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Introduction

Covalent chemical reactions compatible with physiological
environments and capable of achieving high selectivity have
a myriad of applications in biotechnology, biomedical re-
search, and chemical biology. Highly selective and in vivo
compatible reactions have numerous biological applications,
for example, for the functional assembly of complex bio-
structures, protein semisynthesis, and chemical targeting of
biomolecules, including live cells. By chemoselectively modi-
fying only subsets of predefined cellular components, such
reactions are chemically inert toward all others and could
therefore provide important information for a better under-
standing of numerous cellular processes. A number of im-
portant criteria need to be met in order for such reactions
to work inside complex cellular environments. Firstly, such
reactions have to proceed efficiently in aqueous conditions.
Secondly, the two (or more) participating functional groups
in the reaction should be carefully tuned, such that their re-
action is highly specific and devoid of any interference from
other chemical entities present in surrounding molecules
(e.g., proteins, DNA/RNA, etc). Lastly, the reaction should
be able to generate a product that is highly stable in its
physiological environments. Very few such reactions are
known to date, most of which will be briefly described in
the following paragraphs. For more exhaustive coverage of
some of these reactions, interested readers are referred to a
number of excellent reviews.[1] Herein, we focus on one such
aqueous-compatible reaction—the native chemical ligation
reaction—and some of the recent advances made using this
reaction from the authors; laboratory.

In Vivo Compatible Reactions

The well-established chemistry of the native chemical liga-
tion reaction was first proposed by Wieland et al.[2a] and
Brenner et al. ,[2b] and subsequently demonstrated by
Dawson et al. in 1994 as a general synthetic route for the
semisynthesis of native proteins.[2c] The field has recently
been reviewed.[1c] While many other ligation chemistries
exist that result in the formation of a nonnative bond at the
ligation site of the protein,[1a] the native chemical ligation is
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Abstract: The post-genomic era heralds a multitude of
challenges for chemists and biologists alike, with the
study of protein functions at the heart of much research.
The elucidation of protein structure, localization, stabili-
ty, post-translational modifications, and protein interac-
tions will steadily unveil the role of each protein and its
associated biological function in the cell. The push to
develop new technologies has necessitated the integra-
tion of various disciplines in science. Consequently, the
role of chemistry has never been so profound in the
study of biological processes. By combining the
strengths of recombinant DNA technology, protein
splicing, organic chemistry, and the chemoselective
chemistry of native chemical ligation, various strategies
have been successfully developed and applied to chemo-
selectively label proteins, both in vitro and in live cells,
with biotin, fluorescent, and other small molecule
probes. The site-specific incorporation of molecular en-
tities with unique chemical functionalities in proteins
has many potential applications in chemical and biologi-
cal studies of proteins. In this article, we highlight
recent progress of these strategies in several areas relat-
ed to proteomics and chemical biology, namely, in vitro
and in vivo protein biotinylation, protein microarray
technologies for large-scale protein analysis, and live-
cell bioimaging.
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one of the very few nonenzymatic reactions known that effi-
ciently joins two unprotected peptide segments, containing
appropriately installed chemical functionalities, to generate
a ligated peptide/protein product with a native peptide bond
at the reaction site. This highly chemoselective reaction
occurs in an aqueous solution at physiological pH and in-
volves a peptide fragment with an N-terminal cysteine resi-
due and a second peptide fragment containing a C-terminal
thioester group. The essence of the native chemical ligation
reaction lies in the transthioesterification step between the
thioester in one peptide and the sulfydryl group from the N-
terminal cysteine residue in the other to generate a ligated
thioester intermediate, which undergoes spontaneous S!N
acyl rearrangement to give rise to the final ligated product
containing a native peptide bond at the ligation junction
(Scheme 1A). The transthioesterification reaction (i.e., the
first step) is catalyzed by a suitable thiol additive (i.e., 2-

