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12.1  Introduction

Protein splicing was first reported in the early 1990s [1,2]. The intervening 
protein sequence responsible for self-excision and concomitant ligation of the 
flanking peptide sequences (i.e., protein splicing) is termed intein (internal 
protein) [3]. Inteins are analogous to self-splicing group I introns in RNA but 
self-catalytically splice on the protein level. It is generally accepted that protein 
splicing catalyzed by a canonical intein involves the four concerted reaction 
steps of (i) N─S(O) acyl shift, (ii) trans-(thio)esterification, (iii) Asn cycliza-
tion, and (iv) S(O)–N acyl shift (Figure 12.1a) [4]. The four-step reaction cou-
ples the breakage of the peptide bonds connecting an intein and the flanking 
polypeptides (N- and C-exteins) with the formation of a covalent peptide bond 
between the cleaved N- and C-exteins. Protein splicing is solely mediated by 
the intervening sequence (intein) without any additional cofactors or accessory 
proteins. Biological significance of inteins is still obscure. Elimination of inteins 
has no effect on the fitness of their host organisms [5,6]. Therefore, inteins 
have been considered to be mere parasitic elements although regulatory func-
tions have been suggested for specific inteins [7,8]. The unique chemical reac-
tions involved in protein splicing have been appreciated and utilized for various 
biotechnological applications such as protein purification, protein modifica-
tion, and protein ligation [9–11]. Hundreds of inteins have been identified to 
date from different unicellular host organisms [12]. Recently, more variations 
in the protein-splicing mechanism have been discovered additionally to the 
canonical four-step splicing reaction [13,14]. Structural studies identified other 
closely related domains such as Hedgehog C-terminal processing domains 
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12  Protein Ligation by HINT Domains422

(Hh-C) and bacterial intein-like (BIL) domains sharing the same Hedgehog/
INTein (HINT) fold [15,16].

Structural investigations of the HINT superfamily provided the structural 
and mechanistic basis for further applications of protein-splicing domains. In 

(a) (b)

Figure 12.1  Schematic presentation of the chemical mechanism of protein splicing and 
expressed protein ligation (EPL). (a) The four reaction steps involved in protein splicing by 
canonical inteins. Step 1, N─S(O) acyl shift: thiol or hydroxyl group of the first residue of the 
intein attacks the preceding peptide bond forming a (thio)ester bond; step 2, trans-(thio)
esterification: thiol or hydroxyl group of the nucleophilic +1 residue replaces the (thio)ester 
bond formed by the first residue of the intein resulting in a “branched intermediate”; step 3, 
Asn cyclization: the intein is cleaved off from the exteins; step 4, S(O)─N acyl shift: the 
released branched (thio)ester intermediate undergoes spontaneous rearrangement to form 
a more energetically stable peptide bond between N- and C-exteins. (b) Chemical reaction 
steps of EPL. The precursor protein containing a protein of interest (POI) fused to the 
inactivated intein is immobilized on the column by an affinity tag for purification. Step 1, 
N─S acyl shift: the first step of EPL is N─S acyl shift induced by the partially inactivated 
intein; step 2, thiol modification and cleavage: thiol agent cleaves the thioester bond in the 
precursor to release POI with the C-terminal thioester; step 3, elution: cleaved POI with the 
C-terminal thioester is eluted from the column; step 4, NCL step: the released POI with the 
C-terminal thioester reacts with an N-terminal cysteinyl peptide to form a peptide bond by 
NCL. ExteinN and ExteinC stand for N- and C-exteins, respectively. Asterisks indicate the 
mutated intein.
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this chapter, we discuss the potential use of various HINT domains as protein 
ligation tools for connecting polypeptide chains.

