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Abstract

Protein trans-splicing (PTS) exerted by split inteins is a pro-
tein ligation reaction which enables overcoming the barriers
of conventional heterologous protein production. We provide
an overview of the current state-of-the-art in split intein engi-
neering, as well as the achievements of PTS technology in
the realm of protein structure-function analyses, including
incorporation of natural and artificial protein modifications,
controllable protein reconstitution, segmental isotope label-
ing and protein cyclization. We further discuss factors crucial
for the successful implementation of PTS in these protein
engineering approaches, and speculate on necessary future
endeavours to make PTS a universally applicable protein
ligation tool.
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Introduction

Understanding the structure-function relationship of proteins
is crucial for both basic research and applications in bio-
technology and biomedicine. Recombinant DNA technology
has advanced the expression of proteins in heterologous sys-
tems like Escherichia coli (E. coli), allowing us to investi-
gate by site-directed mutagenesis the contributions of
individual amino acid residues to protein activity or stability.
Over-expression of foreign genes in bacteria is a convenient
and inexpensive way to obtain recombinant proteins but may
in some cases suffer from poor yields, misfolding, and lack
of post-translational modifications. Furthermore, recombi-
nant protein production is usually limited to the common 20
amino acids. Therefore, considerable efforts have been made
for expanding the functionalities of proteins by adding arti-
ficial chemical groups through site-specific modification or
biosynthetic incorporation.
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Protein ligation allows us to combine proteins or peptides
from versatile sources. It has the potential to become a pow-
erful technology to overcome the limitations of recombinant
protein production, and could open new avenues to engineer
proteins in site- and region-specific manners. However,
despite the wide range of potential applications, no method
for protein ligation that would be universally applicable has
been described so far. Protein trans-splicing (PTS), a ligation
reaction performed by split inteins, is a convenient and easy
way to perform protein ligation, thus making it a promising
candidate for a wide range of protein ligation applications.
Here, we review the PTS ligation approach and its use for
structural and functional studies of proteins. The basic four-
step mechanism of PTS is currently well understood and will
be described, along with the most interesting applications of
PTS, including protein semi-synthesis, fluorescent labeling,
and segmental isotope labeling of proteins. Furthermore,
practical issues including limitations and advantages of the
use of PTS are discussed. Finally, we speculate on potential
PTS-mediated applications in the future.

Protein trans-splicing for protein ligation

Inteins

Protein splicing is a post-translational modification catalyzed
by an intervening polypeptide sequence termed ‘intein’ (from
internal protein), in which the intein catalyzes self-excision
from the host protein and concomitantly ligates the two
flanking polypeptide chains termed ‘exteins’ (from external
protein) with a peptide bond (Figure 1A) (1). Because of the
analogy to RNA splicing, inteins can be regarded as protein
introns. Some inteins are bifunctional, i.e. they contain a
homing endonuclease function as an insertion within the pro-
tein splicing domain (2). Endonuclease homing and the pro-
tein splicing activity of inteins are structurally and
functionally independent (3–7), and so-called mini-inteins
can be engineered by removing the endonuclease domain
without negatively affecting protein splicing (8–10). Mini-
inteins also exist in nature wfirst described in (11)x, and are
the most relevant in intein-related applications due to their
small size (;130–160 residues compared to the )200 res-
idues of bifunctional inteins).

Up to now, more than 550 predicted inteins have been
compiled in InBase, the intein database (12), based on
sequence homology, and almost 100 of them have been
examined for their protein splicing activity. Inteins have been
found in all three domains of life, albeit only in unicellular
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Figure 1 Schematic representation of (A) protein cis-splicing as exerted by bifunctional and mini-inteins, and (B) protein trans-splicing
as exerted by split inteins.

Figure 2 Conserved blocks in intein sequences.
(A) Schematic view of an intein, the relative locations and lengths of sequence blocks/motifs A, B, F and G; highly conserved residues are
indicated underneath the red motif bars. Variations in these residues are possible. (B) Amino acid sequence of the Ssp DnaB mini-intein
with sequence blocks and conserved residues highlighted. The D symbol indicates the deletion point of the Ssp DnaB homing endonuclease
domain. (C) Crystal structure of the Ssp DnaB mini-intein wPDB code: 1MI8; (117)x with the location of sequence blocks indicated by
arrows and position of the conserved residues shown in B highlighted by red, ball-and-stick representations.

organisms. They most often intervene highly conserved pro-
teins that are essential for survival of the host organism, and
are believed to be of ancient origin (13). Until now, apart
from the single-turnover protein ligation reaction, no other
biological function has been described for the protein splic-
ing domain of mini-inteins, and hence they are often consid-
ered to be mere parasitic genetic elements.

Protein splicing is an autocatalytic reaction induced by
protein folding, and therefore requires neither cofactors nor
energy equivalents. Inteins present several blocks of consen-
sus sequence, four of which participate in protein splicing
(blocks A, B, F, G) (14, 15). The homing endonuclease of
bifunctional inteins also has conserved sequence motifs that

are specific for a certain type of endonuclease (not discussed
here). The most conserved residues of the intein protein
splicing domain are the first residue, a nucleophilic Ser or
Cys (block A), a ThrXXHis motif (block B) located usually
between residues 70–105, an Asp and His residue in block
F, a His-Asn pair at the C-terminus of the intein as well as
a nucleophilic residue (Cys, Ser or Thr) at the beginning of
the C-terminal extein (both in block G) (Figure 2). Excep-
tions to these rules have been identified (16, 17), most
remarkable of which are the inteins lacking the conserved
Ser or Cys as the first residue. These inteins were grouped
as class 2 or 3 inteins (depending on the type of amino acid
at intein position 1 and the concurrent deviations from the
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Figure 3 Split sites in the Npu DnaE intein.
(A) Amino acid sequence of a cis-splicing version of Npu DnaE
with b-strands from the nuclear magnetic resonance (NMR) struc-
ture and split sites indicated above the sequence. Split site ‘C35’
(highlighted in green) refers to the natural split intein. (B) NMR
structure of Npu DnaE wPDB code: 2KEQ; (32)x with the split site
positions indicated with arrows. All functional split sites are located
in loops. The native and artificial split sites are indicated with green
and black arrows, respectively.

protein splicing mechanism, see below), while inteins which
do begin with a nucleophilic residue represent class 1 inteins
(18, 19).

