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The discovery of inteins in the early 1990s opened the door to
a wide variety of new technologies. Early engineered inteins
from various sources allowed the development of self-cleaving
affinity tags and new methods for joining protein segments
through expressed protein ligation. Some applications were
developed around native and engineered split inteins, which
allow protein segments expressed separately to be spliced
together in vitro. More recently, these early applications have
been expanded and optimized through the discovery of highly
efficient trans-splicing and trans-cleaving inteins. These new
inteins have enabled a wide variety of applications in metabolic
engineering, protein labeling, biomaterials construction, pro-
tein cyclization, and protein purification.

The ability of inteins to form and cleave specific peptide
bonds in a variety of contexts has enabled the development of
powerful new tools in molecular biology. Initial applications
focused on self-cleaving affinity tags and protein modification
and labeling, and utilized mutations that altered the native
splicing reactions described by Perler and co-workers (89) in
this series. An important advantage of intein-based methods is
that they are generally enzymatic in nature, and therefore
exhibit highly specific activities under physiological conditions.
Although thiol compounds are used in some applications, the
chemistries involved in most intein methods are innocuous to
their various target proteins. Intein-based methods have greatly
expanded in subsequent years through the discovery of hun-
dreds of additional inteins, and new applications in protein
activity regulation and modification have followed. An impor-
tant underlying theme in this work has been the discovery and
development of highly efficient split inteins for advanced appli-

cations in vitro and in vivo. These trans-splicing and -cleaving
inteins have been employed for applications ranging from the
purification of recombinant products to the in vivo control of
protein function and labeling.

Protein Purification

One of the first major applications of inteins was the devel-
opment of self-cleaving affinity tags for the recovery of
untagged target proteins in recombinant expression systems
(1–3). In these applications, a modified intein is expressed in
fusion to an affinity tag and target protein, and once the fusion
is affinity-purified, the intein is induced to cleave the target
protein from the intein and tag (Fig. 1). The first commercial
intein system was released by New England Biolabs in 1997 and
employed a modified Sce VMA1 3 intein that is triggered to
cleave at its N terminus (IMPACT system), or both N and C
termini (IMPACT-CN system), by the addition of thiol com-
pounds (e.g. Refs. 4 –7) (Fig. 1A, left). Shortly thereafter, inteins
with rapid C-terminal cleaving activity were published. These
inteins exhibit suppressed cleavage activity at pH 8.5, allowing
purification of the tagged target, and are then induced to cleave
by a shift to pH 6.5. The cleavage activity of these inteins is also
strongly influenced by temperature, where the most rapid
cleaving is observed at 37 °C (8 –10) (Fig. 1A, right). The devel-
opment of these inteins led to a variety of new tag systems and
configurations for protein purification, initially including the
chitin (3) and maltose-binding proteins (11), as well as non-
chromatographic purification tags (12, 13). More recently,
small ubiquitin-like modifier (SUMO) and ubiquitin tags have
been used to increase expression efficiency and simplify purifi-
cation (14, 15), and an ELP precipitation tag has been combined
with a dockerin-cohesin binding pair to provide optimized
expression with a reusable non-chromatographic purification
reagent (16).

A key requirement for all intein-based purification systems is
the ability to minimize cleavage during protein expression but
cleave rapidly once the fusion precursor is purified. Many early
intein systems required long incubation times for complete
C-terminal cleaving or high concentrations of thiol for efficient
N-terminal cleaving. Further, C-cleaving inteins are plagued by
premature cleavage during expression, whereas N-cleaving
inteins are difficult to use with target proteins containing disul-
fide bonds. For this reason, recent work has focused on control-
ling intein function through the reassembly of trans-cleaving
inteins, as well as the engineering of disulfide bonds into exist-
ing intein systems (17). Early trans-cleaving intein systems were
generated by splitting cis-splicing inteins into two parts and
inducing cleavage of the target protein by fragment reassembly
(18 –20). Although this strategy was effective in suppressing
premature cleaving during expression, soluble expression and
reassembly of the intein fragments were often inefficient (21).
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The discovery of naturally split inteins had a major impact in
this field, however, because the segments of these inteins are
capable of efficient expression and reassembly both in vivo and
in vitro (22, 23). Recently reported examples of trans-cleaving
systems are based on an engineered Ssp DnaB intein and the
naturally trans-splicing Npu DnaE intein.