12.2  Protein Ligation by Protein Splicing

There are two very different approaches for intein-mediated protein ligation. 
Both approaches utilize an intein or a protein-splicing domain and are thus 
often considered to be the same approach involving protein splicing. The first 
approach makes use of inteins in order to create a C-terminally thioester-
modified precursor for the subsequent native chemical ligation (NCL) reac-
tion (Figure 12.1b). To produce a C-terminally thioester-modified target 
protein required for chemoselective ligation by NCL, a target protein is fused 
upstream of a modified intein for bacterial overexpression. The modified 
intein is partially inactive and catalyzes only the first N─S acyl migration step 
(Figure 12.1b). The intermediate thioester bond can be cleaved by a thiol agent 
to produce an α-thioester bond at the C-terminus of the fused target protein. 
The thioester-modified protein can be subsequently ligated with an N-terminal 
cysteinyl peptide via NCL (Figure 12.1b). This intein-mediated chemoselec-
tive ligation is often called expressed protein ligation (EPL) or intein-mediated 
protein ligation (IPL) [17,18]. The ligation step in EPL is identical to NCL. 
Hence, the limitations and required conditions of NCL are also relevant to 
EPL [19]. In addition, the stability of the thioester intermediate induced by the 
modified intein is very sensitive to the amino-acid type at the splicing junction 
[20,21]. Due to the instability of the thioester intermediate, cleavage of the 
fused protein could already take place in bacterial cells, thereby reducing the 
yield of thioester-modified target proteins [20,22]. This premature cleavage 
might hamper general applications of EPL to various proteins [20,22]. EPL 
also requires a Cys residue at the N-terminus of the C-terminal peptide frag-
ment, although the use of auxiliary groups could circumvent this limitation 
[23]. The second approach for protein ligation is to make use of protein trans-
splicing (PTS) by split inteins, fully exploiting the complete reaction steps of 
protein splicing (Figure 12.2). PTS is based on the fact that an intein can be 
split into two fragments, the function (splicing) of which can be reconstituted 
by reassembling the two split fragments into a protein-splicing active form 
(Figure 12.2a) [24–26]. Therefore, the two polypeptides fused with the split 
intein fragments can be ligated with a peptide bond by protein splicing in 
trans. To date, more than 100 split inteins have been found in nature or engi-
neered from cis-splicing inteins [27]. The location of the split site and the 
lengths of the split fragments previously reported vary considerably, although 
split inteins at the conserved homing endonuclease (HEN) insertion site seem 
to be the most active ones (Figure 12.2b) [27]. These two approaches of EPL 
and PTS appear to be very similar because of the involvement of an intein but 
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significantly differ when it comes to the practical use. For example, PTS is not 
limited to Cys residue at the ligation site, but other nucleophilic residues of 
Ser and Thr can replace Cys, permitting the application to a wider range of 
proteins [4].

12.3  Naturally Occurring and Artificially Split 
Inteins for Protein Ligation

Protein splicing occurs spontaneously and self-catalytically after translation 
and protein folding, because only the correctly folded three-dimensional struc-
ture of an intein is required for the splicing activity. One way to control protein 
splicing is to use PTS by splitting an intein into two pieces and activating pro-
tein-splicing reaction by reassembling the two split fragments upon mixing the 
two precursors as previously demonstrated [24–26]. This was first demon-
strated by reassembling two separately prepared precursor fragments in vitro 
using artificially split inteins [24–26]. This approach has been particularly use-
ful for preparing segmentally isotope-labeled proteins for reducing the com-
plexity of nuclear magnetic resonance (NMR) spectra, because a part of the 
protein of interest (POI) can be differentially isotope-labeled by preparing one 
precursor in the labeled medium that could be ligated to the other unlabeled 

(a)

(b)