mercaptoethanesulfonic acid), and is reversible under phys-
iological conditions. The subsequent intramolecular nucleo-
philic attack by the a-amino group of the N-terminal cys-
teine to form the final amide bond is irreversible, and highly
favorable due to the intramolecular five-membered ring for-
mation and the subsequent generation of the thermodynam-
ically stable amide bond. Consequently, all of the freely
equilibrating thioester intermediates (e.g., from the first
step) will eventually be depleted by the irreversible reaction
in the second step, giving rise to only a single stable, ligated
product. A key feature of this reaction is that it is highly
chemoselective; the reaction occurs exclusively at the N-ter-
minal cysteine of the peptide, even in the presence of other
unprotected side-chain residues including internal cysteine
residues.[1c,2c] The advantage of this will become evident in
our later discussions. It should be noted that a number of
strategies have recently been developed that have success-

Scheme 1. In vivo compatible chemical reactions. A) Principle of native chemical ligation. B) Reaction of biotinylated phosphine and azido sialic acids
on the cell surface. C) Modified Staudinger ligation developed by Raines et al.[5c] D) In vivo labeling of a protein containing m-acetyl-l-phenylalanine
with a hydrazide derivative. E) In vivo labeling strategy of enzymes using Click Chemistry.
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fully extended the native chemical ligation reaction to ac-
commodate noncysteine residues at the ligation site.[3]

The classical Staudinger reaction occurs between an azide
and a phosphine to yield aza–ylide.[4] The aza–ylide hydro-
lyzes spontaneously in the presence of water to give an
amine and a phosphine oxide. The reaction is specific, high
yielding, water-compatible, and friendly to cellular environ-
ments. Bertozzi et al. modified the above reaction such that
an amide bond was formed instead of an amine (B in
Scheme 1).[5a,4] This was achieved by engineering the phos-
phine such that it contained an electrophilic trap, for exam-
ple, a methyl ester group, next to the phosphine to capture
the nucleophilic aza–ylide intermediate. The aza–ylide inter-
mediate then underwent an intramolecular cyclization ulti-
mately resulting in the formation of a stable amide bond.
They successfully demonstrated that this modified Stauding-
er reaction worked efficiently on the surface of mammalian
cells: by growing cells in the presence of N-
azidoacetylmannosamine, azido groups were introduced on
the cell surface through the sialic acid biosynthetic path-
way.[5a,4] Upon treatment with a water-soluble biotinylated
phosphine, as shown in Scheme 1B, the chemoselective reac-
tion occurred between the phosphine and azido groups on
the cell surface generating an unnatural, biotinylated cell
surface on which the ligated product was joined by a stable
amide bond. Recently, Bertozzi[5b] and Raines[5c] indepen-
dently developed modified Staudinger reactions in which a
native peptide bond was formed between a thioester- and an
azide-containing peptide, in the presence of phosphinoben-
zenethiol or other suitable thiols (Scheme 1C). These two
modified strategies based on the Staudinger reaction, al-
though similar to the native chemical ligation reaction de-
scribed earlier,[2c] are highlighted by the fact that no cysteine
residue is required at the ligating site. Despite their great
potentials, the two methods have yet to be extensively
tested for their compatibility with the semisynthesis of pro-
teins.[5d]

Aldehydes and ketones react selectively with hydrazides,
aminooxy compounds, and thiosemicarbazides to give che-
moselective products.[1a] The reaction is in vivo compatible
and has been utilized by various groups including Schultz,[6a]

Bertozzi,[7] and so forth. Recently, Schultz et al. developed a
method for the genetic incorporation of unnatural amino
acids site-specifically into proteins expressed in E. coli in re-
sponse to the amber nonsense codon.[6b] By utilizing an or-
thogonal tRNA-TyrRS pair, which selectively and efficiently
incorporates m-acetyl-l-phenylalanine into a protein overex-
pressed in E. coli, they successfully introduced a “ketone
handle” into the target protein; this was subsequently modi-
fied, in living cells, by hydrazide-containing small molecules
by means of ketone/hydrazide chemistry (Scheme 1D).[6a]