The Ssp DnaB intein has been engineered to suppress prema-
ture cleavage via an 11-amino acid deletion at its N terminus
(24). This deletion abolishes cleaving activity in the remaining
intein, allowing the purification of a C-terminally fused target
protein. Cleavage is induced by the addition of the 11-residue
peptide (Fig. 1B). Conversely, the 11-residue peptide can also be
used as an effective protease target sequence, where N-terminal
cleaving from this segment is induced by the addition of the
C-terminal segment in the presence of thiol. In both cases,
the intein cleaving mechanism releases the target protein from
the immobilized tag during purification.

Another split intein purification system is based on the Npu
DnaE intein, which naturally exhibits extremely rapid trans-
splicing and has been engineered to exhibit rapid C-terminal
cleaving upon reassembly (Fig. 1C). In this system, the N-ter-
minal segment of the intein is fused to an affinity tag and immo-
bilized, while the C-terminal segment is fused to the target pro-
tein. Association of the intein segments acts as the mechanism
for purification, where cleavage during assembly and purifica-
tion is suppressed by zinc ion. Once purified, rapid cleavage of
the target is activated by thiol addition.

Remarkably, this intein can undergo complete cleaving in
less than 30 min at room temperature (25, 26) and in only a few
hours at 6 °C. This cleavage rate can be attributed to two ratio-
nal modifications of the Npu intein. The first is the introduction
of the previously reported �I-CM intein mutation of aspartic
acid to glycine in the intein F-motif (9) (Fig. 1A, right), while the
second is the repositioning of the affinity tag from the N termi-
nus of the IN segment to the C terminus of the IN segment.
Repositioning the affinity tag mimics the N-terminal cleavage
of a short extein segment in the IMPACT-CN system, which
greatly accelerates C-terminal cleavage (2) (Fig. 1A, left). Thus,
these two established cis-splicing intein modifications have
been introduced to a naturally fast trans-splicing intein to gen-
erate a highly effective C-terminal split intein cleaving system.
This system is currently being optimized for expression of pro-
teins in various host cells and is showing particular promise as
an effective platform for virtually any expression host (27).

Protein Modification

Inteins are also used to modify proteins through rearrange-
ments of peptide bonds. Applications include the production of
proteins with structural modifications, including backbone
cyclization, site specific labeling, and proteolysis. In each of
these cases, a mutated intein is moved to a non-native context,
and the resulting modified splicing reaction is used to generate
covalent modifications to the target protein.

FIGURE 1. Self-cleaving affinity tags based on inteins. A, initial tags used
thiol addition or temperature (Temp) and/or pH changes to induce cleaving in
cis-cleaving inteins. The IMPACT-CN system (left) includes an affinity tag
within the intein, and C-terminal cleaving is induced via thiol-induced cleav-
age of a short N-terminal extein peptide (step 1 at bottom). Cleavage of N-ex-
tein peptide then leads to rapid C-terminal cleavage (step 2 at bottom), and
the N-terminal peptide is subsequently separated from the cleaved target
protein by dialysis. The �I-CM intein (right) provides C-terminal cleaving in
the absence of N-terminal cleavage, where the cleavage reaction is controlled
by shifts in pH and/or temperature. In this intein, the cleavage reaction is
additionally accelerated through mutation of a conserved aspartic acid to
glycine, close to the C terminus of the intein. B, the Ssp DnaB intein has been
engineered with an 11-residue deletion at its N terminus to eliminate prema-
ture cleaving during expression. C-terminal cleavage of the intein can be
induced by the addition of the 11-residue intein segment (left panel), or con-
versely, N-terminal cleaving from the 11-residue intein segment can be
induced by the addition of the remaining intein in the presence of thiol (right
panel). C, the Npu DnaE naturally split intein has been engineered with an

internal affinity tag to provide extraordinarily rapid cleaving upon reassem-
bly. This intein effectively combines the N-extein removal of the IMPACT-CN
system with the aspartic acid to glycine mutation of the �I-CM intein, leading
to very rapid cleaving that can be controlled by intein reassembly in the pres-
ence of zinc.
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Protein Backbone Cyclization