Figure 12.2  Protein trans-splicing (PTS) and the split sites on the intein structure. (a) 
Schematic presentation of PTS. An intein is split into interacting halves, termed N- and 
C-inteins (IN and IC). (b) Cartoon presentation of the three-dimensional structure of a HINT 
domain (NpuDnaE intein, PDB ID: 2KEQ) showing the natural split site (“C35”) and two 
artificially engineered split sites (“C6” and “N11”). C35 site is located at the conserved HEN 
insertion site before 35 residues from the C-terminus. The C6 and N11 split inteins were 
created by shifting the split site toward either C- or N-termini to have 6-residue C-intein and 
11-residue N-intein, respectively. The shorter fragments of the split inteins are shown in 
black. Black arrows indicate the split sites and the conserved HEN insertion site. N and C 
show the N- and C-termini, respectively.
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precursor by PTS (Figure 12.3a) [26,28,29]. Because of the poor solubility of 
these artificially split intein precursors, the two precursor fragments were usu-
ally refolded from denaturing conditions. This refolding process could be 
labor-intensive and time-consuming, requiring optimization and multiple-step 
purifications [28,29]. Therefore, the practical application has been restricted to 
proteins that can be refolded in vitro. However, nature also exploits the same 
approach presumably in order to control the host protein function. Naturally 
occurring split DnaE intein was first discovered in Synechocystis sp. PCC6803 
(SspDnaE intein) [30]. Unlike artificially split inteins, naturally split DnaE 
inteins seem to be more soluble and capable of trans-splicing in vivo without 
denaturation/renaturation, although trans-splicing of SspDnaE intein was not 
very efficient for many applications [30,31]. Our group discovered that the 
naturally split DnaE intein from Nostoc punctiforme (NpuDnaE intein) has 
much more robust trans-splicing efficiency and higher tolerance of any changes 
at the C-terminal splicing junction compared to SspDnaE intein [32]. The dis-
covery of NpuDnaE intein has significantly improved yields of protein ligation 
by PTS and was followed by other identifications of similar robust split inteins 
[32–35]. Soluble and robust split inteins opened new in vivo applications of 
PTS including in vivo segmental isotopic labeling, genomic editing, and possi-
ble gene therapy [31,36,37].

Naturally occurring split inteins commonly lack HEN, which has been found 
in many inteins. The split sites of almost all naturally occurring split inteins 
correspond to the conserved HEN insertion site of canonical inteins (Figure 
12.2b). Therefore, N- and C-terminal split intein fragments typically consist of 
about 90–120 residues and 30–50 residues, respectively [38–40]. Even though 
these intein fragments seem to be more soluble compared to artificially split 
inteins, the split fragments are relatively too long to be chemically synthesized. 
This is the major limiting factor for protein semisynthesis using PTS. PTS can 
be used for protein semisynthesis, in which one of the split intein precursors is 
chemically synthetised and the other precursor is recombinantly prepared 
prior to protein ligation by PTS (Figure 12.3b). Semisynthesis using PTS could 
take advantage of both recombinant protein expression and chemical synthe-
sis. PTS-mediated protein semisynthesis has been thus used in numerous 
applications including fluorescent labeling, biotinylation, site-specific intro-
duction of a glycosylation, and protein immobilization [41–43]. Furthermore, 
PTS permits highly specific labeling in vivo if synthetised peptides can pene-
trate into cells, for example, using cell-penetrating peptides [44]. The relatively 
long split fragments (typically longer than 30 residues) for chemical synthesis, 
however, diminish advantages of protein semisynthesis by PTS. Therefore, 
there have been many attempts to create split inteins with shorter fragments 
that could be easily prepared chemically [45–51]. Artificial split sites created 
from several inteins based on the three-dimensional structures of inteins were 
systematically tested for protein-splicing activity and revealed that the C35 site 
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(35 residues from the C-terminus of the NpuDnaE intein and at the HEN inser-
tion site observed in many canonical inteins) is the best split site to create a 
functional split intein and corresponds to the native split site of naturally split 
inteins [27,47]. Albeit lower efficiency, the shortest functional intein fragments 
discovered consist of 11 residues for N-terminal split intein fragment (N11 
split) and 6 residues for the C-terminal intein fragment (C6 split) (Figure 12.2b) 
[45,47,50,51]. These split sites can be of practical importance because the 
shorter length allows to chemically synthesize the precursor fragment with 
possibilities to incorporate nonnatural or modified amino acids. Unfortunately, 
protein ligation yields seem to be much lower when these shorter fragments 
are used, particularly for in vitro protein ligation. This is probably due to the 
fact that inteins are presumably not optimized for these split sites, thereby pre-
dominantly inducing side reactions of the N- and/or C-cleavages instead of the 
productive splicing reaction and/or remaining in the inactive conformation. 
Intein sequences bearing a split site at these positions would be highly desirable 
for semisynthesis but probably need to be optimized for better splicing activity. 
Directed evolution of inteins might be able to provide such optimized 
sequences [52].