The labeling reaction was selective and in general proceeded
with relatively good yields (e.g., >75% ligation product).
Another aqueous-compatible reaction is the so-called

“Click Chemistry”, developed by the Sharpless group.[1b,8]

The reaction occurs between an azide and a terminal alkyne
in the presence of a CuI catalyst, generating the resulting
1,4-disubstituted 1,2,3-triazole in quantitative yields
(Scheme 1E). Both reactants and the product are stable to-

wards a wide range of chemicals and reaction conditions.
The high specificity, compatibility with water, and high-
yielding nature of this reaction makes it potentially applica-
ble for a variety of in vivo applications. Recently, by utiliz-
ing this reaction, Cravatt et al. reported a two-step approach
for the activity-based protein profiling (ABPP) of enzymes
in live cells and animals.[9]

Intein-Mediated Protein Ligation Reactions and
Their Expanded Applications

Protein splicing is a cellular processing event that occurs
post-translationally at a polypeptide level.[10] The initial non-
functional protein precursor undergoes a series of intramo-
lecular reactions and rearrangements, resulting in the exci-
sion of an internal polypeptide fragment, termed the intein,
and the concurrent ligation of the two flanking polypeptide
sequences, namely, the exteins. The product of ligated ex-
teins is a functionally mature protein. The biochemical
mechanism of protein splicing, despite being distinct in its
own ways, does share many critical features with the native
chemical ligation reaction described earlier,[2c] including the
formation of a (thio)ester intermediate and the final step of
a S!O or S!N acyl shift to form the final amide-linked
product. This extremely complex process is autocatalytic, re-
quiring neither cofactors nor auxiliary enzymes. The elucida-
tion of many reaction steps involved in protein splicing has
made it possible to engineer modified inteins that undergo
highly specific self-cleavage and protein ligation reactions.
Consequently, these intein-mediated recombinant ap-
proaches are finding increasing applications in protein engi-
neering.[11–19]

Current applications : Intein-mediated recombinant ap-
proaches provide a biological alternative to the aforemen-
tioned native chemical ligation reaction for the semi-synthe-
sis of proteins.[1c] This so-called “expressed protein ligation
(EPL)” strategy, or intein-mediated protein ligation, has
been extensively reviewed recently.[1d] Briefly, by generating
proteins that contain either a C-terminal thioester or an N-
terminal cysteine residue by using protein expression sys-
tems with self-cleavable affinity tags based on modified in-
teins, it is now possible to introduce unnatural functional
groups into large proteins by means of semisynthetic ap-
proaches. Many important proteins have been successfully
synthesized in vitro, including the 600 amino acid N-terminal
segment of the s70 subunit of E. coli RNA polymerase,[11a]

membrane proteins,[11b] and ion channels.[11c] The use of in-
teins in combination with proteases has led to the so-called
expressed enzymatic ligation approach.[11d] trans-Splicing in-
teins, in which the functionally mature inteins are split into
two smaller intein pieces, regain their activity upon reconsti-
tution of the fragments.[10] They have found a variety of ap-
plications in vitro, including protein semisynthesis[12] and
segmental isotopic labeling.[13] Split inteins have been used
to cyclize proteins in vivo,[14] and to study protein–protein
interactions in living cells.[15] Indeed, protein trans-splicing
has many of the attributes necessary for the semisynthesis of
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unnatural proteins in vivo. Recently, Muir et al. cleverly
adopted the trans-splicing property of the Ssp DnaE intein
for the semisynthesis of proteins in live cells, in which the
specific incorporation of chemical probes into the protein
was successfully demonstrated.[16]

Expanded applications : We recently expanded the intein-
mediated recombinant approaches into several areas related
to proteomics and chemical biology, namely, the in vitro and
in vivo protein biotinylation,[17] protein microarray technolo-
gies for large-scale protein analysis,[17a,18] and live-cell bio-
imaging.[19] Herein, we summarize our recent findings and,
at the same time, look ahead to some future developments.

