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ABSTRACT 

Inteins are selfish but harmless autocatalytic proteins that perform a post-
translational modification, termed protein splicing. In protein splicing an 
intein excises itself off from the precursor protein and simultaneously ligates 
the flanking proteins together with a peptide bond. Inteins are found 
sporadically distributed in unicellular organisms, but their biological 
functions remain obscure. Importanly, inteins that are split into two can 
remain active and perform protein ligation by protein trans-splicing (PTS). 
In principle, PTS allows ligation of any two protein-sequences, with the only 
requirement being Ser, Thr, or Cys as the first residue downstream of the 
intein. This has inspired development of numerous biotechnological 
applications including protein semisynthesis, segmental isotopic labeling, 
and cyclization. Protein ligation by split inteins is, however, limited by the 
lengths, substrate specificity, orthogonality, and the reaction yields of the 
split inteins. 

The objective of this thesis was to advance the development of protein 
splicing as a protein-ligation tool. First, the split site of a natively split DnaE 
intein was shifted in order to engineer a split intein with shorter C-intein that 
could be easily chemically synthetized. The newly engineered split intein 
could perform protein ligation in high yields and was demonstrated to be in 
certain cases even better than the natively split intein. Encouraged by this, 21 
more split inteins were engineered starting from four different inteins, 
guided by the three dimensional structures of these inteins. Split inteins were 
systematically tested for activity and orthogonality to evaluate their potential 
for biotechnological applications. Next, the scope was widened to bacterial 
intein-like (BIL) domains. BIL domains belong to the same superfamily with 
inteins but are distinct by their distribution and functions and have a wider 
variety of residues at the downstream junction. The first structure of a BIL 
domain was solved. It highlighted their homology to inteins as well as 
allowed engineering of split BIL domains. The split BIL domains could 
perform protein ligation also with Ala at the downstream splicing junction, 
although in minute yields, which could be the first step towards nucleophile-
free protein ligation. Finally, discovery of a previously not reported 
intermolecular protein-splicing reaction, termed intein-mediated protein 
alternative splicing (iPAS), was described. Structural studies revealed that 
three-dimensional domain swapping is the underlying mechanisms of iPAS. 
iPAS makes it possible to increase diversity at protein level, without altering 
the genetic code, and could be used to control protein functions in 
concentration and expression-order dependent manner. Discovery of this 
new phenomenon could allow protein interference and is opening new 
insights into the possible biological functions of inteins.  
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ABBREVIATIONS 

3D  Three-dimensional 

Aa  Amino acid 

BIL  Bacterial intein- like  

CBD  Chitin binding domain  

COSY  Correlation spectroscopy 

CthBIL  BIL domain from Clostridium thermocellum 

DTT  Dithiothreitol 

E. coli  Escherichia coli 
EN  Endonuclease 

EPL  Expressed protein ligation 

ER  Endoplasmic reticulum 

ESRF  European Synchroton Radiation Facility 

ExtC  C-extein 

ExtN  N-extein 

FRET  Förster resonance energy transfer 

GB1  B1 domain of IgG binding protein G from Streptococcus spp  

GFP  Green fluorescent protein 

GM  Genetically modified 

GPI  Glycosylphosphaitdylinositol 

Hedge   N-terminal domain of a Hedgehog protein 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

H6  Hexahistidine 

Hh-C  C-terminal domain of a Hedgehog protein 

Hh-N  N-terminal domain of a Hedgehog protein 

HINT  Hedgehog/INTein 

Hog   C-terminal domain of a Hedgehog protein 

IMAC  Immobilized metal ion affinity chromatography 

IntC  C-intein 

IntN  N-intein 

IPTG  Isopropyl-b-D-1-thiogalactopyranoside 

iPAS  Intein-mediated protein alternative splicing 

MESNA  2-mercaptoethane sulfonic acid 

MjaTFIIB intein TFIIB intein from Methanocaldococcus jannaschii 
MtuRecA intein RecA intein from Mycobacterium tuberculosis 
MxeGyrA intein GyrA intein from Mycobacterium xenopi 
NCL  Native chemical ligation 