Split inteins

Intriguingly, protein splicing can also occur in trans by
inteins, which are split into two halves and spontaneously
reassemble into an active form (Figure 1B). Split inteins are
of special interest as they are capable of joining two separate
polypeptide chains with a covalent peptide bond, and could
thus serve as protein ligases. Protein trans-splicing (PTS)
was first demonstrated with artificial split inteins derived
from bifunctional inteins found in the DNA polymerase of
Pyrococcus species GB-D (Psp Pol-1) (20) and the Myco-
bacterium tuberculosis RecA recombinase (Mtu RecA) (21)
that were split either with the endonuclease domain present
(Psp Pol-1) or subsequent to its removal (Mtu RecA) (22).
The first natural split intein (DnaE intein of Synechocystis
sp. PCC6803; Ssp DnaE) was discovered in the same year
(23), and proven to be active in protein trans-splicing (24).
Most natural split inteins described thus far are present in
the dnaE gene of cyanobacteria with a common domain
organization (N-intein: ;125 aa; C-intein: ;35 aa) and high
sequence homology (25, 26), however, one archaeal split
intein has been identified (27) and several novel split inteins
have been suggested from a recent metagenomic study (28).

In addition to the early artificial split inteins described
above, some unusual split inteins have been created with N-
and C-terminal fragments that are considerably shorter than
the ones found, for example in the DnaE split inteins. For
instance, the DnaB intein of Synechocystis sp. PCC6803 (Ssp
DnaB) lacking its endonuclease domain can be split just after
the 11th residue (referred to in this review as split site ‘N11’)
with reasonable activity and solubility remaining (29). On
the other hand, the DnaE inteins from Nostoc punctiforme
(Npu DnaE) and Synechocystis sp. PCC6803 (Ssp DnaE)
have been split 14 or 15 residues upstream of their C-ter-
minal end (sites ‘C14’ and ‘C15’), respectively, resulting in
moderate (Ssp DnaE) and good (Npu DnaE) ligation yields
(30). Even split inteins with a C-intein as short as six resi-
dues (site ‘C6’) have been shown to efficiently catalyze pro-
tein trans-splicing, derived from an endonuclease-free
version of the GyrB intein from Synechocystis sp. PCC6803
(Ssp GyrB) (31) and a cis-splicing version of Npu DnaE (32).

Several strategies exist for creating artificial split inteins.
Since all inteins share a conserved ‘horseshoe’-shaped struc-
ture common with hedgehog proteins (therefore referred to
as the HINT ( edgehog, ein) fold) (33), functional splitH Int
sites can often be selected based on structural homology
using known split sites as a reference wsplitting Npu DnaE
based on high homology with Ssp DnaE; (30)x. Split inteins
have also been engineered by systematically introducing split
sites in loop regions of the HINT fold, which provided an
opportunity to test different lengths of split intein fragments
(30). The experimental data revealed that while all functional
split sites were located in loop regions, not all loops were
suitable for splitting (Figure 3). Furthermore, although all
known intein structures are very alike, not every intein can

be functionally split at a site that works for others; even the
highly homologous Npu and Ssp DnaE inteins behave dif-
ferently when split at artificial sites (30, 32). The main pro-
blems that arise when creating artificial split inteins are either
the instability of the split intein fragments and/or their poor
association. To assist the difficulty in defining appropriate
split sites, it was recently demonstrated that nuclear magnetic
resonance (NMR) spectroscopy relaxation data can be used
to predict functional split sites (32). The NMR structure of
the Npu DnaE intein in its cis-splicing form shows the com-
mon HINT fold consisting of 13 b-strands (Figure 3B). 15N
nuclear spin relaxation measurements revealed high internal
backbone flexibility in several loop regions that connect the
b-strands, and led to the design of the C6 split intein based
on the conformational exchange observed at residue Gly132
(located between b-strands 12 and 13, Figure 3).

Despite their lower efficiency compared to natural split
inteins, in some cases, artificially split inteins are of consid-
erable interest. Split inteins with extremely short N- or C-
terminal halves are much more practical for approaches such
as peptide-based protein semi-synthesis (see below). Fur-
thermore, artificially split inteins may provide a benefit for
protein ligation of specific protein sequences, as was shown
for the Src homology 3 (SH3) domain, which was success-
fully ligated only with the Npu DnaE intein artificially split
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Figure 4 Schematic illustration of the mechanism of protein trans-splicing and cleavage reactions.
ExtN and ExtC stand for N- and C-exteins, IntN and IntC stand for N- and C-terminal fragments of a split intein. Protein cis-splicing of class
1 inteins proceeds similarly but no association step is required. See text for further details.

at site C14 (Npu DnaEDC14) but not when using the naturally
split intein (Npu DnaEDC35), probably due to the smaller size
of the C-terminal fragment of Npu DnaEDC14 (30). Lastly,
artificial split inteins can be a solution to intein cross-reac-
tivity: because the well characterized and most widely used
naturally split DnaE inteins from cyanobacteria share high
sequence homology, their N- and C-terminal split intein frag-
ments cross-splice with each other (26), thus preventing their
utility in multi-fragment ligation reactions. Use of a natural
split intein in combination with an artificial derivative there-
of, which has the split site moved up- or downstream of the
natural site, can make multi-fragment ligation possible, as
was proven for the combination Npu DnaEDC35/Npu Dna-
EDC14 (34).

Mechanism of protein trans-splicing

The mechanism of protein trans-splicing has been exten-
sively studied, and the principle chemical reactions are some-
what understood (35). PTS proceeds in four concerted steps
(Figure 4), prior to which the two halves of the split intein
spontaneously associate (36). In the initial step, the first res-
idue of the N-intein (Ser/Cys) undergoes an N-X acyl-shift
with the preceding peptide bond (X denoting either oxygen
or sulfur). In the second step, the first residue of the C-extein,
the ‘q1 residue’ (either Ser, Cys or Thr, depending on the
intein), attacks the new C–X-bond at the N-terminal splice
junction in a trans-esterification reaction. The third step is
cyclization of the last intein residue (most often Asn), which
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cleaves the intein from the ligation product. Finally, a peptide
bond is spontaneously formed by an X-N acyl shift at the
ligation junction.