Backbone cyclization of recombinant polypeptides can be
accomplished both in vitro and in vivo by either expressed pro-
tein ligation (EPL) or protein trans-splicing (PTS) (reviewed in
Ref. 28). EPL-based cyclization is accomplished by fusing the
target polypeptide N terminus to a peptide leader sequence
that ends with a Cys residue, while the C terminus is fused to an
engineered intein (Fig. 2A, left). The N-terminal leader
sequence can be cleaved in vivo or in vitro by a proteolytic or
self-proteolytic event, leaving an N-terminal Cys residue on the
target peptide. The Cys residue can then react in an intramo-
lecular fashion with an �-thioester generated by the down-
stream intein, thus providing a backbone cyclized polypeptide.

The use of EPL-mediated backbone cyclization was first
reported by Camarero and Muir (29) in 1999, using the N-ter-
minal SH3 domain of the c-Crk protein as a model system. The
resulting circular protein domain folded faster and was more
stable than the linear counterpart (30). A similar approach has
been used by Iwai and Plückthun for the biosynthesis of circular
�-lactamase (31) and green fluorescent protein (GFP)(32). The
resulting circular proteins were biologically active and found to
be more resistant to thermal denaturation (31, 32). The general
applicability of this approach has recently been further demon-
strated through the cyclization of several disulfide-rich back-
bone-cyclized peptides, including cyclotide Kalata B1 (33),
Bowman-Birk inhibitor SFTI-1 (34), �-defensins (35), and an
artificially cyclized �-defensin (36).

EPL cyclization has also been used inside living cells (37).
This technique allows the production and genetic selection of
complex libraries of cyclic polypeptides using standard recom-
binant techniques. These highly stable cyclic scaffolds provide
biologists with a powerful molecular tool and have been used to
unravel genomic information encoding complex biochemical
pathways and protein interaction networks (38, 39). For exam-
ple, Camarero and co-workers (33, 40) have recently used EPL
for in-cell expression of cyclotide-based libraries using stan-
dard bacterial host systems. Cyclotides are small globular
microproteins with a head-to-tail cyclized backbone, which is
further stabilized by three disulfide bonds forming a cysteine
knot. This cysteine knot motif (CCK) gives cyclotides excep-
tional resistance to physical, chemical, and biological degrada-
tion, making them ideal scaffolds for the development of novel
peptide-based therapeutics (41, 42). The cyclotide libraries
were assayed for biological activity and the ability to fold cor-
rectly (43). A similar study was also performed by the same
group using the naturally occurring cyclic peptide SFTI-1 as
molecular scaffold for the generation of genetically encoded
libraries (34).

Another approach for the recombinant production of cyclic
peptides in vivo, first reported by Benkovic and co-workers (44)
using the naturally occurring Ssp DnaE split intein, is PTS (Fig.

FIGURE 2. Intein applications involving post-translational modifications
of target proteins. A, left panel, EPL methods involve a nucleophilic attack of
an N-terminal Cys residue on a thioester formed by a downstream intein. The
N-terminal Cys can be generated by a second, upstream intein or by conven-
tional proteolytic cleavage. Right panel, PTS methods produce cyclized pro-
teins through the assembly and splicing of an inverted split intein fused to the
N and C terminus of the target protein. B, fluorescent labeling of proteins
using a self-quenched intein-based PTS reagent. In this case, PTS simultane-

