by reacting the
protein with an excess of thiol- or amine-reactive reagents, such
as maleimides or N-hydroxysuccinimidyl esters, respectively. In
addition to lysine and cysteine modifications, methods have

also been developed to chemically modify tyrosine, the N- or
C-terminus, and aspartate or glutamate residues.14 Transimi-
nation15−17 and periodate oxidation4,18 are also among
common chemical methods for protein modifications which
introduce an aldehyde or a ketone moiety at the N-terminus.
Although all of these methods are currently in use and have
widespread utility, a variety of alternative approaches have been
developed to achieve greater reaction yield, higher selectivity
and site-specificity, compatibility with complex biological
systems, and improved reaction rates.12

One approach for protein labeling is to use reactions that are
chemoselective, whose functional groups are both inert in
biological media, and which do not natively occur in proteins or
other biological macromolecules. In many cases, a combined
strategy of the described modification methods are used, such
as taking advantage of the selectivity of the reactive functional
groups on proteins (e.g., lysine of the C-terminus) which is
used to introduce a new reactive group that then provides
superior reaction kinetics for a second, more complex
conjugation reaction. Using this strategy, a large excess of the
initial reagent can be used to introduce a reactive handle into a
protein, followed by a second reaction using stoichiometric
quantities of the biomolecule or probe of interest, which can be
more costly to obtain.
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The discovery and application of green fluorescent protein
(GFP) and its derivatives into chemical biology has had a great
impact on exploring protein behavior in living cells and has
dramatically increased our knowledge of biological pro-
cesses.19−21 However, the use of GFP to tag proteins comes
with disadvantages; many proteins do not tolerate the fusion
with GFP without compromising function or intracellular
distribution.22,23 An alternative to using GFP is to chemically
tag proteins with a fluorescent or affinity label. This latter
method has the advantage of being relatively simple to perform
and usually only uses a small molecule when compared to the
size of the protein. One of the major disadvantages is that if
done in a nonselective manner, it lacks the precise control of
molecular architecture that can be obtained using a genetically
encoded tag.
Another alternative strategy to create site-specific protein

conjugates is the incorporation of non-natural amino acids into
proteins. The incorporation of nonproteogenic residues allows
functionality typically not found in proteins to be introduced
and exploited. Several systems for expressing proteins with non-
natural residues have been described and recently (2009)
reviewed.24 Auxotrophic bacterial hosts are commonly used to
incorporate non-natural analogues of amino acids, and
suppressor tRNA methods have also been developed which
enable the incorporation of a variety of modified residues such
as p-azidophenylalanine, p-ethynylphenylalanine, or p-acetyl-
phenylalanine that contain bioorthogonal functionality.25−28

The development of new methods for site-specific
modification of proteins that function under mild conditions
is an area of intense research.1,3,4,12 Due to the structural
sensitivity of proteins and complex cellular environment in
which proteins inhabit, the chemical transformations of
proteins need to proceed under mild conditions that are
compatible with all functional groups present in the cell, which
includes such diverse molecules as proteins, nucleic acids,
carbohydrates, and various metabolites. The reaction should
occur in water or aqueous solutions at or near physiological pH,
have rapid kinetics even with low (submillimolar) concen-
trations of reactants, and occur at physiological temperatures.
The search for chemical reactions that satisfy these require-
ments has revealed the utility of a number of key chemical
reactions including the Huisgen [3 + 2] cycloaddition
(commonly referred to as the “click” reaction),29−31 the
Staudinger ligation,32 a photoinducible reaction of an alkene
with tetrazole,33,34 the Diels−Alder reaction,35−37 an inverse-
electron-demand Diels−Alder reaction,38,39 and oxime or
hydrazone ligations.40−42

To overcome many of the aforementioned challenges,
chemoenzymatic methods that allow site-specific incorporation
of labels into proteins have been developed and are an
increasingly active area of research.2,43,44 Such methods
capitalize on the exquisite selectivity of enzymes to accomplish
highly selective reactions. Here we review the most recent
enzymatic methods for site-specific protein modification
including formylglycine generating enzyme, sialyltransferase,
phosphopantetheinyltransferase, O-GlcNAc transferase, sortase,
transglutaminase, farnesyltransferase, biotin ligase, lipoic acid
ligase, and N-myristoyltransferase.
Enzymes Used for Protein Modification. Formylglycine

Generating Enzyme (FGE). Formylglycine generating enzyme
(FGE) performs a critical post-translational modification of
type I sulfatases by converting a cysteine within the motif
CXPXR to the aldehyde-bearing residue formylglycine

(FGly).45−48 By introducing this motif into proteins and
subsequently reacting it with FGE, an aldehyde group can be
site-specifically added to the protein, which can then be used
for covalent modification using complementary aminooxy- or
hydrazide-functionalized reagents (Figure 1). Bertozzi and co-

workers have refined this strategy by screening FGEs from M.
tuberculosis and S. coelicolor against synthetic peptide substrate
libraries and identified new peptide sequences that diverge from
the canonical FGE-recognized motif.46 Based on their study, E.
coli’s FGE activity was found to be similarly promiscuous, which
enables the use of novel aldehyde tag sequences for ex vivo
modification of recombinant proteins. This finding expanded
the range of aldehyde-tag sequences for protein engineering.
In another study, they introduced the peptide sequence

recognized by the endoplasmic reticulum (ER)-resident FGE
into heterologous proteins expressed in mammalian cells.
Applying the FGE technique, they were able to site-specifically
modify monoclonal antibodies as well as membrane-associated
and cytosolic proteins expressed in mammalian systems.47

Plasma membrane-associated proteins, similar to secreted
proteins, traffic through the secretory pathway and thus can
potentially be substrates for the ER-resident FGE. They
explored this idea by introducing a 13 residue aldehyde tagging
sequence onto the N-terminus of the platelet-derived growth
factor receptor (PDGFR) transmembrane (TM) domain. This
protein, along with human FGE, was expressed for 48 h in
CHO cells. Next, the cells were reacted with biotin-hydrazide
followed by AlexaFluor488-streptavidin and subjected to
subsequent analysis by flow cytometry. Their results showed
that CHO cells expressing aldehyde tagged PDGFR-TM

Figure 1. Site-specific modification of proteins containing a genetically
encoded aldehyde tag incorporated using formylglycine generating
enzyme (FGE). (A) FGE oxidizes a specific cysteine to formylglycine
within a 5 residue consensus sequence. (B) Site-specific modification
of a protein bearing the genetically encoded aldehyde tag followed by
chemoselective bioorthogonal oxime ligation reaction to label the
protein of interest.
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manifested a clear increase in fluorescence compared with cells
expressing the unmodified PDGFR-TM protein.47

In additional work, a bacterial FGE homologue derived from
S. coelicolor was introduced into a mammalian expression
vector. A GFP was genetically encoded with a 13 residue
aldehyde tag at its N-terminus denoted as Ald13-GFP. Both
proteins were expressed in human embryonic kidney (HEK)-
293T cells. After cell lysis and purification, the fusion protein
was reacted with biotin-hydrazide and analyzed by nonreducing
PAGE and Western blotting. Their results showed that the
Ald13-GFP was efficiently labeled with biotin-hydrazide.47

Overall, the aldehyde tag offers a versatile method for site-
specific modification of membrane-associated and cytosolic
proteins in mammalian cells. It only requires a peptide
sequence 6−13 residues in length that can be varied for the
protein modification applications. The 6 residue tag is smaller
but the 13 residue tag provides higher levels of conversion of
Cys to FGly presumably due the greater accessibility to the
enzyme active site provided by the longer flanking sequences.
Because of its site-selective nature, the aldehyde tag is
promising for the development of new protein-conjugates for
research and therapeutic purposes.
Sialylation. The surfaces of many cells, including both

prokaryotes and eukaryotes, are decorated with glycan chains.49

These glycans play important roles in a wide range of biological
processes such as cell−cell interaction, protein recognition, and
small molecule−cell recognition.49 One important type of
glycan modification is the addition of sialic acid to proteins
(Figure 2).50 Sialic acid is a monosaccharide with a nine-carbon
backbone and is a generic term for the O- or N-substituted
derivatives of neuraminic acid. Sialic acid refers to a wide family
of related sugar acids that occur prominently at the terminal
position of many eukaryotic surface-exposed glycoconjugates,
where they confer important properties upon the resulting cell
surface.50,51 One of the most abundant and best-studied sialic
acid members is N-acetylneuraminic acid (Neu5Ac). Besides
Neu5Ac, there are numerous naturally occurring variations of
sialic acid, including substitutions at the C-5 position, or
modifications of different hydroxyl groups. Sialic acids are

found widely distributed in animal tissues and, to a lesser
extent, in other species, ranging from plants and fungi to yeasts
and bacteria, predominantly in glycoproteins and gangliosides.
Sialic acid-containing structures play important roles in