Protein biotinylation : The avidin–biotin interaction has
gained much prominence in protein science due to the re-
markable affinity of the protein avidin and its small mole-
cule ligand, biotin (vitamin H, 0.24 kDa). With a Kd of
10�15m, this is one of the strongest known noncovalent inter-
actions in nature.[20] An essential prerequisite for the success
of avidin–biotin technologies is the incorporation of the
biotin moiety into the protein of interest. Before site-specif-
ic methods for protein biotinylation were available, simple
bioconjugation techniques with biotin-containing reactive
chemicals were used to biotinylate proteins nonspecifically,
in many cases leading to the inactivation of proteins.[21]

Cronan et al. identified small peptide sequences that could
be sufficiently biotinylated by biotin ligase, a 35.5 kDa
monomeric enzyme, upon fusion to a protein.[22] This provid-
ed, for the first time, a means to site-specifically biotinylate
proteins both in vitro and in vivo. Early peptide sequences
identified were relatively long (>63 amino acids), and thus
may potentially interfere with the native activity of the
fused protein. Subsequent optimizations revealed that small-
er peptide tags of 15 to 30 amino acids could also be suffi-
ciently biotinylated. In general, in vivo biotinylation of pro-
teins using this approach is often inefficient and toxic to the
host cell.[22,23] Other problems include proteolytic degrada-
tion of the tag sequence and the inhibitory effects of com-
monly used reagents towards biotin ligase.[23] To overcome
some of these drawbacks, our group recently developed an
intein-based system for site-specific protein biotinylation.[17]

We have thus far shown that the strategy is highly efficient
and versatile, equally applicable for both in vitro and in vivo
experiments with different host cells (e.g., bacteria and
mammalian cells). It is also compatible with large-scale pro-
tein biotinylation for potential proteomic experiments.[17b]

In our strategy (Scheme 2), the protein of interest was
fused, through its C-terminus, to an intein.[17b] Upon expres-
sion in a host cell, the fusion protein underwent intramolec-
ular rearrangement under appropriate conditions, which was
catalyzed by the fused intein, and resulted in the generation
of a new protein–intein fusion joined by means of a thioest-
er linkage. The thioester-containing fusion protein was sub-
sequently purified and biotinylated in vitro, in a single step,
to generate the final protein in which the biotin moiety was
exclusively and covalently attached to the C-terminus of the
target protein (Method A in Scheme 2). We showed that the
strategy was highly versatile and capable of biotinylating a

variety of proteins having different primary sequences and
biological functions. The approach is simple yet efficient,
thus amendable to potential high-throughput biotinylation
of proteins in large-scale proteomic experiments. We also
showed that the intein-mediated protein biotinylation ap-
proach worked in vivo with both bacterial and mammalian
cells (Method B in Scheme 2). Since the bioitinylating re-
agent used in our approach, that is, cysteine biotin, was a
cell-permeable small molecule, by simply treating host cells
expressing the thioester-containing fusion protein we were
able to show that protein biotinylation, which is very similar
to the native chemical ligation reaction, occurred inside live
bacteria and mammalian cells. We also investigated and suc-
cessfully demonstrated that the intein-mediated protein bio-
tinylation strategy worked in a cell-free system (Method C
in Scheme 2).[17b] A cell-free system has many advantages
over traditional recombinant methods used for protein ex-
pression.[24] It eliminates problems of protein toxicity and
potential proteolytic degradation of the protein by endoge-
nous proteases. It may also prevent the formation of inclu-
sion bodies, a problem typically encountered when express-
ing eukaryotic proteins in prokaryotic hosts.