In addition to the conventional splicing pathway, two alter-
native mechanisms have been identified for cis-splicing
inteins that present an Ala at their first position instead of
the much more conserved Cys or Ser. Inteins belonging to
class 2 ‘skip’ the first step of the conventional splicing reac-
tion (N-X acyl shift) and directly attack the N-terminal scis-
sile peptide bond with the nucleophilic q1 residue (19),
whereas in the class 3 pathway, a Cys residue present in
block F activates the N-terminal splice junction by nucleo-
philic displacement (18). The remaining steps in class 2 and
3 splicing proceed according to the conventional protein-
splicing pathway.

Both protein cis- and trans-splicing can be accompanied
by two off-pathway reactions, N- and C-terminal cleavage
(Figure 4). These cleavage reactions occur when the catalytic
center of the intein is slightly perturbed due to, for example
foreign extein sequences. The result is the separation of
either the N- or C-extein from the precursor protein prior to
completion of the splicing reaction. Both cleavage reactions
can also selectively be achieved through site-specific muta-
tions. Mutation of the N-nucleophile in class 1 inteins to Ala
blocks the initial N-X acyl shift (and subsequently, trans-
esterification), but still leaves room for Asn cyclization (C-
cleavage) (37, 38). Conversely, mutating the C-terminal Asn
to Ala stalls the protein splicing reaction before step 3, which
can result in N-cleavage by hydrolysis of the labile ester
bond formed in steps 1 or 2 (8, 39, 40). Fortuitously, several
inteins bearing such mutations can be induced for either
cleavage mechanism at will, for example by adding a thiol
reagent for N-cleavage or with a change in pH or tempera-
ture for C-cleavage wfor a review, see (41)x. These observa-
tions formed the basis for commercially available protein
purification systems using self-cleavable intein tags (42).
Furthermore, the thiol-inducible N-cleavage reaction can also
be harnessed for site-specific C-terminal protein modification
(43, 44).

Alternative methods for protein ligation

A practical alternative to recombinant protein production is
chemical synthesis. Modern automated solid-phase peptide
synthesizer can routinely produce peptides of up to 30–50
residues in length, depending on their sequences. In theory,
chemical synthesis allows to incorporate any chemical group
into proteins at any position, although it could require con-
siderable workforces to prepare the peptide if the desired
unnatural amino acid is not commercially available. The lim-
itation of size in solid-phase peptide synthesis (SPPS) was
alleviated by the invention of native chemical ligation (NCL)
(45). The chemo-selective reaction of NCL allows ligation
of two unprotected peptides bearing a C-terminal a-thioester
on the N-terminal reactant and an N-terminal cysteine on the
C-terminal reactant. To date, more than 100 proteins have
been synthesized by the combination of SPPS with NCL,
and even the production of several proteins with up to 200
amino acid residues has been demonstrated (46). NCL in

combination with other peptide ligation techniques, such as
CPro-ligation (47) can further be used to connect three (or
more) fragments together (48).

The potential of NCL was significantly expanded when it
was realized that recombinant proteins from bacterial expres-
sion systems could be combined with NCL. Production of
recombinant proteins is much more cost-effective and less
labor intensive than SPPS, and offers the great advantage to
synthesize polypeptides with sizes of well over 1000 aa. The
combination of NCL and recombinant proteins is often
referred to as expressed protein ligation (EPL), when at least
one of the components is chemically synthesized, or intein-
mediated protein ligation (IPL), when both components are
recombinantly produced. Recombinant proteins for EPL/IPL
can conveniently be afforded using the above mentioned
inducible intein cleavage reactions (49). Using the thiol com-
pound 2-mercaptoethanesulfonic acid (MESNA) for N-
cleavage appends a highly reactive a-thioester to the
C-terminus of the recombinant protein. Providing a Cys res-
idue immediately downstream of the Asn residue at the end
of the intein will result in a protein with an N-terminal Cys
after C-cleavage. The general disadvantage of EPL/IPL is
that successful ligation requires high reactant concentrations
(mM range), thus limiting the application if the recombinant
reactant is difficult to express and/or purify in high yields,
or SPPS of the peptide reactant is otherwise cumbersome.
Furthermore, multiple ligation reactions require tedious puri-
fication steps that may lower the final yield.

A conceptually simpler approach for peptide ligation is
‘reversed proteolysis’. The idea of a protein ligase has been
demonstrated with an engineered enzyme named subtiligase,
which was derived from the protease subtilisin BPN’ (50).
Although subtiligase has been successfully used for the total
synthesis of ribonuclease A (51) and a few other proteins
(52), this ligase has never become widely used. Recently,
sortase A from Staphylococcus aureus, which covalently
attaches proteins to the cell wall, has been used for ligation
of two polypeptide chains wfor a review, see (53)x. Though
promising alternatives, the slow reaction kinetics and neces-
sity to use excess enzyme represent a bottleneck for the use
of subtiligase and sortase as protein ligases in a wide range
of applications.