cellular recognition and communication.51 Accordingly, many
pathogenic bacteria have evolved the molecular machinery to
decorate their cell surfaces with sialic acid to mimic that of their
host. This results in the ability to resist the host’s innate
immune response and also allows them to interact specifically
with different host-cell surfaces.52 Therefore, understanding
sialylation will enable a better understanding of how certain
pathogens function and could be used to create more effective
drugs.
Unfortunately, the study of sialylation is difficult due to the

complex structure of sialic acid, which presents numerous
synthetic challenges. This complexity is due to the hindered
tertiary anomeric center and the lack of a neighboring
participating group in sialic acids. Using enzymatic methods
to create and conjugate sialic acid derivatives is a much more
promising method to study sialylation. Thus, a highly active
sialyltransferase with broad substrate functionality would be
particularly useful in this field.
Chen and co-workers reported the discovery of a water-

soluble and highly active multifunctional sialyltransferase from
P. multocida.53 They used a one-pot, three-enzyme system for
the efficient synthesis of a diverse set of sialoside libraries
(Figure 2).54 In this system, using a recombinant E. coli K12
sialic acid aldolase and a recombinant N. meningitidis cytidine
monophosphate (CMP)-Sia-synthetase, CMP-Sia derivatives
were generated in situ from sialic acid precursors. They were
able to perform these reactions under mild conditions at 37 °C,
pH 8.5, over the course of only a few hours; additionally, they
did not observe significant sialidase or α-2,6-sialyltransferase
(SiaT) activity. More recently (2012), using the established
one-pot three-enzyme strategy and starting from C6-modified
mannose derivatives, Chen and co-workers chemoenzymatically
synthesized a library of 30 α-2-3 and α-2-6-linked sialyl
galactosides containing C9-modified sialic acids.55 They used
these sialosides to evaluate substrate specificity of various

Figure 2. (A) Synthesis of sialosides containing sialic acid modifications via a chemoenzymatic approach. (B) Application of sialyltransferase for cell
surface labeling using sialic acid derivatives. Rx (X = 5−9) represents groups that can contain an azide, an alkyne, or other bioorthogonal functional
groups.
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sialidases. A high-throughput sialidase substrate specificity assay
was used to elucidate the importance of the C9-OH group in
sialidase recognition. Their results showed that different
sialidases have various promiscuities toward the different
synthetic substrates, with V. cholerae sialidase having the
highest substrate promiscuity.
Overall, the newly discovered SiaT has broad substrate

specificity, substantial expression levels, and high water-
solubility. Thus, the new SiaT is a powerful tool for
synthesizing structurally diverse sialosides and can be used to
further understand their important biological functions. In a
broader sense, SiaT may be useful for engineering novel
glycosylated proteins for a variety of applications in
biotechnology and medicine.
Phosphopantetheinyltransferase (PPTase). Peptide carrier

protein (PCP) and acyl carrier protein (ACP) are small folding
domains (80−100 residues in size), which can either be
embedded or stand alone as key parts of the biosynthetic
machinery of nonribosomal peptide synthetases (NRPSs), fatty
acid synthases (FASs), and polyketide synthases
(PKSs).56−59All PCP and ACP domains must be post-
translationally modified by PPTases in order for these
enzymatically synthesized assemblies to be active. PPTases
modify PCP and ACP by an installation of a phosphopante-
theinyl (Ppant) prosthetic group 20 Å in length through a
phosphodiester bond to the hydroxyl group of a conserved
serine residue.60 The Ppant group is a fragment derived from
coenzyme A (CoASH), which is the native substrate of
PPTases. It functions as a swinging arm to provide successive
anchoring points for the attachment of the growing peptide,
fatty acyl chains, or polyketide as they elongate down the
NRPS, FAS, or PKS enzymatic assembly lines.
Walsh and co-workers developed a strategy for the site-

specific modification of proteins with small molecules using

phosphopantetheinyltransferase, Sfp, a post-translational mod-
ification enzyme. Recently, a number of groups have exploited
the utility of Sfp to transfer a wide range of molecules,
conjugated to the thiol moiety of Coenzyme A (CoA), onto
different carrier proteins (Figure 3). Sfp and related PPTases
have also been used to label proteins, containing the PPTase
recognition sequence (peptide carrier protein, PCP, or acyl
carrier protein ACP), with biotin61 or fluorophores,62 the
former of which has been used to noncovalently immobilize
arrays of protein onto avidin-coated slides.
In the early work reported by Walsh and co-workers, the

target proteins were expressed as fusions to PCP (80−100
amino acids), which were excised from a nonribosomal peptide
synthetase.61 Next, Sfp was used to catalyze the covalent
attachment of the small molecule phosphopantetheine to a
specific serine residue within the PCP. The labeling reaction
proceeded with high specificity and efficiency, targeting the
PCP-fusion proteins in the cell lysate. The PCP tag was shown
to be compatible with various proteins because its fusion onto
them did not compromise the functional properties of the
parent protein. Additionally, Sfp was shown to be promiscuous
with respect to the small molecule probes linked to CoA. This
work highlighted the potential of the PCP tag for site-specific
protein labeling with small molecules. Moreover, they
employed a PCP tag for biotin labeling of proteins and then
demonstrated that the resulting biotinylated proteins could be
used to create a protein microarray for enzymatic screening.
Overall, the relatively small size of the PCP domain (80−100
amino acids compared to 238 residues for GFP fusion
proteins), the portability of PCP to various target proteins,
the high efficiency of Sfp-catalyzed PCP post-translational
modification, and the promiscuity of Sfp with various small
molecule probes makes this approach an attractive alternative
for protein labeling.

Figure 3. (A) Sfp-catalyzed modification of PCP, ACP, or ybbR tag at a specific Ser residue by CoA-SR conjugates. (B) Using Sfp or related PPTases
for direct site-specific protein immobilization via surface immobilized CoA as a substrate and a protein of interest containing a genetically encoded
carrier protein or a ybbR tag. (C) Labeling cell surface proteins containing ACP, PCP, or a ybbR tag using PPTase.
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Having access to promiscuous metabolic pathways can
provide an interesting alternative for site-specific protein
labeling ex vivo. Burkart and co-workers used the PPTase
strategy for protein labeling by harnessing an intrinsic bacterial
metabolic pathway.63,64 They treated E. coli cells with a cell-
permeable, nonhydrolyzable, fluorescent pantetheine analogue
(coumarin derivative), which was used by the CoA biosynthetic
pathway to synthesize CoA-analogues ex vivo. It is likely that E.
coli internalizes the pantetheine analogue via a sodium-
dependent symporter where it undergoes phosphorylation by
CoAA. Further processing by CoAD and CoAE results in
stepwise adenylation and further phosphorylation yields the
final CoA analogue. This compound is then retained within the
cell and is available for downstream transfer to a carrier protein
domain. This work showed how cell-penetrating analogues of
metabolic precursors could be used ex vivo to site-specifically
label proteins. The key feature of this approach is the
availability of a viable uptake mechanism. Using this strategy,
CoA-bound reporter molecules containing coumarin-deriva-
tives were successfully generated for post-translational protein
modification ex vivo. This method may be applicable to natural
product pathway manipulation as well as applications in
conventional molecular and cellular biology. The significant
tolerance to structural modification manifested by the enzymes
in this pathway should allow delivery of a wide variety of
chemical moieties to ex vivo processes. In very recent work,
Burkart and co-workers used PPTase and acyl carrier proteins
(ACP-fusion proteins) for visualization and functionalization
studies and demonstrated the reversibility of this labeling
approach.65 Treatment of acyl carrier proteins with Sfp and
coumarin-CoA generated fluorescently labeled proteins. They
then showed that treatment with ACP-hydrolase can reverse
this reaction. Thus, subsequent treatment of coumarin-labeled
lysate with recombinant ACP-hydrolase uniformly removed the
coumarin-4′-phosphopantetheinyl (PPant) from ACP. This
iterative enzymatic methodology was then used to reversibly
label acyl carrier protein variants in vitro and was subsequently
employed for NMR structural studies of protein−substrate
interactions.
In related work, Johnsson and co-workers used the PPTase

strategy to site-specifically label cell surface proteins in
eukaryotes and prokaryotes with a fluorescent probe.66 They
expressed a-agglutinin receptor Aga2p as a C-terminal fusion

with ACP (Aga2p-ACP) in S. cerevisiae. Aga2p is known to
interact with Aga1p through two disulfide bonds, which cause
its localization to the cell surface.67 Incubation of yeast cells
that coexpressed Aga1p and Aga2p-ACP with CoA-Cy3 (a
fluorescent analogue of the natural substrate) and PPTase led
to a clear fluorescent signal at the cell membrane. Aga2p-ACP
was also modified with a biotinylated CoA analogue, and
subsequently incubated with commercially available CdSe
quantum dots conjugated to streptavidin. The resulting bright
fluorescence of yeast displaying Aga2p-ACP was highly specific.
The same results were observed when the experiments were
performed on HEK293 cells. In that case, the ACP tag was
appended to the N-terminus of a recombinant human G
protein-coupled receptor, neurokinin-1, one of the most
important classes of therapeutic targets.
The size of the PCP or ACP is relatively large (75−80 amino