12.4  Conditional Protein Splicing

Controlled protein splicing is often called conditional protein splicing (CPS) 
and has been of great interest because it allows posttranslational control of 
protein functions. Intein-mediated posttranslational regulation of protein 
functions might be more effective compared to transcriptional-level control. 
Most of two split intein fragments of naturally or artificially split inteins can 
interact with each other to form an active intein fold within minutes to hours. 
In some cases, however, the interaction between the split intein halves is slow 
and/or weak [25,53,54]. One of these weakly interacting split inteins was 
exploited to create a small-molecule inducible split intein [55]. Two binding 
partners (FK506 binding protein (FKBP) and FKBP-rapamycin binding (FRB) 
domains) were fused with the split intein fragments to increase their affinity in 
the presence of rapamycin because FKBP and FRB domains interact only in the 
presence of rapamycin with high affinity [55]. Therefore, a small molecule 
rapamycin could initiate the association of the fused split intein halves, thereby 
triggering protein splicing (Figure 12.4a) [55]. Despite potential usefulness of 
rapamycin-controlled CPS, there are a few limitations such as the toxicity of 
rapamycin. Other strategies for CPS have also been proposed [56,57]. For 
example, photolabile protective groups stalling the splicing reaction have been 
used for light-inducible PTS (Figure 12.4b) [56,57]. Not only trans-splicing but 
also cis-splicing by inteins has been controlled by small molecules, redox sta-
tus, pH, and temperature [58–62]. However, turning on/off sharply without 
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(a) 

(b)

(c)

(d)

(e)

Figure 12.4  Intra- and intermolecular applications with protein cis-splicing (PS) and trans-splicing 
(PTS). (a) Small-molecule induced CPS: Split intein halves with low affinity are fused with two 
interacting domains in the presence of a small molecule. Addition of a small molecule induces 
PTS upon association of the two precursors. (b) Light-induced CPS: light removes a protective 
group stalling PTS. (c) Three-fragment ligation. POI is split into three pieces (POIN, POIM, and POIC) 
and fused with two orthogonal split inteins (IN1/IC1 and IN2/IC2). (d) Intein-mediated protein 
alternative splicing (iPAS). Intermolecular protein splicing by protein 3D-domain swapping 
produces alternatively ligated products instead of cis-spliced products. (e) Cyclization and 
polymerization. Circularly permutated precursor bearing a split intein ligates the N- and C-termini 
of a protein by intramolecular protein splicing, thereby resulting in the backbone cyclization. The 
identical precursor protein could result in polymerization when intermolecular interactions 
dominate intramolecular interactions. IN and IC stand for N- and C-inteins, respectively.
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residual activity is a challenge for conditional splicing, and the applications 
might be limited.