NMR  Nuclear magnetic resonance 

NpuDnaB intein DnaB intein from Nostoc punctiforme 
NpuDnaE intein DnaE intein from Nostoc punctiforme 

NOE  Nuclear Overhauser effect 

OD  Optical density 
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PBS  Phosphate-buffered saline 

PCA  Protein complementation assay 

PhoRadA intein RadA intein from Pyrococcus horikoshii 
POI  Protein of interest 

PTS  Protein trans-splicing 
QM/MM   Quantum mechanics/molecular mechanics 

RMSD  Root mean square deviation 

SceVMA intein VMA intein from Saccharomyces cerevisiae 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SH3  Src homology 3  

Smt3  Yeast ubiquitin-like protein Smt3  

SspDnaB intein DnaB intein from Synechocystis sp PCC6008 
SspDnaE intein DnaE intein from Synechocystis sp PCC6008 

TCEP  Tris(2-carboxyethyl)phosphine  

TOCSY  Total correlation spectroscopy 

TROSY  Transverse relaxation optimized spectroscopy 

TvoVMA intein VMA intein from Thermoplasma volcanium 
Ulp1  Ubiquitin-like protease 1 

YFP  Yellow fluorescent protein 

 

The standard single- and three-letter codes are used for amino acids 
A Ala Alanine 

C Cys Cysteine 

D Asp Aspartic acid 

E Glu Glutamic acid 

F Phe Phenylalanine 

G Gly Glycine 

H His Histidine 

I Ile Isoleucine 

K Lys Lysine 

L Leu Leucine 

M Met Methionine 

N Asn Asparagine 

P Pro Proline 

Q Gln Glutamine 

R Arg Arginine 

S Ser Serine 

T Thr Threonine 

Y Tyr Tyrosine 

V Val Valine 

W Trp Tryptophan
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1 INTRODUCTION 

Inteins were first reported in 1990, when it was observed that the gene 
coding for the catalytic subunit A of the vacuolar ATPase 1 (VMA1) from 
Saccharomyces cerevisiae (Sce) contained an intervening sequence, which 
was not present in other known VMAs (Hirata et al., 1990; Kane et al., 1990). 
Two protein products of the gene were identified, one corresponding to 
VMA1 and one to the intervening sequence (Hirata et al., 1990; Kane et al., 
1990). The processing was shown to be a posttranslational splicing event, in 
which the internal protein, named intein, was spliced out and the two 
flanking proteins, termed exteins (from external proteins) were ligated 
together with a peptide bond (Hirata et al., 1990; Kane et al., 1990; Cooper et 
al., 1993; Perler et al., 1994). The reaction is mediated solely by the intein, 
without the need for cellular cofactors or outside energy (Hirata et al., 1990; 
Kane et al., 1990; Cooper et al., 1993; Xu et al., 1993). To date, more than 
600 inteins have been identified based on conserved sequences in all three 
branches of life although only in unicellular organisms (Perler, 2000). They 
are reported to have neither advantage nor disadvantage to their host 
organisms and the prevailing hypothesis is that they are harmless “protein 
viruses” (Frischkorn et al., 1998; Papavinasasundaram et al., 1998; Naor et 
al., 2011).  

Contrary to inteins, the C-terminal domains of hedgehog proteins (Hh-C 
domains), which belong to the same HINT (Hedgehog/INTein) domain 
family as inteins, have important functions in higher organisms (Hall et al., 
1997; Lum and Beachy, 2004). Recently, a third member of the HINT 
domain family, termed bacterial intein-like (BIL) domains, was described, 
which gave a new twist to the conception of the biological functions of 
protein-splicing domains (Amitai et al., 2003). BIL domains are found in 
bacteria and can perform both protein ligation and cleavages (Amitai et al., 
2003). They appear to be important for processing of the host proteins, 
although the exact biological significance remains to be clarified (Amitai et 
al., 2003; Dassa et al., 2004a; Dori-Bachash et al., 2009). 