acids; compared to small peptide recognition tags summarized
in Table 1); thus, Walsh and co-workers tried to identify
smaller peptide substrates for Sfp-catalyzed reactions. By
probing a genomic library from B. subtilis using phage display,
they found that truncated forms of the predicted ybbR protein
are substrates for Sfp phosphopantetheinyltransferase.68 Sfp-
catalyzed biotin labeling of phage-displayed ybbR truncates was
confirmed by ELISA. The site of the modification on JY529, the
shortest ybbR truncated protein selected by phage display, was
mapped by Fourier-transform MS to Ser-274 (following the
numbering in the full length ybbR). JY529 showed no obvious
sequence homology with ACPs or PCPs, the known substrates
of Sfp. Therefore, short peptides corresponding to the flanking
sequence of Ser-274 in JY529 were synthesized and evaluated
as substrates for Sfp. Eventually, Walsh and co-workers
identified a series of peptides, the smallest being an 11-residue
molecule with the sequence DSLEFIASKLA, as efficient
substrates for Sfp phosphopantetheinyltransferase using small
molecule−CoA conjugates. The peptides were named “ybbR
tags” because part of their sequence is derived from the ybbR
ORF in the B. subtilis genome. Importantly, they also
demonstrated that the ybbR tags can be fused to the N- or
C-termini of target proteins or inserted into flexible loop
regions in the middle of a target protein for site-specific protein
labeling by Sfp, highlighting the versatility of this approach.
Overall, enzymatic labeling via Sfp by various small molecule

probes is highly specific and efficient. Sfp has broad substrate

Table 1. Kinetic Parameters of Different Enzymes Used for Protein Labeling

enzyme encoded tag peptide
kcat
min‑1

KM
μM

kcat/KM
min‑1 μM‑1 site of the peptide

Formylglycine
generating enzyme

CXPXR or 13-mer LCTPSRGSLFTGR - - - C or N terminus

Phosphopantetheinyl
transferase

ACP, PCP or ybbR tags (11 mer: DSLEFIASKLA; 13 mer:
VLDSLEFIASKLA; 17 mer: GSQDVLDSLEFIASKLA)

(for 500 μM ybbR 13 mer and
biotin-CoA)

C or N terminus or
flexible loops

14.7 60.8 0.242
Sortase LPXTG 16.2 5,500 0.003 Any section

Transglutaminase XXQXX 45 7 6 Any section
Farnesyltransferase CaaX (for yPFTase and 2.4 μM

CVIA) for FPP:
C terminus

31.2 1.71 18.2
for FPP-aldehyde:

7.8 1.87 4.17
Biotin ligase GLNDIFEAQKIEWHE (for Escherichia coli biotin ligase

and biotin)
C or N terminus

9.6 4.2 2.3
Lipoic acid ligase GFEIDKVWYDLDA 2.88 - - C or N terminus or

flexible loops
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specificity with respect to the small molecule probes conjugated
to CoA, including fluorescent substrates such as AlexaFluor
dyes and fluorescein, affinity substrates such as glutathione and
biotin, redox substrates such as porphyrin, and also sugar
derivatives of CoA. The PPTase strategy can also be used for
direct site-selective covalent protein immobilization onto solid
supports derivatized with CoA.69

O-GlcNAc Post-Translational Modification. The glyco-
sylation of nuclear and cytoplasmic proteins at serine and
threonine residues by the addition of a single GlcNAc residue
(O-GlcNAc) is a widespread post-translational modification
(Figure 4). This modification has been found on numerous
proteins such as nuclear pore proteins, enzymes, and
transcription factors. The enzyme catalyzing the O-GlcNAc
modification of cellular proteins, UDP-Glc-NAc: polypeptidyl-
transferase (OGTase), is essential for cell viability in mammals
and is conserved in a range of organisms from A. thaliana to
humans. Glycosylation levels are typically monitored by
immunoblotting with a general O-GlcNAc antibody, which
detects only a limited number of O-GlcNAc-modified proteins
and makes it difficult to identify proteins undergoing changes in
glycosylation. Bertozzi and co-workers described a chemical
strategy directed toward identifying O-GlcNAc-modified
proteins from living cells or proteins modified in vitro.70

They demonstrated, in vitro, that each enzyme in the
hexosamine salvage pathway, and the enzymes that affect this
dynamic modification (UDP-Glc-NAc: polypeptidyltransferase
and O-GlcNAcase), tolerate structural modifications in which
the N-acyl side chain of the natural substrate is functionalized
with a bioorthogonal azide moiety. Cells treated with N-
azidoacetylglucosamine resulted in the metabolic incorporation
of the azidosugar into nuclear and cytoplasmic proteins. These
O-azidoacetylglucosamine-modified proteins can then, theoret-
ically, be covalently derivatized with various biochemical probes
at the site of protein glycosylation using the Staudinger ligation
reaction.71

The incorporation of N-azidoacetylglucosamine (GlcNAz)
onto proteins within cultured human cells was also investigated.
Jurkat cells were cultured in the presence of a derivative of
GlcNAz for 3 days. Nuclear protein extracts were prepared and
reacted with a FLAG-containing phosphine-based reagent.
Subsequently, FLAG-modified glycoproteins were identified by
Western blot using a mouse anti-FLAG-mAb conjugated to
HRP. As a control, cells that were not treated with the azide-

modified sugar were analyzed and no signal was detected for
this sample. To further validate this approach, they selected a
specific protein, the nuclear pore protein p62, which is known
to be post-translationally modified with O-GlcNAc, and
analyzed it from the GlcNAz-treated cells. Using this strategy,
protein p62 was successfully labeled with the GlcNAz.
Overall, the promising result from this approach was that

they could analyze O-GlcNAc-modified proteins in the
proteome. This strategy will prove useful for both the
identification of O-GlcNAc-modified proteins and the elucida-
tion of the specific residues that bear this saccharide.
Additionally, this approach could be used to derivatize O-
GlcNAc-modified proteins with a variety of other probe
molecules.
Enzymatic methods using an engineered mutant of β-1,4-

galactosyltransferase have also been used to detect O-GlcNAc
post-translational modifications. Hsieh-Wilson and co-workers
reported an enzymatic strategy for a rapid and sensitive
detection of O-GlcNAc post-translational modifications.72−75

Their approach exploited the ability of an engineered mutant of
β-1,4-galactosyltransferase to selectively transfer a ketone or an
azide onto O-GlcNAc glycosylated proteins (Figure 4) using a
suitably functionalized carbohydrate precursor. Next, using a
hydrazone or oxime ligation or an alkyne−azide cycloaddition
reaction employing the transferred ketone or azide, they could
site-specifically attach a biotin or a fluorophore to these
proteins.
In other work, using this same approach, Hsieh-Wilson and

co-workers were able to rapidly visualize proteins that were
present at the limits of detection of traditional methods.73 They
examined whether O-GlcNAc-modified proteins could be
chemoenzymatically tagged and then imaged in cells. They
fixed HeLa cells and cultured cortical neurons, permeabilized
them, and then labeled them with GlcNAc-azide using the
Y289L GalT-engineered enzyme. Next, they reacted the cells
with biotin-alkyne or TAMRA-alkyne, creating a covalent bond
via azide−alkyne cycloaddition. The biotin-alkyne-treated cells
were further incubated with a streptavidin−AlexaFluor488
conjugate. Results showed that O-GlcNAc-glycosylated pro-
teins were found in both the nucleus and cytoplasm in both
types of cells. Moreover, they observed robust staining of
proteins along neuronal processes. They labeled nuclear and
cytosolic protein fractions from rat forebrain with azide-
functionalized O-GlcNAc and subsequently modified the

Figure 4. Chemoenzymatic labeling of O-GlcNAc-containg proteins using a T289L mutant-galactosyltransferase and UDP-galactose analogue. The
functionalized protein can then be used for chemoselective reactions, such as oxime or hydrazone ligations or azide−alkyne [3 + 2] cycloaddition.
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material with a TAMRA-alkyne derivative. After enrichment of
O-GlcNAc proteins by immunoprecipitation using an anti-
TAMRA antibody, the precipitates were resolved by 1D or 2D
gel electrophoresis, visualized by in-gel fluorescence imaging
and then proteolytically digested and subjected to nano-LC-
MS/MS analysis. These experiments showed minimal non-
specific labeling with the TAMRA-alkyne dye and also resulted
in the identification of 213 proteins, among which 67 were
previously known and 146 were novel, putative O-GlcNAc-
modified proteins. Most of the proteins identified participate in
neuronal signaling and synaptic function, which suggests
important functional roles for O-GlcNAc in neuronal
communication. In summary, this exciting method enables
the direct fluorescence detection of O-GlcNAc proteins in gels,
which in turn facilitates proteomic studies and extends the
reach of existing technologies. This new tool for imaging O-
GlcNAc-glycosylated proteins also enables the monitoring of
expression and dynamics of the modification in cells or tissues.
Sortagging. Recently, the use of the enzyme sortase for

labeling proteins has become an area of great interest. Sortase
catalyzes a transpeptidase reaction between a specific internal
sequence of a protein and an amine group present on the N-
terminus of glycine. This method of labeling proteins has been
denoted as “Sortagging”. One of the most common sortases is
Sortase A (SrtA) derived from S. aureus76 which recognizes the
pentapeptide sequence LPXTG and cleaves the bond between
the threonine and glycine, creating a thioester bond between a
SrtA-derived cysteine residue and the substrate. This covalent
intermediate then undergoes a subsequent aminolysis reaction
with the N-terminus of an oligoglycine, thus creating a new
covalent bond between the two substrates (Figure 5).77