12.5  Inter- and Intramolecular Protein Splicing

Protein splicing is not limited to ligation of two flanking sequences of an intein 
but can be extended to other intra- and intermolecular reactions such as three-
fragment ligation and intramolecular backbone cyclization. Three-fragment 
ligation by two PTS reactions is particularly useful because it could theoreti-
cally allow labeling or modifying a region of a protein at arbitral positions. 
However, three-fragment ligation requires two split inteins that are not cross-
reactive (orthogonal). When two orthogonal split inteins are inserted into a 
POI, the intervened host protein is thus split into three fragments, which can 
be religated into one protein by two PTS reactions (Figure 12.4c). To obtain a 
fully ligated product by two PTS reactions, high efficiencies of individual splic-
ing reactions are desirable. However, naturally split DnaE inteins with highly 
efficient splicing activity such as NpuDnaE intein are cross-reactive to each 
other due to their high sequence homology [32,34,35]. When two cross-
reactive split inteins were used for three-fragment ligation, backbone cycliza-
tion of the central precursor protein as well as undesirable intermolecular 
reaction skipping the central precursor protein could occur due to their cross-
activity (Figure 12.4c). Two orthogonal split inteins with robust ligation effi-
ciency are required to obtain sufficient amount of the fully ligated product by 
three-fragment ligation. Alternatively, this specificity problem has been cir-
cumvented by semiorthogonal split inteins with different split fragment lengths 
or by utilizing differences in ligation kinetics [63,64].

Protein splicing is originally found to be an intramolecular reaction ligating 
the two flanking sequences of an intein in cis. It has been believed that protein 
splicing does not happen between different molecules as an intermolecular 
reaction except for split inteins [65]. However, we demonstrated that not only 
split inteins catalyze intermolecular reaction but also cis-splicing inteins could 
be involved in an intermolecular reaction, which was termed intein-mediated 
protein alternative splicing (iPAS) (Figure 12.4d) [66]. iPAS could occur not 
only between a cis-splicing intein and a split intein that are cross-reactive but 
also between two cis-splicing inteins with high homology, although this reac-
tion is very inefficient [66]. It is still unclear whether this alternative splicing 
on the protein level is a naturally occurring phenomenon because iPAS does 
not leave any marks on the spliced product, making it difficult to identify 
naturally occurring iPAS [66]. iPAS could potentially increase the molecular 
diversity of the ligated proteins with an identical genetic background. For 
example, two cis-splicing precursors can produce up to four different molecu-
lar species by iPAS in a combinatorial manner (Figure 12.4d). iPAS could also 
modulate protein functions [66]. Thus, intermolecular protein splicing such 
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as iPAS might be of practical use for regulating protein functions as a biotech-
nological tool.

Another unique feature of protein splicing is intramolecular PTS, which can 
be used to produce proteins and peptides with circular backbones by connect-
ing N- and C-termini with a peptide bond [67,68]. Circular permutation of the 
precursor protein containing a cis-splicing intein by introducing new termini 
within an intein and by connecting the N- and C-termini of the host protein 
will result in backbone cyclization of the host protein (Figure 12.4e). Backbone 
cyclization has been used for stabilizing proteins by simply connecting the two 
ends with a peptide bond, because of the reduced entropy in the unfolded sta-
tus [67–70]. There are many naturally occurring backbone-cyclized peptides 
identified in nature. These peptides are usually more stable compared to the 
linear forms and tend to have diverse pharmaceutically interesting biological 
functions such as antimicrobial and immunosuppressive activities. Natural 
cyclic peptides are usually synthetised by nonribosomal peptide synthetases, 
and thus, their recombinant productions are not straightforward. Up to date, 
no naturally occurring cyclic peptide/protein produced by inteins has been 
reported. However, peptide cyclization by inteins has been a promising method 
for producing a library of cyclic peptides in vivo for screening bioactive pep-
tides [67,71]. Protein/peptide cyclization by circular permutation of an intein-
containing precursor relies on the favorable intramolecular reaction (Figure 
12.4e). It is noteworthy that intermolecular reaction with the identical precur-
sor would result in polymerization of the target protein rather than cyclization 
when favorable conditions for intermolecular reaction were used such as high 
concentration of the precursor protein (Figure 12.4e) [72].