ously labels the target protein while releasing the quencher from the dye,
thus providing a strong label signal with minimal background from unre-
acted label. C, protein-protein interactions can be detected by fusing “bait”
and “prey” proteins to each half of a weakly interacting trans-splicing intein.
Interactions between bait and prey drive assembly and splicing of the intein,
resulting in activation of a reporter enzyme.
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2A, right). PTS relies on an intein splicing domain that is split
into two fragments (IN and IC). The split intein fragments are
not active individually but can bind to each other with high
specificity under appropriate conditions to form an active splic-
ing domain in trans. By inverting the order of the intein frag-
ments and fusing them in-frame to the polypeptide to be cycl-
ized, the trans-splicing reaction results in the formation of a
backbone-cyclized polypeptide. PTS has been used for the gen-
eration of several naturally occurring cyclic peptides, as well as
large libraries of small cyclic peptides (45). For example, Benk-
ovic and co-workers (46) have recently used this technology in
combination with nonsense codon suppressor tRNA technol-
ogy to build libraries of cyclic hexapeptides that include non-
natural amino acids. These libraries were screened for HIV pro-
tease inhibitors using a cell-based lethality assay (46).

PTS has been also successfully used for the generation of
larger circular proteins (44, 47). For example, the artificially
split Ssp DnaB mini-intein has been used to cyclize TEM-1
�-lactamase in the bacterial periplasm, where the TEM-1 �-lac-
tamase export signal peptide was added to the split intein pre-
cursor (47). This group also produced large libraries of small
circular peptides using PTS, estimating that � 50% of the com-
binatorial peptides cyclized efficiently inside the cell. The Kang
group (48) recently reported an enhancement of this method,
where backbone cyclization through PTS generates an intact
c-Myc epitope tag, thus simplifying the detection and purifica-
tion of the cyclic products.

Although PTS offers a good alternative to EPL for the pro-
duction of backbone-cyclized polypeptides, it should be noted
that most split inteins require specific amino acid residues at
the intein-extein junctions for efficient protein splicing (45).
The Camarero group (49) has recently shown that the highly
efficient Npu DnaE intein is able to tolerate non-native junction
sequences, however, making it possible to produce correctly
folded cyclotide MCoTI-I containing non-natural fluorescent
amino acids in an intracellular bacterial expression system (49).
This exciting finding suggests the possibility for high through-
put screening of genetically encoded cyclotide libraries for the
ability to bind specific bait proteins.

The production of circular polypeptides using standard
biological expression systems has also made possible the
inexpensive introduction of NMR active isotopes (15N
and/or 13C), thus facilitating the use of NMR to study struc-
ture-activity relationships of circular polypeptides and their
targets (50). The recent development of in-cell NMR using
sequential labeling approaches (51) could also be easily
interfaced for in-cell screening of genetically encoded librar-
ies of circular polypeptides.

Site-specific Labeling of Proteins

EPL and PTS can also enable the introduction of site-specific
modifications to proteins, including glycosylation, biotinyla-
tion, ubiquitination, phosphorylation, and segmental isotopic
labeling, among others (see Refs. 52 and 53 for recent reviews).
These methods can also be applied to the N- and C-terminal
labeling of membrane-associated proteins. In this section, we
will focus on recent applications where inteins have been used
for site-specific labeling of proteins in living cells.

The C terminus of the membrane-associated human trans-
ferrin receptor was recently labeled with fluorescein and biotin
on the surface of live mammalian cells using the Ssp GyrB split
intein (54). Using a similar approach, the N terminus of the
monomeric red fluorescent protein (mRFP) was site-specifi-
cally labeled with biotin on the surface of CHO cells (55). Mootz
and co-workers have also used the Npu DnaE split intein to
attach enhanced GFP (eGFP) to trans-membrane and glycosyl-
phosphatidylinositol-anchored membrane proteins using PTS
in live cells (90).

PTS has also been used for site-specific labeling of proteins
inside live cells. The split inteins used to accomplish this task
are usually formed by either short IN fragments or short IC

fragments, thereby facilitating their chemical synthesis with
chemical probes. In-cell intein-mediated protein labeling has
several advantages over other chemoselective ligation tech-
niques. In particular, PTS-mediated labeling uniquely provides
site-specific covalent modification of the target protein, and
more importantly, the splicing reaction relies on a specific rec-
ognition event between the corresponding IN and IC fragments.
Hence, the use of orthogonal split inteins (i.e. split inteins that
do not cross-react with each other) might allow simultaneous
multicolor labeling of proteins within living cells (56).