Even though the biological importance of inteins remains obscure, protein 
splicing has turned out highly interesting for biotechnological applications 
upon the discovery of split inteins (Mills et al., 1998; Southworth et al., 1998; 
Wu et al., 1998a). Protein splicing by split inteins, termed protein trans-
splicing (PTS), allows ligation of two separately synthesized fragments with a 
peptide bond. This enables both controlled activation of a target protein and 
nearly traceless introduction of various modifications (Shah and Muir, 2011; 
Topilina and Mills, 2014). Intein-mediated protein ligation is, however, 
currently limited by the nonoptimal characteristics of the currently described 
split inteins. Due to the wide-ranging practical applications, developing 
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better split inteins has been a major objective in intein research during the 
last decade. 
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2 REVIEW OF THE LITERATURE 

2.1 INTEINS – SELFISH PROTEIN-SPLICING DOMAINS 

Inteins are often referred to as the protein equivalent to introns, which 
undergo the well-known RNA splicing reaction (Figure 1a). While RNA 
splicing is a post-transcriptional process, protein splicing takes place post-
translationally (Figure 1). An intein excises itself from the precursor protein 
simultaneously ligating the two flanking proteins, termed exteins, with a 
peptide bond (Hirata et al., 1990; Kane et al., 1990; Cooper et al., 1993; 
Perler et al., 1994) (Figure 1b). Intein-mediated protein splicing is an 
autocatalytic reaction, which requires no additional cofactors or sources of 
energy (Hirata et al., 1990; Kane et al., 1990). When protein splicing was 
discovered in 1990, it opened branches for both protein processing in nature 
and protein engineering in biotechnology. Some of these great promises have 
been realized, some have proven to be unfeasible, and several still remain 
unresolved. 

 

Figure 1. RNA and protein splicing. a) RNA splicing takes place post-transcriptionally. b) Protein 
cis-splicing of a single-chain inteins takes place post-translationally and results in ligation of the 
two exteins with a peptide bond. ExtN and ExtC, N- and C-extein; Int, intein. 

2.1.1 DISTRIBUTION AND BIOLOGICAL IMPORTANCE OF INTEINS 
To date, more than 600 inteins have been listed in the intein database based 
on conserved sequence blocks, and a few dozen of them have been 
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experimentally verified to be functional (Inbase; Perler, 2000). Inteins are 
found from all three domains of life, and in viruses, although only in single 
cellular organisms, and they appear to be abundant in archaea and in marine 
viruses (Pietrokovski, 2001; Perler, 2000; Culley et al., 2009). Inteins are 
spread sporadically, with even closely related species and distinct strains of 
the same organism having different distributions of inteins (Liu, 2000; 
Pietrokovski, 2001; Saves et al., 2001; Butler et al., 2006; Monier et al., 
2013). Interestingly, some organisms and proteins are abundant in inteins, 
since up to four inteins have been found in a single host protein and up to 19 
from one host organism (Perler, 2000; Liu et al., 2003). Inteins are generally 
inserted in the conserved sites of essential proteins whereupon inactivating 
mutations or imprecise deletions in inteins would likely prevent or disturb 
the host protein activity (Dalgaard et al., 1997; Swithers et al., 2009). This 
could facilitate their conservation, because they could only be eliminated by a 
precise deletion, which could be rare (Derbyshire and Belfort, 1998). 