Protein microarray applications : One of the key applications
of the above-described site-specific biotinylation approach is
in the domain of protein microarrays.[25] Avidin, being an ex-
tremely stable protein, is an excellent candidate for slide de-
rivatization and immobilization. Each avidin/streptavidin
molecule can bind rapidly and almost irreversibly up to four
molecules of biotin, thus doing away with the long incuba-
tion time that alternative methods typically need for the
critical immobilization step.[25] Avidin also acts as a molecu-
lar layer that minimizes nonspecific binding of proteins to
the slide surface, thereby eliminating blocking procedures
and minimizing background signals in downstream screen-
ings. Our group was the first to employ the biotin–avidin

Scheme 2. Three intein-mediated protein biotinylation strategies. Meth-
od A: In vitro biotinylation of column-bound proteins; Method B: In
vivo biotinylation in live cells; Method C: Cell-free biotinylation of pro-
teins.[17b]
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system in the fabrication of peptide[26] and protein microar-
rays.[17a] Our strategy for protein microarray generation uti-
lized the aforementioned intein-mediated protein biotinyla-
tion method (Method A in Scheme 2). Within a single
column-purification step, the expressed C-terminal fusion
protein was purified and biotinylated on chitin beads, and
subsequently immobilized in a site-specific manner onto an
avidin-functionalized glass slide to generate the correspond-
ing protein microarray (A in Scheme 3).[17,18] This highly
robust and novel protein array features uniformly oriented
proteins, which may help immobilized proteins to retain
their full biological activities. The use of biotin–avidin inter-
action for immobilization also allows proteins to withstand
chemically harsh conditions used for downstream screenings,
thus making the protein array compatible with most bio-
chemical assays. We further demonstrated that cells express-
ing in vivo biotinylated proteins could be lysed and directly
spotted to generate the corresponding protein microarray.[18]

Overall, although the in vivo biotinylation of proteins with
an intein tag was less efficient relative to the in vitro system,
it nevertheless provided an alternative method for research-
ers to generate in vivo, without further processing (e.g. puri-
fication and elution, etc.), a large array of biotinylated,
ready-to-spot proteins in a truly high-throughput, high-con-
tent fashion. Protein biotinylation using the aforementioned
cell-free synthesis system (Method C in Scheme 2) may pro-
vide yet another attractive alternative to obtain spotting-
ready protein samples for protein microarray applications
for the following reasons:

1) Proteins may be readily biotinylated site-specifically at
their C-termini using the cell-free method.

2) Minute quantities of proteins generated in cell-free
system are sufficient for spotting and detection in a pro-
tein array.

3) The method could be easily adopted in 96- and 384-well
formats with a conventional PCR machine for potential
high-throughput protein synthesis.[24]

Another strategy we have developed for site-specific im-
mobilization of proteins is through the highly chemoselec-
tive native chemical ligation. We previously immobilized N-
terminal cysteine-containing peptides onto glass slides chem-
ically derivatized with thioester moieties to generate the cor-
responding peptide microarray.[26] We recently showed that
the same immobilization strategy may be applied to protein
microarray generation as well (B in Scheme 3). By extend-
ing the intein-mediated expression system, N-terminal cys-
teine-containing proteins were readily generated; these were
subsequently immobilized onto thioester-functionalized
glass slides to generate the corresponding protein microar-
ray.[18] The N-terminal cysteine residue of the protein che-
moselectively reacted with the thioester on the slide through
the formation of a thioester intermediate, followed by an
N!S acyl shift to form a native peptide bond. Once again,
site-specific immobilization of proteins in this strategy al-
lowed the full retention of their biological activities. We also
showed that the strategy is versatile, and applicable to the
immobilization of N-terminal cysteine proteins, which were
either purified prior to spotting or present in crude cell ly-
sates (e.g., unpurified).[18] There are alternative methods of
generating N-terminal cysteine-containing proteins, for ex-
ample, the ubiquitin fusion in eukaryotic systems that pos-
sess endogenous deubiquitinating enzymes which cleave spe-
cifically after the last residue of ubiquitin.[27]