Additional work has shown that sortagging can be carried out
ex vivo and cell surface proteins expressing the LPXTG motif
can be fluorescently labeled using a small fluorophore.78 Popp
et al. showed that they could take HEK293T cells expressing
CD40L fused with GFP and an LPETG tag, and incubate them
with sortase and a TAMRA-labeled oligoglycine. They found
that such proteins could be labeled ex vivo. This type of ex vivo
labeling can be performed using a wide variety of cell types as
well.
Tanaka et al. added a sortase recognition tag, LPETGG, to

osteoclast differentiation factor (ODF), which is expressed as a
cell membrane protein, and transfected it into HEK293T
cells.79 They showed that upon incubating the cells with sortase
and biotin connected to a three-glycine oligomer, they were
able to biotinylate on the surface of the cell. They expanded on
this initial observation by demonstrating that this approach can
work in multiple cell types, including CHO and HeLa cells, and
that large molecules, such as GFP containing a five glycine N-
terminus, can be conjugated to the protein on the cell surface.

Strijbis et al. showed that labeling can be done in both S.
cerevisiae and in the lumen of the ER or cytosol of the
HEK293T cells.80

Recently, significant progress has been made in creating
protein conjugates using SrtA to facilitate covalent attachment.
Harrenga et al. were able to covalently link antibody Fab
fragments to a small molecule fluorophore using SrtA at
micromolar concentrations. In this case, they linked the light
chain of L19 Fab fragment, which is specific for fibronectinED-
B and is a promising target for cancer therapies, to a small
peptide containing the fluorophore DY-647.81 Additionally,
their work showed that ε-amino groups on lysines can also
react causing undesirable protein aggregates. They found that
these side reactions were dependent on both the position of the
residue within the tertiary structure and on the pH of the
reaction. Other examples of creating protein−molecule
conjugates using sortagging include site-specifically PEGylating
proteins,82 creating site-specific protein−lipid conjugates,83 and
constructing peptides and glycosylphosphatidylinositol chime-
ras.84 Sortase has also been used in peptide synthesis to cyclize
peptides to create macrocyclic peptides and glycopeptides.85

In addition to small molecule−protein conjugates, other
types of protein conjugates have also been designed. Buti et al.
were able to immobilize a library of proteins from an inf luenza
virus onto glass plates using SrtA.86 In particular, they showed
that the LPETG motif could be appended onto the C-terminal
ends of proteins, which could in turn be site-specifically and
covalently attached to the surfaces of glass slides that had been
derivatized with a triglycine peptide. Once the proteins were
immobilized on the glass plate, they were probed with H1N1
antiserum. Bound H1N1 antibodies were then visualized with a
secondary antibody coupled to AlexaFluor-647, whose
fluorescence intensity could be quantified. By examining the
difference in fluorescence intensities, they were able to discern
which proteins from the inf luenza virus were antigens for the
H1N1 antiserum. This demonstrates not only that proteins can
be efficiently conjugated to surfaces using sortase but also that
these protein arrays can then be used for probing specific
biological interactions.
Another application of sortagging is for the creation of

protein−protein conjugates. Witte et al. showed that N-to-N
and C-to-C protein conjugates could be made using a variant of
sortagging.87 By expressing a protein with triglycine at the N-
terminus and then incubating that protein with SrtA and a small
LPETGG peptide incorporating either an azide or alkyne, a
bioorthogonal handle was added to the N-terminus of proteins.
To create N-to-N protein−protein conjugates they reacted two
complementary handles to prepare the desired dimer. To create
C-to-C protein conjugates, the target protein was expressed to
contain a C-terminal LPETGG sequence that was then reacted

Figure 5. Schematic representation of sortase-mediated ligation. First, sortase A recognizes a LPXTG sequence within a polypeptide and forms a
covalent acyl-enzyme intermediate. Next, the thioester intermediate is attacked by the N-terminal amino group of a (G)3-containing probe and forms
a native peptide bond between the two.

Bioconjugate Chemistry Review

dx.doi.org/10.1021/bc400102w | Bioconjugate Chem. 2013, 24, 1277−12941283



with an azide- or alkyne-functionalized triglycine peptide. Using
this method, Witte et al. prepared homodimeric N-to-N fusions
of ubiquitin vinyl methyl ester (UbVME). They showed that
UbVME was still able to bind its target protein, in this case
ubiquitin carboxyl-terminal hydrolase isozyme L3 (UCHL3).
Because the dimer UbVME was able to bind two UCHL3
proteins, this confirmed that the UbVME retained its biological
activity. Similarly, they also constructed C-to-C fusions using a
heavy chain antibody, VHH, which binds to GFP. They created
this protein conjugate as described above and were able to
confirm that it retained biological activity based on the ability of
the dimer to bind two GFP proteins. This method
demonstrates how sortagging can be used to create protein
dimers without compromising the biological activity of the
proteins being conjugated.
One of the problems with using sortase as a labeling catalyst

is that the reaction is reversible; the glycine residue that is
released in the first step can act as a nucleophile to reform the
original species. This means that an excess of nucleophile is
needed to drive the reaction toward product formation. This is
especially problematic if the nucleophile is costly or labor
intensive to prepare. To address this problem, Williamson et al.
developed a depsipeptide, where the amide bond between the
threonine and the glycine of the LPETG sequence was replaced
with an ester.88 Their hypothesis was that the peptide would
still be a substrate for the enzyme but the alcohol product could
not efficiently undergo the reverse reaction. They used this
peptide first to label a small peptide with the sequence
GGSEFG and showed that they were able to obtain almost
100% conversion to product using a 1:1 ratio of the two
peptides. Next, they used this method to fluorescently label
both human mannose binding protein and mouse pumilio-2
Puf RNA-binding domain at the N-terminus, which contained a
glycine. Significantly, it was possible to achieve quantitative
labeling of the protein using only 1.5 equiv of the
corresponding dansylated-LPETG peptide. This strategy over-
comes one of the limitations of using sortagging in that proteins
can be labeled at their N-termini without having to use excess
amounts of the protein or peptide to obtain sufficient levels of
labeling.
More recently (2013), the Ploegh lab has used sortase to

create a ubiquitin-based probe to study deubiquitylating
enzymes (DUBs).89 Using the sortase strategy they were able
to selectively modify a ubiquitin that contained three glycines at
the N-terminus with a R1-LPRTGG peptide in which R1 is a
biotin derivative with a cleavable linker. They went on to use

these probes to retrieve and identify various DUBs and their
interacting partners. Their results revealed that DUB2, a
ubiquitin-specific protease, is expressed during the C.
trachomatis infection. The presence and activity of this protein
had not been previously detected in infected cells. In this
strategy, sortase was used as a synthetic reagent to probe
molecules used in subsequent biological applications.
In summary, sortagging offers a versatile and powerful tool

for the site-specific labeling and modification of proteins.
Sortagging can be accomplished by directly conjugating
proteins to surfaces or other biologically relevant molecules
or it can be used to attach bioorthogonal functional groups
which can then be used to perform a secondary reaction. As
research continues to enhance and refine sortagging, its utility
will undoubtedly increase.