The in vivo use of PTS for site-specific fluorogenic dye label-
ing of proteins requires that the labeling process be linked to the
simultaneous activation of fluorescence, thus minimizing back-
ground signal from unreacted label. Camarero and co-workers
(56) have recently used Förster resonance energy transfer
(FRET) quenched with a DnaE split intein to accomplish this in
living cells. The fluorescent label is introduced at the C termi-
nus of the C-extein, while the quencher is introduced on the IC

intein segment (Fig. 2B). The PTS reaction ligates the fluoro-
phore to the protein of interest while simultaneously dissociat-
ing the dye from the quencher and activating its fluorescence.
This approach was used for site-specific in-cell labeling of the
DNA-binding domain (DBD) of the transcription factor YY1 in
several human cell lines, showing that this method can be used
for modifying proteins to control their cellular localization and
alter their biological activity (56).

The C-terminal labeling of a pleckstrin homology (PH)
domain with quantum dots inside Xenopus embryos has also
been accomplished using PTS with the split DnaE intein (57). A
more recent publication demonstrates that a split mini-DnaB
intein can also be used for N-terminal labeling (58), thereby
demonstrating the potential for using orthogonal split inteins
for multiprobe labeling.

PTS has also been used for segmental isotopic protein label-
ing in live cells (59). This is accomplished by sequentially
expressing the labeled and unlabeled fragments in labeled and
unlabeled medium, respectively, via a compatible dual expres-
sion system with different inducible promoters. For example,
Züger and Iwai used in-cell PTS to fuse unlabeled immunoglob-
ulin-binding protein G domain B1 (GB1) to the C terminus of
the yeast prion protein Sup35 (residues 1– 61), resulting in the
production of a fusion protein with improved solubility and
stability provided by the NMR-invisible tag (60).
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Site-specific Proteolysis

Split inteins can also provide a means for efficient site-spe-
cific proteolysis in living cells. For example, the non-canonical
Ssp DnaB S1 split intein has recently been used as an efficient
and highly site-specific cellular protease (61). In this work, the
protease recognition sequence is formed by the 11-residue IN
fragment and five native N-extein residues. This sequence is
recognized by the corresponding IC fragment, which is called
the intein-derived protease. When the two fragments are co-
expressed, they bind to each other in trans, reconstituting a
fully active splicing domain that cleaves the protein of interest
through N-terminal cleavage. This approach, which is analo-
gous to the N-terminal tag cleavage reaction shown in Fig. 2B,
has been shown to work efficiently in bacterial and eukaryotic
cells. In contrast to other less specific proteases, intein-derived
proteases are highly specific, presenting extremely low activity
toward other cellular proteins not containing the IN recogni-
tion sequence.

Intein-based Biosensors

Intein-based biosensors are usually built from independent
protein domains, which can be expressed inside living cells. The
signal of interest is recognized by a sensing module, which then
induces a change in the splicing activity of a fused intein mod-
ule, resulting in a change in the activity of a reporter module. A
common mechanism by which intein-based biosensors func-
tion is through conditional protein splicing (see Ref. 62 for a
recent review). Conditional protein splicing of the intein
domain is activated by an external stimulus such as the binding
of small molecule, light, or a change in temperature, pH, or
redox state (62). The splicing reaction restores the function of a
reporter domain, which then produces an easily detectible sig-
nal. Importantly, the intein domain enables a modular design of
these sensors, allowing the easy exchange of sensing and
reporter domains. This feature has facilitated the design of sen-
sors for protein-protein interactions, small molecules, redox
states, protease activity, DNA methylation, and other types of
stimuli.