The biological function of inteins is not known. Certain inteins have been 
suggested to act as regulatory elements that could modulate the host protein 
functions (Wu et al., 1998a; Perler, 1999; Liu et al., 2003; Liu and Yang, 
2003; Callahan et al., 2011; Chen et al., 2012; Marshall et al., 2013; Nicastri 
et al., 2013). No such regulatory events have, however, been shown to take 
place in nature and the presence of inteins was not observed to affect either 
the host protein’s function or host organism’s fitness (Frischkorn et al., 1998; 
Papavinasasundaram et al., 1998; Naor et al., 2011). Lack of evidence on any 
biological relevance of protein splicing has nourished a theory of inteins as 
parasitic genetic elements (Belfort et al., 1995; Gogarten et al., 2002). 
Whether inteins are still actively spreading or are ancient protein elements, 
which used to be widely spread but are slowly diminishing, is under 
discussion (Liu and Hu, 1997; Pietrokovski, 2001; Goodwin et al., 2006). 
Evidence about ongoing horizontal transfer of inteins between different 
species has been presented based on the codon distribution and phylogenetic 
analysis (Liu and Hu, 1997; Senejani et al., 2001; Clerissi et al., 2013; 
Swithers et al., 2013). In addition, the dense population of inteins in marine 
viruses has encouraged to hypothesize that viruses could facilitate inteins’ 
spread between species or, if different viruses simultaneously infect the same 
host, also among viruses, although no direct evidence has been presented 
(Culley et al., 2009; Monier et al., 2013). The possible active spread could be 
mediated by homing endonuclease (EN) domains that are often found 
inserted in inteins (see below). 

2.1.2 COEVOLUTION OF INTEINS AND ENDONUCLEASES 
Most inteins are bifunctional and consist of two domains; a protein splicing 
domain, named HINT domain (from Hedgehog and INTein), and an EN 
domain (Dalgaard et al., 1997; Liu, 2000). Inteins that do not contain an EN 
domain are called “mini-inteins”. The sequence homologies among the 
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protein-splicing domains of inteins are low, but they share the same disk-
shaped fold, called HINT fold. The HINT fold can be dissected into two 
subdomains that can be aligned by two-fold pseudosymmetry, which lead to 
theory that inteins evolved by domain duplication (Figure 2) (Hall et al., 
1997; Liu, 2000). The thus formed HINT fold would have later evolved to 
catalyze protein splicing and accommodated the EN domain (Figure 2) 
(Hall et al., 1997; Pietrokovski, 2001; Amitai et al., 2003).  

 

Figure 2. Schematic presentation of evolution of HINT domain. An ancient domain was 
dublicated to form a HINT domain, which later acquired other domains, such as EN domains, 
which is shown in figure. DomX, domain X; Int, intein; EN, endonuclease domain. 

EN domains are believed to be important for the long-term persistence of 
inteins because they enable rapid spread of inteins in a population via a 
super-Mendelian inheritance (Gimble and Thorner, 1992; Gogarten et al., 
2002). Most of the EN domains found in inteins belong to the LAGLIDAGD 
family (Gogarten et al., 2002), but four other types of EN domains are also 
found inserted in inteins (HNH, DOD, GIY-YIG, and Vsr-like) (Dassa et al., 
2009; Paulus, 2000). Interestingly, all reported EN domains in inteins are 
inserted at the same loop, which is located approximately 100-150 amino 
acids (aa) from the N-terminus and 30-50 aa from the C-terminus (Dassa et 
al., 2009; Paulus, 2000). The two domains are structurally and functionally 
independent (Hodges et al., 1992; Duan et al., 1997). Protein splicing activity 
can be retained if an EN domain is deleted from a bifunctional intein and, 
vice versa, an EN domain can be inserted into a mini-intein (Chong and Xu, 
1997; Derbyshire et al., 1997; Fitzsimons Hall et al., 2002). EN domains are 
also found without inteins as open reading frames and in introns (Belfort and 
Roberts, 1997). Due to the independency of the domains it is believed that 
EN domains and inteins first evolved separately after which EN domains 
invaded mini-inteins (Duan et al., 1997; Pietrokovski, 2001; Gogarten et al., 
2002). The EN domain invasion is proposed to proceed in a cycle involving 
functional and dysfunctional EN domains and empty alleles (Gogarten et al., 
2002; Barzel et al., 2011). This is supported by the observation that inteins 
are reported to exist also without EN domains, and to contain both active and 
presumably inactive EN domains (Gimble and Thorner, 1992; Perler et al., 
1997; Telenti et al., 1997; Gimble, 2000). Even if the two domains can 
function independently, deletions and mutations in the EN domain region 
can affect the splicing activity, presumably by disturbing the folding of the 



 

15 

HINT domain (Chong and Xu, 1997; Derbyshire et al., 1997; Wu et al., 
1998b; Adam and Perler, 2002) and in some cases DNA recognition regions 
are inserted in the protein-splicing domain (Ichiyanagi et al., 2000; Moure et 
al., 2002; Matsumura et al., 2006; Du et al., 2011a). Despite these occasional 
insertions, the canonical HINT domain and some conserved sequence 
features are usually well distinguishable.  