Protein trans-splicing in studies of protein

structure and function

Site-specific modifications

Incorporation of unnatural components such as fluorescent
dyes into proteins is an excellent tool to understand their
function. Attaching a chemical probe via a traditional resi-
due-specific reaction is a well-established method to post-
translationally introduce a modification into a protein. For
example, cysteine is often utilized for residue-specific label-
ing of proteins because of its reactive thiol group, which can
easily be modified with haloacetamido- or maleimide-func-
tionalized probes. Although cysteine is one of the least abun-
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Figure 5 Current strategies for split intein-mediated site-specific protein modification.
Labels/probes are indicated with a star. (A) The original Cys-tag approach designed for C-terminal modification. The IntC/Cys-tag protein
is site-specifically modified on a single Cys residue located in the Cys-tag with a thiol-reactive probe. The split inteins used in the approach
were engineered from Ssp DnaB (IntN: 105 aa, IntC: 48 aa) and Mxe GyrA (IntN: 119 aa, IntC: 79 aa). The protein of interest (POI) may
contain free Cys residues or disulfide bonds (not shown). (B) Deviation of the Cys-tag approach for N-terminal modification. The intein
used was the Psp-GBD Pol intein (IntN: 440 aa, IntC: 97 aa), in which a Cys351Ala mutation was introduced to ensure that thiol-labeling
would only occur in the Cys-tag. (C) C-terminal modification catalyzed by the natural Ssp DnaE split intein (sizes of IntN and IntC are
indicated). (D) C-terminal modification catalyzed by the engineered Ssp GyrB C6 split intein, which has a much smaller IntC than the Ssp
DnaE intein (sizes of IntN and IntC are indicated). (E) N-terminal modification catalyzed by the engineered Ssp DnaB N11 split intein,
which has a very short IntN (sizes of IntN and IntC are indicated). In C-E, the labels were incorporated into IntC or IntN during solid-phase
peptide synthesis.

dant amino acids in the protein realm, a protein often
contains more than one Cys, which complicates the site-spe-
cific labeling of only one thiol group. Alternatively, a probe
can be introduced during chemical synthesis of the protein,
but this approach is hindered by the limited size of the syn-
thesized molecule, and the required equipment and resources
(see above).

To overcome this common obstacle in chemical modifi-
cation, Kurpiers and Mootz have introduced an approach to
attach a short cysteine containing peptide to the C-terminus
of a protein of interest (POI) by PTS using artificially split

derivatives of either the Ssp DnaB (54) or the Mycobacte-
rium xenopi GyrA intein (Mxe GyrA) (55) (Figure 5A). The
C-intein fragments were recombinantly produced in fusion
with a short extein sequence containing a single Cys residue,
and were labeled with probes such as fluorescein-iodoace-
tamide and polyethylene glycol (PEG)5000-maleimide.
Importantly, the inteins used had a Ser (Ssp DnaB) or Thr
(Mxe GyrA) as their C-terminal reactive nucleophilic residue
(at position q1), and were thus not disturbed by the labeling
reaction, a fact that precludes the use of split inteins with an
obligate Cysq1 residue for such an approach. The gentle
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reaction conditions of this ‘CysTag’ approach preserved the
function of the modified proteins (b-lactamase, tyrocidine
synthetase module TycA), could proceed in a complex pro-
tein environment (E. coli cell lysate), and the reaction
employing the Mxe GyrA split intein could even be used in
a dialysis procedure to efficiently label proteins that were
deposited into inclusion bodies upon expression in E. coli.

As an expansion of their CysTag method, which focused
on C-terminal protein modification, Mootz and co-workers
also devised a scheme for the introduction of modifications
into an N-terminal protein region (56) (Figure 5B). This
study focused on the E. coli porin OmpF, a non-selective, b-
barrel outer membrane protein. To modulate OmpF pore
function, the authors used the artificial Psp-GBD Pol split
intein in combination with maleimide chemistry to introduce
a bulky crown ether molecule into the pore of the b-barrel,
which resulted in altered conductance. Importantly, the Psp-
GBD Pol intein is able to perform PTS in buffer containing
high concentrations of denaturants (e.g. 6 M urea) (20),
which was a necessity for the successful modification due to
the aggregation and insolubility of the OmpF membrane pro-
tein fragments, thus potentially paving the way for the site-
specific modification of membrane proteins in general.

An alternative to the CysTag approach, which is based
solely on recombinant protein fragments, is the introduction
of a desired modification by protein semi-synthesis. As a
proof-of-concept, the Ssp DnaE split intein was used to intro-
duce a biotin moiety at the C-terminus of a recombinant
protein (57) (Figure 5C). The biotin was linked to the Lysq4
residue of the native Ssp DnaE C-extein sequence (CFNK)
during chemical synthesis of the C-intein containing peptide.
Incubation with a recombinant model protein wmaltose bind-
ing protein (MBP) fused to the N-inteinx appended the biotin
to the C-terminus of MBP by PTS. This exciting opportunity
for C-terminal protein modification formed the basis for a
protein microarray platform based on PTS (58). Here, the
authors attached the Ssp DnaE C-intein to a glass slide via
PEGylated thiol-linkers, which were attached to the C-intein
during its chemical synthesis. Incubating this C-intein func-
tionalized solid support with model proteins fused to the N-
intein led to immobilization of the proteins to the glass slide.
Intriguingly, the reaction also proceeded when whole cell
lysates containing the N-intein fusion proteins were spotted
onto the glass slide, hence potentially enabling high-through-
put proteomic studies using this split intein mediated protein
microarray approach.

However groundbreaking, total chemical synthesis of
modified peptides containing the 36 aa Ssp DnaE C-intein
may not be straightforward and amenable to every laboratory
interested in this technology, and obtaining such peptides
from commercial sources is often associated with significant
costs to the researcher. Moreover, this semi-synthetic
approach only allows modification of a protein’s C-terminus.
Fortunately, two artificial split inteins engineered by Liu and
co-workers have shown promising results in site-specific
protein modification by semi-synthesis. The C-intein of the
Ssp GyrB C6 split intein wreferred to as Ssp GyrB S11 (31)x
is six-times smaller than the Ssp DnaE C-intein, and thus

represents a much simpler and cost-effective molecule for
chemical synthesis. Indeed, this non-canonical split intein
was shown to be an effective tool to label proteins with flu-
orescein and biotin at their C-termini (59) (Figure 5D). The
gentle conditions of the PTS reaction preserved the native
state of the modified proteins, allowed immobilization of a
desired protein from a complex mixture to a solid support,
and showed promising results in labeling of cell surface
receptor proteins on cultured mammalian cells.