Transglutaminase. Transglutaminases (TGases) are a
family of enzymes that catalyze acyl transfer reactions between
the carboxamide groups of glutamine residues (when present in
flexible loops in proteins) and a wide variety of unbranched
primary amines, commonly the ε-amino group of lysine. Due to
their promiscuity with regard to the primary amine substrate,
transglutaminases are attractive catalysts for generating protein
conjugates (Figure 6).5

One of the ways transglutaminases can be used to create
therapeutic proteins is through the preparation of antibody−
small molecule conjugates. Jeger et al. used a bacterial
transglutaminase to covalently link antibodies generated against
tumor antigens with small molecule chelators that can deliver
metals for use as imaging agents.90 Specifically they conjugated
anti-L1-CAM mAb chCE7 antibody and a commercially
available anti-CD20 antibody, rituximab. Initial experiments
to label the antibodies using transglutaminase failed even
though both antibodies had glutamine residues which should
have reacted with the enzyme. It was not until the authors
employed a mutant form of the antibodies that conjugation was
observed. When this was investigated, it was concluded that
since the mutation changes the ability of the antibody to be
glycosylated, and since antibody glycosylation caused the loop
containing the targeted glutamine to be in a less accessible
conformation, the efficiency of modification is highly depend-
ent on the accessibility of the glutamine which is modified by
the enzyme. They were able to follow up on these findings by
treating the antibody with a deglycosylase enzyme, N-
glycosidase F, and showed that once the antibodies were
deglycosylated, they would then react with transglutaminase. In

Figure 6. Schematic representation of site-specific labeling of proteins using transglutaminase (TGase) catalyzed ligation of cadaverine-functionalized
probes (green star) to cell surface proteins recombinantly fused to a Q-tag (yellow rectangle). TGase site-specifically incorporates a probe into the
protein by ligating the glutamine of the Q-tag to the amine probe and forms a new amide bond between the two while releasing ammonia into
solution.
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this way they were able to generate site-specific conjugates of
the antibodies.
In addition to creating small molecule−protein conjugates,

another area of active research has been in using trans-
glutaminases to create protein polyethylene glycol (PEG)
conjugates. One of the drawbacks to using transglutaminases to
PEGylate proteins is that the promiscuity of the enzyme toward
glutamine residues makes it difficult to predict the site(s) of
modification. This requires using MS methods to determine the
site of conjugation, which can be laborious although progress is
being made in this field.91 Additionally, efforts to lipidate
proteins using transglutaminase have been reported. Recently
(2011), Abe et al. reported a new substrate for a S. mobaraensis
transglutaminase which can be used to attach lipids to
proteins.92 This substrate consists of an eight residue sequence
(GGGSLLQG) that is functionalized with an alkyl chain. This
small peptide-alkyl chain molecule can then act as the amine-
accepting substrate for the enzyme and become attached to a
lysine residue via enzymatic reaction resulting in the
introduction of a lipid modification onto various proteins.
This new substrate was used to create lipid-conjugated GFPs.
The GFP contained the enzyme recognition sequence
MRHKGS, where the lysine acted as the amine donator, and
the lipid substrates ranged between 14 and 18 carbons long.
They were then able to show that these conjugates could
anchor the modified proteins into the cellular membrane and
that the degree of membrane anchoring increased with the
length of the alkyl chain. In this way they were able to
effectively create protein lipid conjugates using transglutami-
nase and employ these conjugates to study cellular systems.
Beyond the creation of protein−small molecule conjugates,

work has also been performed to create site-specific protein
conjugates. Tanaka et al. used a transglutaminase from S.
mobaraensis to create GFP-dihydrofolate reductase (DHFR)
protein conjugates.93 This was accomplished by including a
pentaglycine linker at the N-terminus of GFP and adding a myc
tag, which contained the glutaminase recognition sequence, to
DHFR. They were then able to show that they could create a

covalent linkage between the glycine residue of the N-terminus
of GFP and a glutamine residue near the N-terminus of DHFR.
This work illustrates how transglutaminase can be used to
create heterodimeric protein conjugates.
Transglutaminase can also be used to covalently attach

proteins to a solid support. Tominaga et al. were able to
conjugate E. coli alkaline phosphatase (AP) to casein-grafted
agarose beads.94 They were able to do this in a site-specific
manner by adding the TGase recognition tag to the N terminus
of AP. Importantly they found that immobilized AP had a very
similar specific activity when compared to the soluble enzyme.
Finally, transglutaminases can be used for ex vivo labeling as

well. Lin et al. used this enzyme to label proteins within living
cells.95 Of particular significance, they used a guinea pig
transglutaminase (gpTGase) because it exhibits a high
specificity for its glutamine containing protein substrate but
also a high promiscuity for the amine substrate. In this way they
could specifically label proteins with what was termed a Q-tag.
Three different amino acid tags were examined including
PNPQLPF, PKPQQFM, and GQQQLG, and all were found to
be efficiently labeled by gpTGase with a cadaverine-biotin- or
AlexaFluor-568-containing analogue. They showed that this
labeling could also be accomplished ex vivo by labeling cyan
fluorescent protein (CFP) containing a cell surface targeting
sequence using their transglutaminase method. Finally they
examined how this method could be used to create an assay for
difficult-to-assay targets. They chose to assay for the presence
of the NF-κB homodimer, which can form in the presence of
DNA damage but is difficult to quantify. Their transglutaminase
method was employed to label NF-κB with a benzophenone
spermine analogue, which acts as a photoaffinity reagent,
creating a covalent bond between the protein subunits upon
photolysis. The presence of the homodimer was easily detected
using via SDS-PAGE. This work highlights the utility of
transglutaminase for protein labeling since it can be used in a
site-specific manner to function in both in vitro and ex vivo
environments. Overall, transglutaminase manifests high poten-
tial for use as a site-specific labeling agent. While these enzymes

Figure 7. (A) Structures of farnesyl diphosphate (FPP), farnesyl dihydro azide diphosphate (FPP-dihydro azide), farnesyl aldehyde diphosphate
(FPP-aldehyde), and farnesyl-alkyne diphosphate (FPP-alkyne) as examples of FPP analogues. (B) Schematic representation of prenylation of a
protein containing a CaaX-box positioned at its C-terminus with aldehyde-containing analogue (FPP-aldehyde) to yield the prenylated product. (C)
Chemoenzymatic site-specific tagging of proteins by FPP-aldehyde using PFTase followed by capture of the aldehyde-functionalized protein in the
crude cell lysate via hydrazide-functionalized beads. The immobilized protein is then released into solution using aminooxy-containing reagents to
yield fluorescently labeled or PEGylated protein.
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can be somewhat nonselective, as was noted above, ways to
overcome this limitation have been developed.
PFTase Post-Translational Modification. In nature,

numerous proteins are post-translationally modified on the
sulfur atom present in a cysteine residue near the C-termini of
proteins by protein farnesyltransferase (PFTase). PFTase
employs farnesyl pyrophosphate (FPP) as its natural substrate
to transfer a farnesyl group to the cysteine of a “CaaX-box”
tetrapeptide sequence (C is cysteine, a is an aliphatic amino
acid, X is one of a variety of amino acids). The reaction can also
be performed in vitro. PFTase is promiscuous in the nature of
its substrates, in that it can tolerate a variety of CaaX sequences
as well as some modifications to the FPP structure (Figure 7).
Recently, a number of groups have used this feature to site-
specifically modify proteins using analogues of FPP. Various
isoprenoid surrogates containing azide,96,97 alkyne,98 alde-
hyde,42,99 biotin,100 or aryl groups101 have been synthesized
and shown to be successfully processed by PFTase. The
PFTase-catalyzed transfer of synthetic alkyne- or azide-
functionalized farnesyl analogues in combination with the
Huisgen [3 + 2] cycloaddition or Staudinger ligation has been
used for site-specific fluorophore labeling and oriented
immobilization of proteins.96 Importantly, CaaX-box sequences
such as CVIA or CVIM can be genetically encoded into the C-
termini of many proteins making them efficient substrates for
PFTase.
In early work, Poulter and co-workers used this strategy to

immobilize protein on solid surfaces.7 They synthesized alkyne-
functionalized FPP and incorporated the alkyne moiety into the
proteins (GFP and GST) at their C-termini using PFTase. A
glass-slide was functionalized with an azide group, and covalent
immobilization of the proteins to the slide was subsequently
achieved using copper(I)-catalyzed [3 + 2] cycloaddition. In
subsequent work they synthesized a collection of FPP
analogues containing either alkyne or azide moieties and
analyzed their kinetic parameters (KM and kcat) as substrates for
PFTase.102 Out of the eleven synthetic analogues, two of them
gave steady-state kinetic parameters (KM and kcat) very similar
to those of the natural substrate FPP.
Waldmann and co-workers used the PFTase strategy to

modify proteins including H-, N-, and K-Ras GTPases, which
are important in cellular signaling and are among the human
oncogene products, at their C-termini with a farnesyl group.
Subsequently they used thiol-functionalized surfaces to react
photochemically with the alkenes present in the farnesyl groups
introduced into proteins as noted above. In this way, proteins
were covalently immobilized in a site-specific manner under
mild conditions in about 10 min.103

In other work, they developed several azide-, biotin-, and
diene-functionalized analogues of FPP. After kinetic analysis of
the enzymatic reactions with PFTase, they concluded that all of
these new substrates, except the biotin-containing analogue, can
be transferred onto proteins that possess a CaaX box.104

Subsequently, proteins functionalized with azide or diene
groups were successfully modified by Staudinger ligation or
Diels−Alder cycloaddition. In related work, Alexandrov and co-
workers described a structure-guided design of an engineered
farnesyltransferase and geranylgeranyltransferase-I that could
both efficiently use biotin-geranyl pyrophosphate as a
substrate.100 Using these mutant enzymes and biotin-geranyl
pyrophosphate as a substrate, they could detect femtomolar
levels of prenylatable proteins in cells and organs and identified
their cognate protein prenyltransferases.