12.6  Protein Ligation by Other HINT Domains

Inteins share the same three-dimensional architecture with the C-terminal 
domain of Hedgehog protein (Hh-C), which is termed HINT fold (Figure 12.5a) 
[15]. Hh-C catalyzes cholesterol modification of the N-terminal domain of the 
Hedgehog protein (Hh-N). Hh-C induces N─S acyl shift at the N-terminal 
junction as inteins do, which is followed by the nucleophilic attack of a hydroxyl  
group in cholesterol that binds to the C-terminal cholesterol binding domain of 
Hh-C. The first step of protein splicing can be thus catalyzed by HINT fold of 
Hh-C. Cholesterol modification of Hh-N by Hh-C plays an essential role in the 
embryonic development unlike obscure biological functions by many inteins. 
There are also a number of intein-like sequences in bacteria that are similar to 
mini-inteins because of the absence of obvious HEN domain and the similar 
sequence motifs found in inteins [73,74]. These BIL domains also share the 
same HINT fold common to inteins and Hh-C (Figure 12.5a) [16]. BIL domains 
are characteristic in their distribution, biological functions, and differences in 
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the conserved sequence motifs. Importantly, many BIL domains lack the +1 
nucleophilic residue that catalyzes the crucial trans-(thio)esterification step in 
protein splicing [75]. BIL domains are capable of N─S(O) acyl shift like inteins 
and Hh-C, but no trans-(thio)esterification will occur because they lack the +1 
nucleophilic residue. Their biological functions are still unclear. It is likely that 
BIL domains function as internal proteases cleaving the flanking sequences 
instead of ligation [73,75]. However, minute amount of protein ligation has 
been reported by BIL domains due to intermolecular aminolysis reaction after 
the cleavage (Figure 12.5b) [75]. Ligation by BILs domains is too inefficient to 
be of practical use. However, we demonstrated that a BIL domain could be 
converted to an efficient protein-splicing domain simply by introducing the 
C-terminal nucleophilic residue (+1Cys). This also suggests that BIL domains 
have probably evolved from mini-inteins [16]. It was also possible to catalyze 
protein trans-splicing by splitting BIL domains into halves as split inteins [16]. 
Albeit very low efficiency, BIL domains are capable of protein ligation by the 

(a) (b)

Figure 12.5  HINT domains and protein splicing by BIL domain. (a) A superposition of the 
structures of DnaE intein from Synechocystis sp. PCC6803 (SspDnaBΔ275 intein, PDB ID: 1MI8) 
colored in light gray and BIL4 domain from Clostridium thermocellum (CthBIL4, PDB ID: 
2LWY) colored in black. N- and C indicate the N- and C-termini. (b) The mechanism of 
protein splicing by BIL domains involves the following steps: step 1, N─S(O) acyl shift 
forming a (thio)ester bond; step 2, Asn cyclization cleaving off the C-flank from the BIL 
domain; step 3, aminolysis by the N-terminal amine group of the cleaved C-flank. FlankN 
and FlankC stand for the N- and C-terminal flanking sequences, respectively.
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split BIL domains without the C-terminal +1 nucleophilic residue required for 
protein splicing, that is, Cys, Thr, or Ser [16]. This indicates a great potential of 
BIL domains for protein ligation. It might be possible to improve the ligation 
efficiency by applying further protein-engineering such as directed evolution. 
Efficient protein ligation without any nucleophilic residue at the +1 position 
could substantially widen the applications of PTS by split HINT domains 
because it could overcome the limitation imposed by the sequence require-
ment of Cys, Ser, or Thr at the splicing junction.