Detecting Protein-Protein Interactions

Biosensors to detect protein-protein interactions make use
of artificially or engineered split inteins with reduced affinity
between the IN and IC fragments (Fig. 2C). The interacting pro-
teins or protein domains are fused to the C and N termini of
paired IN and IC fragments, respectively, which are in turn fused
to the segments of a split reporter module. An interaction
between the protein partners brings the split intein fragments
into close proximity, leading to intein activation and splicing of
the reporter protein. Umezawa and co-workers (63– 65) used
this concept to design several protein-protein interaction bio-
sensors using GFP and luciferase as reporters in single cell
organisms and transgenic animals. These approaches have also
been used for intracellular detection of interactions between
the phosphorylated insulin receptor substrate 1 and the N-ter-
minal SH2 domain of PI3K kinase (66), the interaction between
the MyoD and Id proteins (67), and the epidermal growth factor
(EGF)-induced interaction between an oncogenic mutant of
Ras and Raf-1 (63).

Detecting Protein-DNA Interaction

A similar PTS-mediated biosensor has also been designed for
detecting specific changes in DNA methylation. This biosensor
was designed around a split version of the Sce VMA intein,
where each intein segment is fused to a pentadactyl zinc finger
domain and a split firefly luciferase segment. Binding of both
zinc finger domains to their specific DNA target sequences
induces intein-mediated reconstitution of the luciferase
reporter (68). This biosensor was used to detect the loss of epi-
genetic silencing and increased accessibility of a DNA sequence
near the promoter region of L1PA2 upon treatment with a
demethylation drug.

Detecting Small Molecules

Wood and co-workers (69, 70) have designed allosteric intein
biosensors for the detection of human nuclear hormone recep-
tor ligands. In this case, a non-splicing mini-intein acts as an
allosteric signal transducer between the receptor ligand-bind-
ing domain (LBD) and the reporter enzyme. The biosensor
relies on a rationally designed fusion of the Mtu RecA mini-
intein splicing domain with a human nuclear hormone receptor
LBD. This module is then fused to the C terminus of the Esch-
erichia coli maltose-binding protein (MBP) and to the N termi-
nus of the T4 thymidylate synthase enzyme. In practice, the
activity of the thymidylate synthase reporter is modulated by
hormone binding to the LBD, allowing the production of E. coli
cell lines that report the presence of hormone-like ligands
through a simple growth phenotype assay (69). Initial studies
used the human estrogen (ER�) and thyroid hormone (TR�-1)
receptors and showed that this sensor can differentiate between
receptor agonists and antagonists (71). Further, the modular
design of the sensor has simplified the development of addi-
tional biosensors based on estrogen (ER� and ER�) (69) and
thyroid hormone (TR�-1 and TR�-1) receptors (72), as well
as the human peroxisome proliferator-activated receptor �
(PPAR�) receptor (73) and several animal estrogen receptors
(74).

Liu and co-workers (75) have also designed an intein-based
biosensor for the detection of estrogens. In this work, an estro-
gen-sensitive intein was created by replacing the endonuclease
region of the Sce VMA intein with the human ER� receptor
LBD. The DNA encoding this modified intein was inserted into
the constitutively expressed chromosomal lacZ gene. The
resulting intein was designed to be able to splice in the presence
of estrogenic ligands to produce an active �-galactosidase
reporter enzyme (76).

Detecting Redox State

The split Ssp DnaE intein has recently been used for the
development of a bacterial redox sensor. This sensor was
designed by engineering a new disulfide bond that includes the
catalytic N-terminal intein Cys residue (17, 77). The activity of
the intein is reported by a FRET pair formed by cyan and yellow
fluorescent proteins. In the disulfide-bonded state, the intein is
inactive, providing high FRET. When the disulfide bond is
reduced, however, the intein becomes active, triggering the
N-terminal cleavage of the cyan fluorescent protein with a con-
comitant decrease in the FRET signal. This biosensor has been
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successfully used to select hyperoxic mutant E. coli strains
(17, 77).

Detecting Protease Activity

In-cell protease activity has been also detected using protein
trans-splicing (78). In this work, the luciferase reporter protein
backbone was cyclized through PTS using the Ssp DnaE intein
with a caspase-3 substrate linker. In the cyclized state, the activ-
ity of luciferase is greatly reduced due to steric hindrance, but is
fully restored after cleavage by caspase-3. This sensor has
enabled real-time sensing of caspase activity in living mice (78).