For N-terminal protein modification, the Ssp DnaB N11
split intein wreferred to as Ssp DnaB S1 (29)x was used,
which has an N-terminal fragment of only 11 aa. Again,
synthesis of this sequence is more cost-effective to obtain by
chemical synthesis than the Ssp DnaE C-intein, and allows
for N-terminal modification, which may in some cases be
preferred over C-terminal modification. Labels such as flu-
orescein were efficiently appended to recombinant proteins
by PTS without altering their functions (60) (Figure 5E). The
gentle PTS conditions also facilitated fluorescent labeling of
a cell surface protein expressed on mammalian cells. How-
ever, to be effective in this biological scenario, the Ssp DnaB
N11 split intein had to be re-engineered into a small-mole-
cule integrated version based on the binding of trimethoprim
to dihydrofolate reductase (61).

Dual fluorescence labeling is of interest for protein struc-
ture-function studies involving fluorescence resonance energy
transfer (FRET), and has been demonstrated on a ubiquitin
(Ub) dimer using a three-step procedure, where the authors
combined residue-specific chemical labeling and split intein-
mediated PTS (62). In the first step of the reaction, the C-
terminal Ub (UbC, with a unique Cys at position 47) fused
to the Npu DnaE C-intein (with a Cysq1Ser mutation) was
labeled with a thiol-reactive Alexa Fluor 647 (AF647) probe.
This labeled protein was then reacted with a protein con-
sisting of an N-terminal Ub (UbN, with a unique Cys at posi-
tion 7) fused to the Npu DnaE N-intein, resulting in a
mono-labeled Ub dimer. Dual-labeling was achieved in the
final step by incubating the PTS product with a thiol-reactive
Alexa Fluor 594 (AF594) probe. The final UbN,AF594-
UbC,AF647 protein was then used to compare protein folding
of Ub monomers and dimers using FRET spectroscopy. For
this dual labeling approach using the Npu DnaE split intein,
the Cysq1 residue had to be mutated to Serq1 in order to
prevent its modification during the chemical labeling steps.
Although the PTS reaction proceeded about 16-times slower
because of this mutation, the final yields of dual-labeled pro-
tein were not negatively affected.

The aforementioned split intein-based protein modification
schemes (Figure 5) should find great utility for in vitro appli-
cations or for labeling surface-accessible membrane proteins,
but they cannot directly be used for protein modification
inside living cells. Advances towards such an in vivo PTS-
mediated modification have been made by Giriat and Muir
(63). In this seminal study, a peptide consisting of the Ssp
DnaE C-intein, followed by three native C-extein residues
(CFN) and a FLAG epitope (IC-FLAG), was linked to a cell
penetrating peptide (CPP, containing residues 43–58 of the
Drosophila homeotic transcription factor ANTP) with a
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disulfide-bridge, involving the Ssp DnaE Cysq1 residue.
The target protein for PTS was expressed in the cytoplasm
of mammalian cells, and consisted of green fluorescent pro-
tein (GFP) fused to the Ssp DnaE N-intein. When the di-
peptide complex was taken up by the cells, the reducing
environment of the cytoplasm led to dissociation of IC-FLAG
from the CPP, effectively activating the Cysq1 residue of
IC-FLAG and resulting in C-terminal FLAG-tagging of GFP
by PTS. The authors further showed the generality of their
in vivo semi-synthetic approach by successfully FLAG-tag-
ging four other proteins. Although in this case no chemical
modification was introduced into the target proteins, this sys-
tem promises to be a valuable tool to selectively modify
proteins in living cells. The strength of this approach is that
it is bio-orthogonal, thus only the protein fused to the N-
intein will receive the modification whereas all other proteins
inside the cell should be inert to the PTS-based modification.
It is conceivable to speculate that by providing CPPs directed
towards designated organelles, PTS could also be used to
modify proteins in specific cellular compartments.

Introduction of post-translational modifications

A large portion of eukaryotic proteins is post-translationally
modified by mechanisms such as glycosylation, lipidation
and phosphorylation. These modifications can be crucial for
protein stability and function, and their presence is therefore
important when the protein is investigated, for example as a
potential drug target. Unfortunately, post-translationally
modified proteins are challenging to study because their puri-
fication from native sources such as mammalian cells
requires special facilities, work force and expenses, and still
may only result in insufficient yields for further study of the
protein. Moreover, some post-translational modifications
such as phosphorylation are often dynamic in nature, which
can result in a heterogenously modified protein preparation.
For successful structural studies of proteins using x-ray crys-
tallography or NMR spectroscopy, however, the protein sam-
ple should be as homogenous as possible (64, 65). Bacterial
expression hosts such as E. coli are usually much easier to
handle, cost less and can produce multimilligram amounts of
desired protein per liter of culture, yet post-translational
modifications in E. coli are rare and differ from those in
eukaryotes. Although efforts to produce natively modified
proteins in bacteria are promising (66), there is still a long
way to go.

Chemical synthesis of the entire protein would enable
exact control over the modified state of the product but is
expensive and limited to relatively small proteins (see
above). A semi-synthetic approach appears as an elegant
solution to this problem. Producing the main part of the pro-
tein in a model organism and adding a chemically synthe-
sized modified fragment via protein ligation is an economical
and convenient tool to introduce post-translational modifi-
cations, as demonstrated by Becker and co-workers for the
site-specific introduction of lipid molecules using a combi-
nation of NCL and PTS (67). EPL has also been extensively
used for similar purposes, and the reader is referred to recent
reviews on this subject (68, 69).

In their study, Becker and co-workers were looking for a
way to produce a recombinant version of the cellular prion
protein (PrPC) modified with a glycosylphosphatidylinositol
(GPI) anchor. This lipid modification targets PrPC to mem-
branes and is associated with the conversion of PrPC to the
pathological form PrPSc, an insoluble conformer causing
prion disease (70), however, this assumption requires exper-
imental validation. In order to obtain a GPI-anchored PrPC,
the authors first produced by NCL a peptide consisting of
the Ssp DnaE C-intein followed by a short C-extein sequence
modified with a GPI anchor mimick (peptide IC

Palm). This
peptide was then reacted with a recombinant form of PrPC

expressed in E. coli cells, which was fused to the Ssp DnaE
N-intein. PTS led to modification of PrPC with the GPI
anchor mimick at its C-terminus (Figure 6). This modified
protein, dubbed rPrPPalm, could be shown to efficiently inte-
grate into the cell membrane of mammalian cells, thus pav-
ing the way to study the conversion of PrPC to PrPSc in its
natural environment. Using a similar experimental strategy,
the same group recently demonstrated that proteins fused to
the Ssp DnaE N-intein can directly be immobilized to IC

Palm-
functionalized liposomes by PTS (71) (Figure 6), which
should prove useful in the transfer of custom made proteins
into eukaryotic cells.