Bioimaging : Site-specific biotinylation is just one of the
many protein modifications one can perform with the intein
system. Some others include the attachment of small organic
fluorophores, photocleavable tags, photocrosslinking groups,
isotope tags, and so forth, so long as they are conjugated to
an appropriate chemical group.[28] We have extended the
utility of native chemical ligation and protein splicing to
site-specific in vivo labeling of proteins for bioimaging appli-
cations.[19]

Studying the dynamic movement and interactions of pro-
teins inside living cells is critical for a better understanding
of cellular mechanisms and functions. Traditionally this has
been done by in vitro labeling of proteins with fluorescent
and other molecular probes, followed by monitoring them
inside live cells.[29a,b] Recent advances in fluorescent proteins
have allowed for the direct generation and visualization of
fluorescently labeled proteins in live cells or even in live an-
imals.[29c] However, inherent drawbacks of fluorescent pro-
teins related to bioimaging include their relative large sizes
(e.g., ~27 kDa for green fluorescent protein, or GFP),
dimer/tetramer formation in certain variants, and so forth,
all of which may affect the native biological activity of the
fused protein. In addition, relatively few “colors” are availa-

Scheme 3. Two intein-mediated strategies for the site-specific protein im-
mobilization to generate the corresponding protein arrays by using
A) biotin–avidin interaction and B) native chemical ligation reaction.
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ble amongst existing fluorescent proteins and they are not
always ideal fluorophores, as many have broad excitation/
emission spectra, low quantum yields, and are susceptible to
photobleaching. Lastly, the use of fluorescent proteins limits
protein labeling to only fluorescent and not any other mo-
lecular tags (e.g., biotin).
Several small molecule-based strategies have recently

been developed that allow site-specific labeling of proteins
with small molecules and subsequently imaging of them
inside living cells.[30–34] Tsien;s group designed biarsenical
probes with a high affinity for a tetracysteine motif
(CCXXCC)[30] and demonstrated their utility in live-cell
imaging of the translocation of connexin in and out of gap
junctions.[30b] Noncovalent interactions of small molecule li-
gands with streptavidin- and antibody-conjugated fusions
have been used for in vivo labeling of proteins.[31,32] Johns-
son et al. described an enzymatic approach to label proteins
fused to the human O6-alkylguanine-DNA alkyltransferase
(hAGT) with small molecular substrates.[33] The most recent
report of small molecule probes for live-cell labeling is
based on the noncovalent interaction between E. coli dihy-
drofolate reductase (DHFR) and methotrexate (Mtx) conju-
gates.[34] Our group has developed a novel strategy for site-
specific covalent labeling of
proteins in vivo by using native
chemical ligation and intein-
mediated protein splicing
(Scheme 4).[19]

In our strategy (Scheme 4A),
a protein of interest with an N-
terminal cysteine group was ex-
pressed inside a live cell by
using intein-mediated protein
splicing.[35] Incubation of the
cell with a thioester-containing,
cell-permeable, small-molecule
probe allowed the probe to effi-
ciently penetrate through the
cell membrane into the cell,
where the chemoselective
native chemical ligation reac-
tion occurred between the thio-
ester of the small molecule and
the N-terminal cysteine of the
protein, giving rise to the
resulting labeled protein
(Scheme 4B).[19] Few endoge-
nous N-terminal cysteine-con-
taining proteins are known in
various bacterial and mammali-
an genome databases, making
our labeling strategy feasible in
future for different live-cell
imaging experiments. Other en-
dogenous molecules, such as
cysteine and cystamine, are
present in the cell and will also
react with the probe. However,
their reaction products are also

small molecules in nature, and can be easily removed, to-
gether with any excessive unreacted probe, by extensive
washing of the cells after labeling. Other methods for gener-
ating recombinant proteins possessing N-terminal cysteine
residues, including the use of methionyl aminopeptidases,[36]