Distefano and co-workers have exploited the PFTase-
catalyzed reaction for a number of applications. In early
work, they synthesized an analogue of geranyl diphosphate
containing an azide group at C-8 and showed that PFTase
could transfer that shorter isoprenoid onto a peptide containing
a CaaX box.105 The resulting peptide was further modified by
selective Staudinger ligation between the peptidyl azide and a
suitable triphenylphosphine derivative; they also found that a
longer azide-containing analogue based on FPP could be
similarly transferred and reacted.106

One problem with these azide-containing analogues is that
they undergo thermal rearrangement to produce a mixture of
isomers due to the allylic azide moiety. Thus, proteins modified
with these reagents can potentially produce similar mixtures
abrogating one of the advantages of site-selective modification.
To avoid this problem, Xu et al. synthesized a dihydroazide
analogue based on geraniol that replaces the allylic azide with
an aliphatic one and demonstrated that the resulting molecule
is an alternative substrate for PFTase.107 That work was
extended by synthesizing a similar analogue based on FPP. In
this latter case, the analogue was used to tag GFP appended
with a CaaX box with an azide that was subsequently used to
immobilize the protein onto alkyne-functionalized agarose
beads. Importantly, this two-step enzymatic modification/
immobilization sequence was accomplished with both purified
protein as well as target present in crude E. coli extract at levels
as low as 1% of total protein.96 The versatility of the proteins
functionalized with azides incorporated via PFTase was further
demonstrated in a subsequent publication where protein−DNA
conjugates were prepared.108 In that case, a simple GFP-DNA
species was first generated by Cu-catalyzed click reaction
between GFP-azide and an oligonucleotide equipped with an
alkyne. Upon hybridization with a second complementary
oligonucleotide containing a Texas Red fluorophore, FRET was
observed confirming the production of the desired product.
That was extended to the preparation of a more complex
protein−DNA tetrahedron composed of four oligonucleotides
and four GFP molecules assembled in an analogous manner
which was characterized by a combination of electrophoretic
and single molecule techniques. The ability to create nanoscale-
sized protein-based objects with defined architecture highlights
the utility of this approach. Recently (2012) this strategy for
preparing protein−DNA assemblies has been extended by using
the related strain-promoted azide−alkyne cyclization reaction.
By incorporating a dibenzocyclooctyne moiety into the
oligonucleotide, a number of proteins were conjugated to
DNA including GFP, mCherry, GIP, and HIV NC.109 GFP-
mCherry heterodimers were also prepared using this strategy
by conjugating complementary alkyne-modified DNA oligonu-
cleotides to the two respective protein-azides followed by
hybridization.
In performing the Cu-catalyzed click reaction, it has been

noted that lower levels of background reaction are often
obtained when the azide component is the one used in
excess.110 Accordingly, Distefano and co-workers prepared an
alkyne-containing analogue using a GPP scaffold and showed
that it was a good alternative substrate for PFTase.98 They then
showed that more nonspecific immobilization occurred when
unfunctionalized GFP was reacted under typical click reaction
conditions with alkyne-functionalized agarose beads compared
to a similar experiment with azide-containing beads. Based on
those results, GFP-alkyne, produced via PFTase-catalyzed
incorporation of the alkyne-containing analogue noted above,
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was labeled with excess Texas Red azide in high (81%) yield.
FRET experiments allowed a distance of 37 Å between the GFP
and Texas Red fluorophores to be measured which was in good
agreement with the distance determined from computer
modeling. These experiments highlight the utility of this
approach for selective labeling for biophysical experiments.
Additional work with a longer alkyne-containing isoprenoid
diphosphate based on FPP showed that this new compound
was an efficient substrate for both PFTase and the related
enzyme protein geranylgeranyltransferase (GGTase) opening
up the possibility for transferring larger probes.111 Conversely,
one problem concerning the addition of isoprenoids to proteins
is that this modification increases the hydrophobicity of the
protein and thereby decreases its solubility. Accordingly,
Wollack et al. prepared a more polar PFTase substrate
analogue consisting of a single isoprenoid unit linked to an
alkyne.112 While this analogue was incorporated significantly
less efficiently (relative to the natural substrate, FPP), it was
still possible to achieve essentially quantitative modification of
mCherry and Hcp using higher amounts of enzyme.
Interestingly, modification of Hcp with the C15-alkyne
analogue resulted in a protein that was insoluble; in contrast,
the C5-alkyne modified protein was completely soluble
highlighting the utility of this less lipophilic modification. In
that same report, the authors also demonstrated that the three
C-terminal residues following the cysteine residue of the CaaX
box could be proteolytically removed by treatment with
carboxypeptidase Y after a peptide or protein was modified
with the C5 analogue. This means that while PFTase-catalyzed
protein modification is not traceless, the size of the tag
remaining in the final protein product can be limited to a single
prenylated cysteine residue. This has important implications in
the area of protein therapeutics where the antigenicity of any
added element may prove deleterious.
Recently (2010), FPP analogues that incorporate an

aldehyde functionality have also been developed. Rashidian et
al. showed that a simple aldehyde-containing analogue of FPP
could be used to incorporate an aldehyde into GFP. The
resulting aldehyde was used to either immobilize the protein or
label it with a fluorophore via oxime formation.99 A subsequent
study demonstrated that such aldehyde-modified proteins could
be prepared and captured from crude extract of E. coli by
incubation with a hydrazide resin. The hydrazone linkage,
though stable, is not irreversible and can be converted to a
more stable oxime linkage. The authors used this to release, and
simultaneously label, the captured protein into the solution by
elution with an aryl amine catalyst and an alkoxyamine.42 Using
this strategy, the fluorescently labeled or PEGylated GFP was

obtained without prior purification of the starting protein. A
PEGylated form of glucose-dependent insulinotropic polypep-
tide (GIP), a protein with potential as a therapeutic agent for
diabetes, was also prepared in an analogous fashion. A detailed
protocol for performing this capture and release strategy has
recently (2013) been published.113 In the aforementioned
strategy, the release of the protein, via a hydrazone-oxime
reaction, is a particularly slow process even in the presence of
aniline40,114 as a catalyst. Recently (2013), Rashidian et al.
improved this strategy using a new, more efficient catalyst, m-
phenylenediamine (mPDA), which can significantly increase
the rate of the hydrazone−oxime exchange as the protein-
release step. While mPDA is only modestly more effective than
aniline when used in equal concentrations (∼2-fold), its much
greater aqueous solubility relative to aniline allows it to be used
at higher concentrations, resulting in significantly more efficient
catalysis.115 Related catalysts have recently been reported for
oxime ligation reactions involving nucleic acids.116 In general,
this approach for protein modification could be particularly
useful for large-scale production of protein conjugates for
therapeutic or industrial applications.

Biotin Ligase. Biotin ligases catalyze the attachment of
biotin groups onto proteins and other biomolecules (Figure 8).
These enzymes possess several useful attributes for protein
labeling. They can be used to site-specifically modify proteins
by genetic fusion of a ligase recognition domain onto the target
protein of interest. Enzymatic labeling of the protein with biotin
allows for the subsequent use of avidin (and related proteins)
resulting in the formation of very strong noncovalent
conjugates because of the low dissociation constant between
biotin and avidin (∼10−15 M).117

A number of different groups have used biotin ligase to site-
specifically modify proteins. One common method is to use the
E. coli biotin ligase, BirA, to attach biotin to proteins. BirA is
convenient because it links biotin onto the lysine of a small, 15-
residue, acceptor peptide (AP). This sequence, GLNDIFEAQ-
KIEWHE, was specifically developed as the minimalist
structural element that can be efficiently recognized by BirA.
The Ting group has adapted this method for preparing a

wide range of biotinylated proteins which can be used for a
variety of applications. In one study the AP recognition site was
fused to a cyan fluorescent protein (CFP) that contains a
transmembrane domain which should traffic the protein to the
cell surface of HeLa cells.118 They found that they could
biotinylate the protein using BirA and then conjugate it to
either a streptavidin-AlexaFluor-568 dye or a streptavidin-
quantum dot and determined that the quantum dot (CdSe)
gave a better signal than the AlexaFluor-568 dye did. In

Figure 8. Schematic representation of targeting different species including quantum dots, fluorophores, or antibodies to surface proteins in living
cells using biotin ligase. The acceptor peptide (AP) tag is genetically encoded at either the C- or N- terminus of a protein. Biotinylation of AP is
performed by adding recombinantly expressed biotin ligase (BirA), ATP, and biotin (B) to the cell medium. After removing excess biotin by washing,
fluorescently labeled streptavidin is added to visualize the biotinylated surface proteins.
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additional work, they noted that they could label epidermal
growth factor receptor using this same method and image it in a
similar fashion. The applicability of this work to primary cells
was also studied. Hippocampal neurons were transfected with
an AP-tagged GluR2 protein which is a subunit of the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor.
They were able to analyze AMPA receptor trafficking by
monitoring fluorescent GLuR2. More recent work has focused
on refining this method so that the quantum dots are smaller
and only contain monovalent streptavidin moieties, which can
then better site-specifically label biotinylated proteins in
cells.119