2.1.3 CONSERVATION OF INTEIN SEQUENCES 
Only the intein sequence and a nucleophilic residue as the first residue of the 
C-extein, called +1 residue, are required and sufficient for protein splicing 
reaction to occur (Figure 3a) (Cooper et al., 1993; Noren et al., 2000). 
Despite their similar three-dimensional (3D) structures, sequence identities 
among non-allelic inteins are low (15-30%) (Perler et al., 1997). However, 
four characteristics intein sequence blocks, named Block A, B, F, and G (or 
N1, N3, C1, and C2, as in (Pietrokovski, 1998)), were identified in 
comparative sequence analysis (Figure 3) (Pietrokovski, 1994). Conserved 
Blocks C, D, E, and H are located in the EN domain and are not discussed 
here (Pietrokovski, 1994; Perler et al., 1997). In this thesis the region of the 
inteins, in which the conserved insertion site for EN domains locates, will be 
called ‘EN-block’ (Figures 3a and b). The most characteristic feature of 
inteins is the nucleophilic residues in Blocks A and G as the first residue of 
intein (residue 1) and as the +1 residue. Class 1 inteins have Ser or Cys as the 
first residue of the intein by definition (see Section 2.1.6 Alternative 
pathways for discussion of Class 2 and 3 inteins), whereas the first residue 
of the C-extein is invariably Cys, Ser, or Thr. In addition, TxxH motif (~70-
90 aa from the N-terminus of the intein) in Block B, His and Asp in Block F 
(~10-40 aa from the C-terminus of the intein), and His and Asn as the last 
two residues of the intein in Block G are highly conserved. All protein 
splicing domains of inteins share a common HINT fold, which is a 
horseshoe-shaped disk, in which the N- and C-termini are folded in the cleft 
in the middle (Figure 3b). The conserved residues including the two termini 
are located within close distance in the cleft of the intein (Figures 3b and 
c). The specific roles of the conserved residues in the reaction mechanism of 
protein splicing are discussed in the section 2.1.6 The four-step pathway 
of protein splicing. 

Except for the +1 residue, the N- and C-extein residues flanking the intein, 
called N- and C-junction, are not conserved and do not directly participate in 
the reaction (Noren et al., 2000; Aranko and Volkmann, 2011). They can, 
however, affect the splicing and even completely abolish it in an intein-
dependent manner (Southworth et al., 1999; Iwai et al., 2006; Oeemig et al., 
2012; Cheriyan et al., 2013). Interestingly, the native junction sequences are 
not always optimal in terms of yields and reaction kinetics (Iwai et al., 2006; 
Cheriyan et al., 2013). Attempts to overcome the extein effect include both 
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directed evolution approaches (Lockless and Muir, 2009; Appleby-Tagoe et 
al., 2011) and rational design (Oeemig et al., 2012; Shah et al., 2013a).  