In vivo protein reconstitution

In nature, split inteins reconstitute a functional protein (e.g.
the catalytic DNA polymerase III a-subunit) from two sep-
arately expressed fragments by PTS. This potential to recons-
titute a protein’s function using split inteins has been the basis
for numerous cell-based assays to monitor protein-protein inter-
actions and protein targeting, and to control protein function.

Umezawa and co-workers have developed a plethora of such
in-cell assays using reconstitution of split versions of enhanced
green fluorescent protein (eGFP) or luciferase by PTS as a
read-out for protein-protein interactions (72). Later, the sensi-
tivity of the system was enhanced by reconstituting a transcrip-
tion factor, which led to expression of a reporter (luciferase)
only upon protein-protein interactions and PTS (73). PTS-
based reconstitution of eGFP or luciferase further proved useful
for monitoring protein trafficking into the mitochondrial matrix
(74), the nucleoplasm (75) or the endoplasmic reticulum (76)
(Figure 7A). Protein reconstitution has also been used to engi-
neer transgenic plants, where herbicide resistance (HR) pro-
teins were reconstituted by PTS (77–80) (Figure 7B). By
incorporating the split HR genes into different genomes of the
plant, the engineered plants could be considered ‘environmen-
tally safe’ because only incomplete and inactive HR fragments
would be released into the environment during plant reproduc-
tion. Lastly, PTS-mediated protein reconstitution has also
shown promise in gene therapy (81).

Reconstitution of a protein by PTS is especially useful if
the reconstitution reaction, and thus the activation of the pro-
tein, can be controlled. This inventive idea, referred to as
‘conditional protein splicing’, was first realized by engineer-
ing an artificially split Sce VMA1 intein, that by itself was
inactive towards PTS due to non-productive split intein
fragment assembly. However, when the split intein fragments
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Figure 6 Site-specific lipidation via protein trans-splicing (PTS).
Using NCL, the C-terminal fragment of the Ssp DnaE split intein was fused to a short, doubly palmitoylated C-extein sequence (yielding
peptide IC

Palm). The latter lipidated extein sequence could then be incorporated at the C-terminus of a protein of interest (POI) via PTS, and
the lipidated POI attached to the outer membrane of a mammalian cell (left path). In another experimental set-up, the native chemical
ligation (NCL) product was directly incorporated into liposomes, and the POI was immobilized via PTS (right path).

were fused with the protein partners FK506 binding protein
(FKBP) and the FKBP-rapamycin binding (FRB) domain of
FKBP-rapamycin associated protein (FRAP), whose inter-
action depends on the presence of the small molecule rapa-
mycin, PTS could in turn be achieved by providing
rapamycin (82) (Figure 7C). This rapamycin-dependent PTS
system has been shown to reconstitute proteins not only in
test tubes, but also in live cells (83) and even whole organ-
isms (84), allowing for control of protein function within a
defined time period. Recently, light-inducible PTS systems
have also been developed (85–87), which could be promis-
ing tools to activate protein function in vivo in a spatiotem-
poral manner using highly focused microscopic light sources.

Segmental isotope labeling for NMR studies

Classical NMR spectroscopy using isotopically labeled sam-
ples is generally limited to relatively small proteins of
15–20 kDa because larger proteins produce spectra with

broadening and overlapping of signals, which has forced sci-
entists to study individual domains of large proteins rather
than the entire molecule. Incorporating isotope labels only in
a defined segment of a large protein overcomes the problem
of signal overlapping, and provides a more accurate struc-
tural view of the protein region than when it is removed from
the greater protein context and is more straightforward than
selective amino acid labelling. Segmental isotope labeling
can be achieved by PTS when only one of the split intein-
equipped protein reactants has been expressed in isotope-
containing culture medium, and experimental schemes for
labeling of terminal and medial segments in large proteins
have been devised wreviewed in (88)x. Segmental isotope
labeling by PTS has facilitated unambiguous spectral assign-
ments of a tri-modular protein, whose three domains shared
a high degree of sequence similarity, and would have oth-
erwise been impossible to assign due to signal overlap (34).
Segmental isotope labeling also afforded the near complete
assignment (up to 90%) of the 52 kDa F0F1 ATP-synthase
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Figure 7 PTS-based protein reconstitution approaches.
(A) In vivo protein compartmentalization assay. An IntC-eGFPC protein is constitutively localized to a specific organelle via an N-terminal
signal peptide (SP). A protein of interest (POI) with unknown signal peptide properties is expressed in fusion with eGFPN and IntN. Only
upon successful translocation of this protein into the cellular compartment is eGFP reconstituted and able to fluoresce. (B) Reconstitution
of a herbicide resistance (HR) protein from split fragments. The genes of the two precursor proteins must be encoded on separate genomes
(e.g., in the nucleus and chloroplast) to avoid spreading of the transgene. (C) Induction of protein trans-splicing (PTS) and protein recon-
stitution via addition of rapamycin. PTS and reconstitution of the POI only occurs when rapamycin is present and the split intein fragments
are brought in close proximity due to the rapamcyin-induced binding of FKBP to FRB. (D) PTS-mediated protein cyclization.

b-subunit from four differently labeled proteins (89). Fur-
thermore, titration of the segmental-isotope labeled b-subunit
proteins with ATP and measurements of residual dipolar cou-
plings provided clear evidence that binding of the nucleotide
induced the movement of the C-terminal domain towards the

N-terminal domain by an angle of 358, a conformational shift
whose precise nature was poorly defined by prior crystallo-
graphic studies.