Ting and co-workers also explored whether different biotin
ligases could catalyze the attachment of biotin analogues that
contain alternative functionality suitable for bioorthogonal
reactions.120 A panel of eight different biotin ligases was
screened for activity using an array of biotin analogues leading
to the discovery that a biotin ligase from P. horikoshii could act
on analogues that contained either an azide or alkyne group.
They were then able to label a domain of a biotin acceptor
protein with an azide derivative of biotin and conjugate that
protein to a FLAG peptide via the Staudinger ligation. In this
way they were able to show that biotin ligases could be used to
attach bioorthogonal handles to proteins.
Biotin ligase has also been used to prepare modified proteins

suitable for studies of protein−protein interactions. In one
example, an AP peptide with a high KM for BirA was engineered
and incorporated into FKBP.121 The interaction between that
protein and a BirA-FRB fusion was then examined. Consistent
with the fact that FRB and FKBP interact only in the presence
of rapamycin, they observed that labeling of the AP domain by
the BirA-FRB fusion occurred only in the presence of both
biotin and rapamycin but not in the absence of the rapamycin.
These experiments were performed both in vitro and ex vivo
emphasizing the utility of their approach for monitoring
protein−protein interactions. To expand the utility of this
method they also examined the interaction of Cdc25C with
14−3−3ε phosphoserine/threonine binding protein. Cdc25C
was produced as a AP fusion and 14−3−3ε was fused to BirA;
both were expressed in HEK cells. Importantly, biotinylation
was observed when a wild-type-like Cdc25C was used.
However, when a nonphosphorylatable Cdc25C mutant was
employed, no biotinylation was seen, suggesting that the
interaction between Cdc25C and 14−3−3ε is phosphorylation
dependent.
Sueda et al. used a biotin ligase from S. tokodaii to modify

proteins for imaging applications.122 This enzyme biotinylates
the lysine residue of a biotin carboxyl carrier protein (BCCP),
and interestingly, upon biotinylation, forms a tight noncovalent
complex between the ligase and BCCP. Sueda et al. used this
unique property to modify proteins by creating fusion proteins
between the target of interest and a truncated version of the
BCCP protein. They found that the biotin ligase would accept a
truncated 69-residue polypeptide derived from BCCP. A fusion
was then created between this tag and the bradykinin B2
receptor (B2R), which is a transmembrane protein. They then
expressed this protein in HEK293 cells, and incubated these
cells in the presence of S. tokodaii biotin ligase that had been
labeled previously with four fluorescein molecules. Fluorescent
labeling was observed around the cell membrane, confirming
that the N-terminus is localized on the outer side of the plasma
membrane. In a second experiment, a C-terminus B2R fusion
protein with the BCCP tag was expressed in HEK293 cells

together with a GFP-biotin ligase fusion protein and were again
able to detect fluorescence at the cell membrane. In this case,
fluorescent labeling occurred because the C terminus of the
B2R protein positioned on the inner side of the membrane was
accessible to the GFP-biotin ligase fusion produced intra-
cellularly.
More recently (2012), Roux et al. used a mutant version of

BirA that allows for the promiscuous biotinylation of primary
amines that are in close proximity to the enzyme.123 By fusing
this BirA mutant to a protein of interest, they could detect
other proteins that are in close proximity to the protein of
interest. Using this proximity-dependent labeling method, they
identified proteins that interact with or are in close proximity to
the lamin-A protein in living cells.
As a final remark, it should be noted that while most of the

research to date with biotin ligases has focused on ex vivo
imaging, its site and substrate specificity make it an attractive
tool for creating site-specific protein conjugates for other
applications as well. Examples of this will undoubtedly be
reported in the future.

Lipoic Acid Ligase. Lipoic acid ligase catalyzes the
acylation of lysine residues of proteins with lipoic acid (Figure
9). Significant effort has gone into the development of this

enzyme for use in site-specific labeling. Fernańdez-Suaŕez et al.
designed and synthesized ten different lipoic acid analogues
functionalized with either an azide or alkyne and tested them as
alternative substrates for E. coli lipoic acid ligase (LplA).124

While all analogues exhibited some degree of activity, the
authors focused on an azide-containing analogue due to its
superior activity. Additionally they sought to develop a smaller
peptide substrate to minimize the size of the fusion that would

Figure 9. Schematic representation of protein labeling using lipoic acid
ligase (LplA). (A) Natural ligation reaction catalyzed by LplA. (B)
Site-specific labeling of a cell-surface protein performed by fusion of a
22 residue LAP domain on the protein of interest followed by
enzymatic transfer of an azide-containing lipoic acid analogue. The
azide can be used for further modification via a [3 + 2] azide−alkyne
cycloaddition reaction or Staudinger ligation. (C) Engineered
coumarin ligase produced by mutagenesis of LplA can be used to
site-specifically modify a protein with a coumarin probe. This can be
used to directly incorporate fluorophores to mammalian cells.
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have to be used to decrease the possibility of interference with
the function of protein under study. By analyzing the structure
of E2p, a naturally lipoylated protein, they were able to design a
series of small peptides, which mimicked the β-turn where the
lipoylated lysine residue is located on the protein. After further
refinement the tag was reduced to just 22 amino acids (termed
LAP). They were then able to show that a CFP-LAP fusion
could be labeled with a small fluorophore in HEK cell lysates.
Additionally they added a transmembrane domain to the CFP-
LAP protein and were able to show that they could label the
protein in living HEK cells and obtain conjugation using a
cyclooctyne fluorophore, either Cy3 or AlexaFluor568. A LAP
tag was also added to the low-density lipoprotein receptor
(LDLR) and visualized using the same lipoic acid labeling
methodology. Finally they tested the cross compatibility of
using both lipoic acid labeling and biotin ligase. One population
of cells was transfected with a LAP-LDLR producing construct
and a different population was treated with an AP-fused
epidermal growth factor receptor (AP-EGFR) producing
vector. Once transfected, the different cell populations were
mixed together and subjected to both lipoic acid ligase and
biotin ligase conjugation conditions. The authors observed that
only cells containing AP-EGFR showed streptavidin conjuga-
tion and cells expressing LAP-LDLR showed only Cy3 labeling.
Finally cells were transfected with both constructs and it was
shown that the resulting proteins could be conjugated
simultaneously using the two different bioconjugation
techniques.
The use of other lipoic acid analogues for selective protein

labeling has also been investigated. Through analysis of the
LplA crystal structure, a tryptophan and a glutamate residue in
the lipoate binding pocket of the enzyme were identified that
when mutated to smaller residues allow the mutant enzymes to
accept a wider range of lipoic acid analogues. Using that
strategy, it was possible to create a mutant of LplA that accepts
lipoate analogues that incorporate fluorescent moieties
including Pacific Blue or 7-hydroxycoumarin. Thus, fluores-
cently labeled proteins could be produced ex vivo without
having to perform a secondary conjugation reaction.125,126

These mutant enzymes were also used to incorporate azide
analogues containing longer spacers, which were then
conjugated ex vivo to more red-shifted fluorophores, which
have a higher signal to background ratio when compared to
other fluorescent moieties excited at lower wavelengths.
Overall, these developments improved the ability to image
the localization and distribution of proteins within living cells.

More recently (2011), Ting and co-workers have applied this
lipoic ligase tagging technique to examine protein−protein
interactions in experiments similar to those described above
with biotin ligase.127 A lipoic acid peptide tag was created with
a high KM value such that the peptide would only bind when
the enzyme was held in close proximity via noncovalent forces.
This method was implemented by fusing lipoic acid ligase to
one target protein and then fusing the peptide tag to a putative
binding partner. This technique was employed to study the
rapamycin-dependent binding of FKBP and FRB as well as to
probe the interaction between the transcription factors Jun and
Fos. They also used this approach to study the interaction
between neuroligin-1 and PSD-95, which is involved in
excitatory synapse formation and maturation. These examples
illustrate the versatility of the lipoic acid ligase method for
labeling proteins for the analysis of many different types of
protein−protein interactions ex vivo.
The lipoic acid ligase labeling method has also been adapted

to work with lipoic acid tags that contain aryl aldehydes and
aryl hydrazines.128 Ting and co-workers synthesized lipoic acid
derivatives containing an aryl aldehyde and an aryl hydrazine
and screened these two analogues against a panel of lipoic acid
ligase mutants each containing a mutation of W37. They found
that a tryptophan to isoleucine mutation significantly increased
the extent of conversion when using these alternative substrates
compared to that obtained with the wild-type enzyme. This
mutant enzyme was then used with the aforementioned
analogues to label neurexin-1β and then react it with
complementary aldehyde- and hydrazine-containing reagents,
which contain either a fluorophore or a chromophore; these
reactions were performed ex vivo using HEK cells. In a final set
of experiments, they used this method to image single low
density lipoprotein receptors on the surface of COS7 cells.
More recent work in the Ting lab has examined the use of

lipoic acid ligase mutants to attach a wide variety of chemical
“handles” onto proteins, which can then be used to attach other
small molecules. These include trans-cyclooctenes derivatives,
which can then be used with tetrazine-conjugated fluorophores
to rapidly label proteins.37 They have also introduced copper-
chelating azides onto proteins and found that these azides can
undergo the cycloaddtion reaction with alkynes using much
lower copper concentrations, which are, in turn, less toxic to
cells.129 Another strategy developed by Ting and co-workers
was to label proteins with terminal azides using lipoic acid ligase
and perform a subsequent conjugation reaction using ring-