12.7  Bottleneck of Protein Ligation by PTS

One of the important practical aspects in protein ligation using PTS is the 
junction sequence dependency near the splicing junctions. The +1 position 
following the intein is essential for trans-esterification step as a nucleophile 
and is always one of Cys, Ser, or Thr in inteins (Figures 12.1a and 12.6a) [76]. 
The neighboring residues of the splicing junction (the −1 and +2 positions) are 
not directly involved in the protein splicing reaction but can significantly influ-
ence the protein-splicing efficiency (Figure 12.6) [32,77–79]. The structure–
function relationship of this splicing-junction dependency is not well 
understood. Therefore, at least one to three native flanking residues are often 
kept in the precursor protein, resulting in an extra foreign sequence insertion 
when PTS is used for the ligation of foreign proteins. These linker residues at 
the splicing junction will remain as a “scar” in the ligated product and might 
disturb the function of the ligated target protein (Figure 12.6a). Unfortunately, 
the junction sequence dependency has not been investigated in detail except 
for a few inteins. It is still unpredictable how amino-acid residue types near the 
ligation junctions influence the splicing efficiency [32,77–79]. It is thus neces-
sary to check the ligation efficiency by PTS in a trial-and-error manner by test-
ing several junction sequences for individual cases. Interestingly, the amino-acid 
type preference is strongly specific to individual inteins, and some inteins are 
more tolerant of changes at the splicing junctions than others (Figures 12.6b 
and c) [32]. For example, NpuDnaE and NpuDnaB inteins have completely dif-
ferent preferences of amino-acid types (Figures 12.6b and c) [32]. In contrast to 
protein trans-splicing by split inteins, NCL does not have this requirement. 
However, branched amino-acid types at the C-terminus are known to be unfa-
vorable in NCL [80].

12.8  Comparison with Other Enzymatic Ligation 
Methods

Ligation of two polypeptide chains by an enzyme has been a dream for chem-
ists, which could be theoretically achievable by reversing the proteolytic 
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reaction of a protease. This was first demonstrated by an engineered variant 
of the protease subtilisin BPN’, termed subtiligase [81]. Subtiligase catalyzes 
aminolysis of a peptide ester efficiently and was used for total synthesis of 
ribonuclease A analogue [82]. The availability of peptide esters as the sub-
strates could restrict its general application. However, subtiligase has recently 
been employed for N-terminal labeling in proteomic researches where defined 
peptide esters were used as the N-terminal label [83]. Sortases from 
Staphylococcus aureus are natural peptide ligases catalyzing trans-peptidase 
reactions to covalently link bacterial surface proteins to the cell wall [84]. By 
mimicking the naturally occurring trans-peptidase reaction of sortase A, 
sortase-mediated protein ligation has been developed using a conserved rec-
ognition sequence of “LPXTG” from the bacterial surface proteins in the 
N-terminal substrate and the N-terminal three-glycine residues of the cell-
wall peptide glycan in the C-terminal substrate [84,85]. Sortase forms a thi-
oester bond with the substrate when “LPXTG” sequence is cleaved after the 
Thr [86]. This thioester intermediate is then released by nucleophilic attack of 
the N-terminal amine of the polyglycine-containing protein/peptide. This 
step is very similar to protein splicing by BIL domains [75]. It is noteworthy 
that the ligated product still contains an “LPXTGGG” sequence as a linker 
after ligation, which is also the substrate of sortase. This additional linker 
requirement for sortase-mediated ligation could be potentially an obstacle for 
some applications. Compared with typical proteases, the turnover by sortase 
seems to be very slow [85]. Therefore, an extremely high molar ratio of sortase 
was often added to substrate proteins, even at 1:1 (substrate:enzyme) molar 
ratio [85]. Moreover, productive ligation reaction by sortase needs to compete 
with both hydrolysis of thioester intermediate and aminolysis by the released 
glycine from the “LPXTG” sequence. Therefore, the N-terminal triglycine-
containing substrate is added in excess at the concentration of sub mM 
[85,86]. High concentrations (mM range) are also generally used in the liga-
tion reactions by subtiligase and EPL (Table 12.1) [21,87]. PTS is typically 
performed in μM concentrations or even less due to high affinity between the 
intein halves [35,47]. Table 12.1 summarizes the conditions and requirements 
for various protein ligation methods including PTS. All of the protein ligation 
methods listed require some linker sequences (Table 12.1). In the case of PTS, 
substrate is covalently attached to the enzyme (intein), thereby having only a 
single turnover. Because of the covalently attached substrates, inteins are gen-
erally promiscuous accepting various sequences as substrates. For practical 
applications, native splicing junction sequences are often used in PTS by split 
inteins because of the aforementioned junction sequence dependency. For 
example, a junction sequence of “AEY/CFN” or a longer one was often used 
for SspDnaE intein [34,72,79]. In the case of NpuDnaE intein, “GS/CFNGT” 
including the sequences from the cloning sites (BamHI and KpnI) is often 
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used at the junction in order to obtain higher ligation yields [32,36,93]. 
Theoretically, only “+1Cys” is minimally required for NpuDnaE intein. The 
mechanism of the splicing junction dependency is still unclear and remains to 
be elucidated for further development of PTS. PTS is especially a powerful 
method for in vivo applications because it is typically highly specific at a low 
concentration and self- and autocatalytic. Although in vivo ligation using 
sortase has also been demonstrated, reversible enzymatic reaction could be a 
major bottleneck (Table 12.1) [88]. Three-fragment ligation is generally even 
more challenging with EPL, sortase, and subtiligase as compared to one-pot 
approach using PTS, because they require protective groups and/or stepwise 
ligation reactions (Table 12.1) [82,91,92]. High yields might be achievable by 
several different ligation methods under ideally optimized conditions. 
However, all the aforementioned methods have both advantages and disad-
vantages. Specific needs for the application are likely to define the best choice 
of the ligation method.