In addition to assignment of large proteins, PTS-assisted
segmental isotope labeling allows the fusion of an unlabeled,
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and thus ‘invisible’, solubility tag to the protein of interest
(90). This may enable NMR-based structure determination
of proteins that are inherently prone to insolubility, but could
also represent a general benefit for protein NMR spectros-
copy because the high concentrations required for NMR
measurements can have adverse effects on protein solubility.

Protein backbone cyclization

Cyclization is an easy way to stabilize a protein via the
reduction in entropy and resistance to proteolysis (91). This
is especially tempting in the case of small peptides, which
have limited possibilities for intramolecular stabilization.
The protein ligation reaction of split inteins can be exploited
to make custom cyclic peptides and proteins: when the poly-
peptide is sandwiched between a circularly permuted split
intein, intramolecular PTS results in peptide bond formation
between N- and C-terminus of the polypeptide (92) (Figure
7D). PTS-catalyzed cyclization has become widely used with
numerous protein targets studied (92–96). The cyclic pro-
teins all retained their native biological function, but were
resistant to proteolysis by exopeptidases. They further exhib-
ited the expected higher stability towards temperature and
denaturating agents compared to their linear counterparts,
which allowed for detailed thermodynamic studies of the
effects of protein cyclization on protein stability (93, 97).
PTS has also recently been used to generate random cyclic
peptide libraries (98), which could prove useful in the iden-
tification of novel peptide drugs by high-throughput screenings.

Protein cyclization becomes especially interesting when
the biological function of the cyclic protein can be assessed
in vivo. In a recent study, Byers and colleagues used PTS to
produce a cyclic version of bacterial acyl carrier protein
(ACP) (99), a small acidic protein of a highly flexible nature,
which can alternate between an unfolded and a folded con-
formation, and is essential for fatty acid synthesis in prokar-
yotes (100). The authors found that in stark contrast to its
linear counterpart, the cyclic ACP appeared to be trapped in
a permanently folded conformational state, as evidenced by
extensive biophysical characterization of the protein. Intri-
guingly, expression of the cyclic ACP was able to efficiently
complement growth of an E. coli ACP-knockout strain, thus
challenging the belief that the dynamic character of ACP is
obligatory for its biological function (99).

Expert opinion: how to make PTS work?

As outlined above, split inteins are valuable protein ligation
tools with great potential to aid in deciphering protein struc-
ture-function relationships. However, to use split inteins for
any of the experiments outlined above or in future tech-
niques, several variables require careful consideration in
order to achieve the anticipated results.

Reaction conditions

Since split inteins work in an autocatalytic fashion, they do
not require external cofactors or energy equivalents. PTS
reactions can thus conveniently be carried out both in vivo

and in vitro with only two requirements: (a) the split intein
fragments have to be accessible for the reaction (discussed
below), and (b) if the N-nucleophile or q1 residue is a cys-
teine, a reducing agent should be added in order to prevent
the formation of intra- or intermolecular disulfide bridges,
which would otherwise inhibit the PTS reaction. A reducing
environment in vitro is easily achieved by adding a suitable
reducing agent, such as tris(2-carboxyethyl)phosphine
(TCEP). Reducing agents with a nucleophile, such as dithio-
threitol (DTT), should be avoided as they may induce N-
terminal cleavage of the intein (101), hence abrogating
completion of the PTS reaction. TCEP should not be used
with phosphate buffers, as these are known to oxidize the
compound. Furthermore, tris(hydroxymethyl)aminomethane
(Tris) has been shown to form stable adducts with thioester
intermediates during intein-mediated reactions (102), and
should therefore also be avoided. Because cations such as
zinc, cadmium and copper can inhibit the PTS reaction (103),
a chelating agent such as ethylenediamine tetraacetic acid
(EDTA) should be present in the reaction buffer.

The pH and temperature of an in vitro PTS reaction
depends on the natural environment from which the intein
has been obtained. Mesophilic inteins, such as the DnaE split
inteins from cyanobacteria, perform PTS efficiently at ambi-
ent temperature, but some thermophilic inteins may require
higher temperatures (up to 808C) to splice efficiently (27).
The choice between a mesophilic vs. a thermophilic split
intein for PTS thus depends on the temperature tolerance of
the target protein(s). Lastly, since none of the currently
described inteins have been obtained from acidophilic or
alkaliphilic organisms, the reaction pH should be anywhere
between 6 and 8.

Junction sequences

The study of inteins in heterologous protein contexts sug-
gested that they can be transplanted anywhere into any pro-
tein, as long as the insertion site provides the crucial native
q1 residue of the intein. The nature of the residues that flank
the N- and C-terminus of an intein can, however, be crucial
for the success of protein splicing. The early efforts to create
inducible protein cleavage systems based on inteins showed
that the efficiency of both N- and C-cleavage can greatly be
influenced by the amino acid flanking the N- and C-catalytic
residues wpositions -1 and q1; (41, 104)x. A recent study
revealed that for N-cleavage this modulation in efficiency
can even extend to positions -2 and q3 (105). Surprisingly
little is known about this extein junction sequence effect on
the complete splicing reaction. The effect of the -1 position
on protein splicing of the Sce VMA1 intein was systemati-
cally examined and showed a broad tolerance (101). The Npu
and Ssp DnaE split inteins were similarly screened at position
q2, and even though they are highly homologous, the impor-
tance of the q2 residue varied dramatically: a chimeric split
intein containing the Npu DnaE N-intein and the Ssp DnaE
C-intein tolerated almost any residue at position q2 (12
mutations from the native Pheq2 resulted in )50% PTS),
whereas splicing of the complete Ssp DnaE was sensitive to
most mutations (only two mutations resulted in )50% PTS)
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Figure 8 Conservation of intein junction sequences.
Bar graph representation of sequence conservation at extein positions -2, -1, q2, and q3. All complete intein junction sequences (positions
-2, -1, q2 and q3) were retrieved from Inbase whttp://www.neb.com/neb/inteins.html, (12); 550 entries as of Nov 3, 2010x. To prepare the
bar graphs, the prevalence of each amino acid at the positions -2, -1, q2, and q3 was calculated (%), and values were plotted using Sigma
Plot. Prevalence values for the average occurrence of each amino acid in proteins were taken from the UniProtKB/Swiss-Prot protein
knowledgebase release 2011_02 statistics available online (http://au.expasy.org/sprot/relnotes/relstat.html). Black bars represent the amino
acid prevalence of the extein residue indicated above the graph, grey bars represent the average amino acid prevalence in the protein
knowledge base.