the ubiquitin-fusion strategy,[27] or selective proteolysis with
highly specific proteases like the TEV (tobacco etch virus)
protease,[37] may potentially be used with our labeling strat-
egy.
We selected the 17 kDa Ssp DnaB mini intein, whose

splicing activity was genetically engineered to occur effi-
ciently under physiological conditions, to generate an N-ter-
minal cysteine in the target protein.[35] The intein-mediated
approach requires no external factors (e.g., proteases), with
the splicing activity affected primarily by the identity of
amino acids at the splice junction. It provides a simple ap-
proach for site-specific labeling of proteins in live cells with
minimal modifications to the target protein, apart from the
introduction of a few extra amino acid residues at the N-ter-
minus of the target protein. We have thus shown that the
strategy may be readily applied to both bacterial and mam-
malian cells with a variety of thioester-containing small mol-
ecule probes (Scheme 4C).[19,38]

Scheme 4. A) Chemoselective native chemical ligation between an N-terminal cysteine in a protein and a thio-
ester-containing probe, forming a stable amide bond. B) Strategy for site-specific covalent labeling of N-termi-
nal cysteine proteins and thioester probes in live cells. C) Structures of cell-permeable, thioester probes used
in the study.[19]
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Future directions

Intein-mediated protein splicing has thus far only been ob-
served with prokaryotic and unicellular eukaryotic organ-
isms (e.g., yeasts).[10] Consequently, most of the intein-medi-
ated protein engineering approaches developed to date are
only suitable in bacteria and yeasts.[1d,10–15] Recent work by
Muir et al. and our group, however, indicated that these ap-
proaches may work in mammalian cells as well.[16,17b,38]

There are other known forms of protein autoprocessing,
most notably ones in the family of hedgehog proteins found
in animals.[39] For example, a typical hedgehog precursor
protein contains a 20 kDa N-terminal domain (e.g., the sig-
naling domain) and a 25 kDa C-terminal domain (e.g., the
autoprocessing domain). It undergoes self-catalyzed cleav-
age of the C-terminal domain, by means of a mechanism
similar to intein-mediated protein splicing, and results in the
attachment of a cholesterol molecule to the N-terminal
domain.[40] It is therefore reasonable to believe that hedge-
hog proteins, just like inteins for bacteria and yeasts, are
ideal models to develop mammalian-based protein-engineer-
ing approaches that utilize the protein splicing mechanism.
We are currently exploring the feasibility of using hedge-
hog-based protein splicing to site-specifically modify pro-
teins in live mammalian cells.
Another area to develop efficient methods for in vivo

site-specific modification of proteins may involve enzyme-
based protein ligation reactions, of which very few ap-
proaches have been described to date.[41–45] For example,
subtiligase is an engineered subtilisin mutant capable of cat-
alyzing the joining of two peptide fragments in a reaction
known as reverse proteolysis.[41] Some other natural proteas-
es have also been found to undergo reverse proteolysis effi-
ciently under certain reaction conditions.[42] We envisage
that an extension of reverse proteolysis to highly specific
proteases, for example, TEV protease,[43] could potentially
allow for highly specific modifications of proteins inside live
cells. Another enzyme-based in vivo protein modification
technique may involve the use of sortase, a transpeptidase
found in the cell envelope of many Gram-positive bacte-
ria.[44] S. aureus sortase (SrtA) is known to undergo the so-
called “transpeptidation” reaction, by cleaving between
threonine and glycine at an LPXTG recognition motif in a
protein and subsequently joining the carboxyl group of
threonine to an amino group of pentaglycine on the cell-
wall peptidoglycan. Recently, Pollock et al. successfully
demonstrated the in vitro sortase-mediated ligation of pro-
teins to both peptides and nonpeptides.[45] Current efforts in
our group are directed toward extending this sortase-based
approach to in vivo modifications of proteins.
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