12.9  Perspective of Protein Ligation by HINT 
Domains

Needs for protein ligation can be very different for individual applications. 
For example, most of fluorescent labeling applications might not require very 
high yields. A few percentages of the ligation efficiency might be sufficient for 
applications such as visualization of labeled proteins. Many existing artifi-
cially split inteins are probably efficient enough for this type of application. 
BIL domains can also be used without nucleophilic Cys, Ser, and Thr for pro-
ducing  small amounts of ligated products [16]. On the other hand, segmental 
isotopic labeling or total semisynthesis of a protein would require much 
higher yields with high efficiency due to the cost of isotopes and chemical 
synthesis. Especially, multiple-fragment ligation requires higher ligation effi-
ciencies not only because the overall yield is determined by a multiple of the 
efficiencies for individual ligation steps but also because incomplete ligation 
complicates the purification of ligated products from the precursors. For 
practical use, the ligation yield of one ligation step should be >50% consider-
ing the following purification steps. Because slight modifications near the 
splicing junctions could influence the ligation efficiency significantly, it is still 
important to optimize the junction sequences. Understanding the structure–
function relationship of HINT domains is certainly important for rational 
design of the optimal junction sequences and eliminating laborious case-by-
case optimization. Ultimately, highly promiscuous split inteins with robust 
ligation efficiency would be needed for demanding applications of protein 
ligation by PTS.
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12.10  Conclusions and Future Perspectives

Protein splicing has steadily and increasingly become an important tool for 
protein ligation despite some drawbacks. Protein ligation by PTS using split 
inteins is especially versatile because of high specificity and self-catalytic reac-
tion without additional cofactors and accessory proteins. Protein ligation by 
PTS has opened new possibilities to perform protein engineering in vivo and 
to create proteins that are not even coded in the genes. Robust split inteins 
with high efficiency are still in demand for widening the applications of PTS 
even further and for fulfilling our requirements necessary for some of our 
dream experiments. Orthogonal split inteins with high ligation efficiency are 
highly desirable particularly for multiple-fragment ligation. Even though they 
have not been widely exploited, other HINT domains are of potential impor-
tance not only for protein ligation but also as proteases or for protein modifi-
cations. High promiscuity and prevalence of HINT domains in nature are 
promising for further innovative use of uncharacterized HINT domains in 
biotechnological applications, which might provide a new means to overcome 
current limitations of inteins and other HINT domains. After more than two 
decades since the discovery of protein splicing, we are probably still at the 
entrance of this fascinating “protein-splicing” field with great potential in pro-
tein science and protein engineering.
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