(106). The extein junction sequence effect is most likely a
result of adaptation of inteins to their specific natural inser-
tion site within a host protein, and the presence of non-native
residues may lead to distortion of the peptide bonds at the
junctions (107–110). This in effect causes a somewhat ran-
dom pattern of amino acid distributions at positions -2, -1,
q2 and q3 (105) (Figure 8), and results in the practical
conundrum that not all inteins splice well in every extein
residue context.

When deciding in practice where to insert an intein into a
target protein, one should consider adding a few residues
(two to five) from the native splicing junctions during initial
tests for PTS. If introduction of extra residues in the final
spliced protein product is undesired, the intein should be
inserted at a location that contains residues with properties
similar to the native extein residues, as is the case with any
site-directed mutagenesis, where protein function is to be
retained. When making any changes, it is advisable not to
alter the nature of the q1 residue; although Cys has the most

nucleophilic amino acid side chain of all three possible q1
residues, one cannot accurately predict how the micro-envi-
ronment in the intein’s catalytic center affects nucleophilicity,
hence changing a Serq1 or Thrq1 to a Cys does not nec-
essarily result in better protein splicing wsee, e.g. (35)x. In
contrast, mutating a native Cysq1 to Ser or Thr almost
always results in a decrease splicing efficiency we.g. (62)x.

Extein protein effect and solubility

Although the extein proteins do not participate in the splicing
reaction, they may have a great influence on the efficiency
of the protein splicing reaction. The reasons underlying this
phenomenon are not fully understood but are considered to
be caused by charge repulsion of the extein proteins and the
conformational strain thus exerted on the intein catalytic
core. Currently, there is no method to predict the possible
extein protein effect, except for experimental evaluation. It
is known, however, that some inteins are less sensitive to the
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extein protein effect than others and are thus considered to
be more promiscuous towards the protein ligation targets.
Even among the native DnaE split inteins, which share con-
siderable sequence homology, large differences in the reac-
tion yields have been observed (26, 111). Furthermore, it has
been demonstrated that changing the split site can enhance
the extein tolerance of an intein (30).

In addition to the poorly defined extein related charge-
effect, the solubility of the extein proteins is crucial. For PTS
to occur, the two halves of a split intein have to associate
into a correctly assembled HINT fold, which means in prac-
tical terms that at least one of the intein fragments needs to
be soluble. For sequential PTS in vivo such as in segmental
isotope labeling, it is generally advisable that the soluble
fragment be expressed prior to the insoluble counterpart,
which would still allow split intein association before the
insoluble partner is ultimately deposited in non-productive
aggregates such as inclusion bodies. When performing in
vitro ligation, both fragments have to be soluble; alternative-
ly, some split inteins can also perform PTS during removal
of denaturing agents by dialysis (55). As several inteins can
fold in buffer containing up to 6 M urea (20), refolding of
even membrane proteins has been demonstrated (56). Choos-
ing a productive split site within the extein protein will great-
ly affect the solubility of the intein-extein fusion protein.
Target proteins for ligation are usually split either between
domains or near the N- or C-terminal ends. Splitting between
individually folded domains often ensures the solubility of
the split halves, and allows for optimization of the junction
sequence by adding an appropriate linker region (34, 36).
Splitting at either end of a protein is mainly done when per-
forming semi-synthesis, for example site-specific protein
modification (see above) and is not expected to have a great
impact on the solubility of the extein protein.

Outlook: the future of protein trans-splicing

Protein ligation by PTS enables crossing the limits of tradi-
tional recombinant protein expression, and, indeed, many
versatile applications of PTS have already been demonstrated.
However, PTS is not yet universally applicable and for PTS
to gain wider use, more basic research on split inteins and
PTS is required in order to achieve protein ligation between
practically any pair of proteins or peptides. Systematic muta-
tional studies combined with structural investigations are
likely required to help decipher how the splicing junction
sequences influence the PTS reaction. Considerable efforts
should also be devoted to the as of yet unexplained effect of
the extein proteins on PTS. The ultimate goal of such
endeavors would be a computational platform that predicts
the outcome of split intein-catalyzed PTS. The search for
novel split inteins, natural or artificial, with broad tolerance
towards the splicing junction and extein proteins, and which
perform PTS with high reaction rates and yields of ligated
product, are also highly desireable. Of note, such split inteins
should not be prone to cross-reactivity with other split inteins

to enable PTS-mediated ligation of multiple fragments in a
single step.

An alternative approach to the search for novel inteins is
to evolve currently available split inteins and, in the process,
enhance the desired properties. Directed molecular evolution
(DME) of inteins has been shown to be a feasible undertak-
ing, and many cis-splicing inteins have been improved and
advanced towards specific reaction conditions (112–115); an
experimental platform for the in vitro DME of split inteins
has also been reported recently (116). It remains to be seen
whether a unique ‘super intein’, which combines all favor-
able characteristics, can be developed through DME, or if
the solution will lie in the identification of a set of inteins,
each of them suitable for a specific experimental purpose.

Highlights

• Protein trans-splicing (PTS) by split inteins enables liga-
tion of separately produced polypeptide chains.

• PTS is a convenient and cost-effective way to introduce
natural and artificial modifications into proteins of any
size.

• PTS-mediated in vivo protein reconstitution allows tight
control over and high-throughput screening of protein
interactions, localization and activity.

• PTS-based segmental isotope labeling is a straightforward
method to overcome the size limits of NMR spectroscopy
and to analyze single domains in the context of full-length
proteins.

• Split inteins can afford cyclic proteins to increase stability
and to study protein folding and conformational flexibility.

• Choice of the splicing junction sequence is crucial for the
success of any PTS-based approach.

• With more basic research into PTS, this protein ligation
tool has the potential to become a universally applicable
technique to study protein structure-function relationships.
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