Gene Delivery and Control in Transgenic Organisms

Split inteins in combination with PTS can also be used to
control the delivery of heterologous genes into transgenic
organisms (see Ref. 79 for a recent review on plants). This
approach relies on splitting the target protein into two seg-
ments, which can be post-translationally reconstituted in vivo
by PTS. This approach minimizes the risk for transferring par-
ticular genes that confer desired traits to unwanted hosts, as in
the case of herbicide resistance genes. For example, the
metabolic enzyme acetolactate synthase has been split and suc-
cessfully reconstituted by PTS in E. coli (80). In a similar fash-
ion, the bacterial 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS) was also reconstituted by PTS in the chloroplasts
of Nicotiana tabacum to produce an herbicide-resistant trans-
genic crop (81, 82). By splitting the gene between nuclear and
chloroplast chromosomes, the potential for recombination and
transfer to an undesired host is strongly inhibited. Similar PTS
strategies have also been used for the reconstitution of fully
active heterologous �-glucuronidase in the plant Arabidopsis
thaliana (83) as well as in the leaves of barley, soybean, maize,
and pea (84).

The thermostable self-splicing bacterial intein from Ther-
mus thermophilus has been recently used to control a thermo-
stable xylanase (XynB) from Dictyoglomus thermophilum in
maize (85). By producing the XynB enzyme within the corn
plant itself, the authors have created “self-processing” corn,
which hydrolyzes its own cellulosic biomass to simple sugars
for fermentation. Transgenic maize expressing active XynB
exhibits shriveled seeds and low fertility, but maize expressing
the conditionally active XynB-intein fusion produces normal
seeds and fertility. By using directed evolution, the authors gen-
erated mutants of the XynB-intein construct that could splice
only at high temperature to restore wild-type xylanase activity.
These strains have great potential in simplifying pretreatment
of plant cellulosic biomass to release soluble sugars.

PTS has also enabled the delivery and control of oversized
transgenes in mammalian cells and mice. For example, the split
DnaB mini-intein has been employed in cell culture (86) and in
mice (87) for joining the heavy and light chains of the B-domain
deleted factor VIII. In this case, the split genes were delivered by
two separate viral vectors (86, 87), and in vivo splicing activity
was evaluated via measurements of plasma protein concentra-
tion and increased coagulation activity. These findings suggest
that PTS can be efficiently used for in vivo production of pro-
teins that would otherwise be too large to be delivered by a
single viral vector.

The split DnaE intein has also been employed for the produc-
tion of Cre recombinase in mice (88). By placing the two split
intein-Cre constructs under the control of two different pro-
moters, the split Cre system can be used to interrogate the
expression patterns of two genes or promoters while allowing
the production of proteins under control of the Cre-Lox P
system.

Conclusions

Since their initial discovery in the early 1990s, intein applica-
tions have become more efficient, and intein methods are now
commonly used in laboratories worldwide. Successes include
new understandings of cell and animal physiology, as well as
highly effective methods for protein purification. Naturally and
artificially split inteins have enhanced the effectiveness of early
technologies while enabling the development of new applica-
tions in metabolic engineering and drug discovery. These
inteins have further enabled new biological tools, allowing spe-
cific control over the biological functions of proteins in living
cells, plants, and whole animals. Perhaps the most exciting
aspect of recent intein technology development is its move-
ment out of the laboratory and into real-world applications in
energy and medicine. Future intein applications will build on
these techniques, providing new classes of therapeutic proteins
and new avenues for synthetic biology. Protein purification
methods based on self-cleaving intein tags are now commonly
used in laboratories worldwide and are expected to provide a
significant platform for the production of commercial enzymes
and therapeutic proteins. These developing applications sug-
gest that inteins are becoming a mature and critical biological
tool, capable of opening new avenues of scientific research, as
well as enhanced transgenic plants and new therapeutic
strategies.
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