Figure 10. Schematic representation of in vivo protein labeling via N-myristoyltransferase (NMT) using an E. coli coexpression system. Cells are
incubated with a myristic acid analogue and plasmids encoding NMT and a recombinant target protein. Within the cells, the analogue is converted to
its corresponding CoA derivative and incorporated into the desired target protein using NMT. Tagged proteins may then be captured using
Staudinger ligation or [3 + 2] cycloaddition to introduce a secondary label for subsequent applications.
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strained cyclooctynes, eliminating the need for copper as a
catalyst.130

Overall lipoic acid ligase is a powerful tool for creating site-
specific protein conjugates. As was noted above, in reference to
biotin ligase, work using LplA has also centered around the
creation of protein-fluorophore conjugates for monitoring
cellular processes ex vivo and for probing protein−protein
interactions. However, this enzyme has significant potential for
use in creating other types of protein conjugates including
protein−DNA, protein−drug, and protein−protein chimeras. It
is likely that such applications will be reported soon.
N-Myristoylation. Protein N-myristoylation involves the

acyl transfer of myristate from myristoyl-CoA to the amino
group of an N-terminal glycine residue of a protein to form an
amide bond.131 The enzyme that performs this modification, N-
myristoyltransferase (NMT; Figure 10), recognizes the
sequence GXXXS/T where X can be a variety of amino acids
and is found in eukaryotes.131,132 Approximately, 0.5% of
proteins in eukaryotes are myristoylated.133,134 Protein N-
myristoylation is thought to occur during protein translation
although recent evidence indicates that it can also occur post-
translationally. Some important examples of myristoylated
proteins include the Src family of tyrosine kinases, HIV-1
matrix protein, HIV-1 Gag, and the ADP-ribosylating factors
(ARFs). Because of the involvement of these proteins in various
diseases,135 NMT has considerable potential as a therapeutic
target.
Tate and co-workers used the substrate promiscuity of NMT

to site-specifically label recombinant proteins with azide and
alkyne derivatives of myristoyl-CoA both ex vivo and in
vitro.136,137 They used a well-characterized and widely used
NMT cloned from C. albicans to transfer alkyne- and azide-
containing myristate analogues that incorporated the bio-
orthogonal groups at the distal end of the lipid. First they
evaluated the substrate efficiency using a model peptide
substrate GLYVSRLFNRLFQKK-NH2 containing a canonical
N-terminal myristoylation motif. Incubation of the peptide with
either of the two acyl-CoA analogues in the presence of a
catalytic quantity of NMT for 2 h resulted in complete transfer
of the acyl group to the target peptide.
Next, E. coli engineered to coexpress NMT and a substrate

protein, PfARF1, was used for in vivo analysis. The bacterial
cells were transfected with a pair of plasmids encoding the
substrate protein and the NMT together with orthogonal
antibiotic resistance marker genes. The cells were incubated
with one of the aforementioned analogues and induced by
addition of IPTG to express both proteins. Importantly, this
strategy capitalized on endogenous E. coli enzymatic activity to
convert the myristate analogues to the corresponding CoA
derivatives. After metabolic incorporation, the cells were lysed
and reacted with bioorthogonal biotin reagents to detect the
tagged protein including azide-, alkyne-, and triarylphosphine-
containing compounds. Analysis by SDS-PAGE and subsequent
detection with streptavidin-HRP showed that this method
could specifically tag PfARF1 when labeling was performed
under these conditions within the cell. This strategy has been
explained in detail in a recently (2012) reported protocol.138

Overall, this method provides a convenient and potentially
general method for N-terminal recombinant protein labeling.

■ PERSPECTIVES AND CONCLUSIONS
In summary, a number of enzymes have been studied and
employed for site-specific labeling of proteins. Each of these

enzymes manifests differences in substrate specificity, size of the
tag needed for protein targeting, position of modification, and
kinetics of incorporation. These differences must be considered
when deciding which enzyme to use for protein modification
applications. Table 1 summarizes a number of different
parameters for the many of the labeling enzymes described in
this review including the size/length of the tag, the position
where the tag can be incorporated within a target protein and
the catalytic parameters of the labeling enzymes. Inspection of
Table 1 shows that a range of options are available using the
repertoire of enzymes currently available. One of the main
factors to consider is the structural sensitivity of the protein
that is to be modified because the addition of a large genetic tag
may result in a perturbation of the protein’s activity, and hence
methods that use a large recognition tag would not be
appropriate. These include formylglycine generating enzyme
(13-mer, LCTPSRGSLFTGR) lipoic acid ligase (13 mer,
GFEIDKVWYDLDA), biotin ligase (15 mer, GLNDIFEAQ-
KIEWHE), and phosphopantetheinyltransferase (in the case of
using ACP or PCP, recognition tags are 75−80 amino acids in
length). Conversely, farnesyltransferase (4 mer, CaaX), trans-
glutaminase (5 mer, XXQXX), or sortase (5 mer, LPXTG)
would be better options to use for protein modification due to
their inherently small recognition sequences.
Another key consideration is the location of the site of

modification in the protein. Many of the methods mentioned in
this review can be used only for C- or N-terminal modification
such as farnesylation, biotin ligation, and so forth. While C- and
N-terminal modifications are commonly used for protein
modification, there are instances when the site of modification
needs to be located within interior sequences such as between
protein domains or when the C- or N-terminus is important for
protein activity. In these situations, using enzymes such as
transglutaminase or sortase would be particularly useful because
there are no limitations for placement of the site of
modification within their cognate targets.
The size of the modification to be added must also be

considered when selecting an enzymatic modification strategy.
If, for example, the protein of interest is intended to be
modified with a large peptide, polymer, or protein, then sortase
may be particularly useful. This is because in sortagging, there is
no limit in the size of the group that can be added to the
protein. Phosphopantetheinyltransferase is also relatively
flexible in terms of accommodating large modifications. Other
methods, including farnesyltransferase, N-myristoyltransferase,
lipoic acid ligase, biotin ligase, and transglutaminase are limited
by the fact that alternative substrates must be similar in size and
shape to their natural substrates; significantly larger substrates
cannot be accommodated into their active sites. These methods
typically use a substrate analogue which contains a
bioorthogonal handle that can be further functionalized in a
subsequent reaction making the process more laborious.
The kinetic features of specific protein modifying enzymes

are also important factors in choosing a particular enzyme. If
the protein of interest degrades quickly or loses activity over
time, then minimizing the reaction time required for the
modification can be very important. In this case, farnesyl-
transferase is particularly attractive since it manifests a rapid
enzymatic reaction rate with a kcat/KM of 18 min−1 μM−1 for the
enzyme’s natural substrate (farnesyl diphosphate) and 4 min−1

μM−1 for an aldehyde-analog (Figure 7A). Conversely, sortase
has relatively slow enzyme kinetics with a kcat/KM of 0.003
min−1 μM−1.
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The main disadvantage of many of these protein modification
methods is the fact that their respective enzymatic modifica-
tions result in addition of organic molecules to the protein of
interest, which can perturb the activity and/or solubility of the
protein. For example, the addition of a farnesyl (a C15), a
myristoyl (a C14), or a lipoic acid (a C8) group can result in
decreased solubility and precipitation of the modified protein.
Thus, if the protein is not initially highly water-soluble too,
these modifications can result in precipitation and loss of the
modified protein. Thus, the solubility of target protein should
be considered when selecting an enzymatic labeling approach
to use.
Current methods of site-specific enzymatic protein mod-

ification offer a diverse array of labeling approaches that can be
performed to modify proteins: everything from modification
with small molecules all the way up to linkages with other large
proteins. While there has been much progress in site-specific
labeling strategies, there still remains much work to be done so
that these processes can be more widely utilized. Many of these
methods described here have been used primarily in studies of
in vitro and ex vivo processes but have yet to be employed in
biotechnological applications. The types of methods can be
easily adapted to create protein−drug, protein−PEG, or protein
conjugates that overcome some of the disadvantages of
traditional protein labeling methods. It is expected that in the
near future we will see multiple pharmaceutical companies start
to take advantage of the aforementioned enzymatic site-specific
modification approaches to synthesize modified proteins of
biological and medical importance.
As the future of protein modification progresses, it will be up

to researchers to develop new types of site-specific enzymatic
modifications that overcome some of the present challenges
and create methods that result in minimum change in
functionality of the protein of interest, increased protein
pharmacokinetics, increased solubility, increased stability,
decreased immunogenicity, and minimal structural perturbance.
In addition to finding new types of enzymes to create
alternative protein modifications, new types of bioorthogonal
reactions would also be of great advantage since many of the
current methods for protein modification rely on the synergy
created by combining enzymatic labeling with bioorthogonal
chemistry. Given the progress made in the last last ten years in
this field, it is likely that the next decade will be even more
exciting.
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