 

Figure 3. Conserved sequence blocks in inteins. a) Schematic presentation of the conserved 
sequence Blocks A, B, F, and G in canonical Class 1 inteins, and the conserved EN domain 
insertion site, indicated with ‘EN’,. Amino acids are indicated with the standard one letter code. X, 
any amino acid. b) A cartoon model of the structure of RadA intein from Pyrococcus horikoshii 
(PhoRadA intein) (PDB: 4E2U). The conserved amino acids and the last residue of the N-extein 
(-1 residue) are shown in sticks model. Thr+1 and Cys1 are shown in dark blue, other residues in 
cyan. The location of the conserved EN-block is indicated with a blue circle. PhoRadA intein 
structure was modelled to have Thr+1 and Cys1 using MacPyMOL (DeLano Scientific LCC). c) 
Stereo view of stick model representation showing the conserved amino acids and the -1 residue 
that are forming the active site in PhoRadA intein. N and O atoms are shown in blue and red, 
respectively. 
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2.1.4 VARIATION IN CLASS 1 INTEIN SEQUENCES 
Despite conserved sequence blocks have been identified, the homology 
among inteins is very low and even the key catalytic residues are not fully 
conserved (Perler et al., 1997; Noren et al., 2000). Block B His is the most 
highly conserved residue in inteins, but an intein lacking it was 
experimentally verified to be capable to perform protein splicing and was 
proposed to employ another residue for the conserved roles of the Block B 
His (Tori et al., 2012). Likewise, inteins missing the conserved Block G His 
can also be fully active, of which the most striking examples are the widely 
used natively split DnaE inteins, which are known to catalyze rapid and 
tightly coordinated protein splicing (Chen at al., 2000; Nichols and Evans, 
2004). Third highly conserved residue is the last residue of inteins, which is 
typically Asn, but in some inteins is substituted with Asp or Gln (Mills et al., 
2004). The variation among the conserved active-site residues indicates that 
during the evolution inteins have adapted to mutations by developing slightly 
different mechanisms to guide the splicing reaction and that the details of the 
protein splicing mechanisms can vary from one intein to another.  

2.1.5 THE FOUR-STEP PATHWAY OF PROTEIN SPLICING 
In protein splicing, the two peptide bonds at the splicing junctions are 
broken and one peptide bond is formed between the N- and C-exteins. The 
canonical Class 1 inteins catalyze these peptide bond rearrangements via 
four-step pathway (Figure 4) (Noren et al., 2000). The first step is an N-
S/O acyl shift in the N-junction, during which the thiol or hydroxyl side-
chain of the first intein residue attacks the preceding peptide bond leading to 
formation of a (thio)ester-bond via a tetrahedral intermediate (Chong et al., 
1996; Shao et al., 1996; Mizutani et al., 2002). The (thio)ester-bond is 
attacked by the nucleophilic +1 residue in the second trans-esterification 
step. This leads to breakage of the (thio)ester bond connecting the N-extein 
and the intein and formation of another between the two exteins - a 
“branched intermediate” is formed (Xu et al., 1993; Xu et al., 1994; Chong et 
al., 1996). The third step, Asn cyclization, cleaves the intein from the exteins 
(Xu et al., 1994; Shao et al., 1995; Chong et al., 1996). Finally, the (thio)ester 
bond between the N- and C-exteins is rearranged into a more stable peptide 
bond by a spontaneous S/O-N acyl shift (Shao and Paulus, 1997). The main 
features of how inteins guide each step of the reaction are summarized 
below. 
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Figure 4. Mechanism of protein splicing of Class I inteins. Step 1. N-X acyl shift. Step 2. Trans-
esterification. Step 3. Asn cyclization. Step 4. X-N acyl shift. Premature Asn cyclization leads to 
C-cleavage and attack of the (thio)ester-bond with a water molecule leads to N-cleavage. X, 
oxygen or sulphur in the thiol or hydroxyl groups; ExtN and ExtC, N- and C-extein; Int, intein.  

N-S/O acyl shift is extremely slow without catalysis due to high energetic 
barriers and does not normally take place under physiological conditions 
(Lewis and Wolfenden, 2011). Several theories of how inteins could promote 
this reaction have been proposed. In two intein structures the -1 amide bond 
was found in distorted trans conformation, which could lower the activation 
energy (Poland et al., 2000; Callahan et al., 2011). There is evidence that 
similar strained conformations could promote N-S/O acyl shift also in other 
autocatalytic enzymes (Xu et al., 1999; Poland et al., 2000; Johansson et al., 
2009; Callahan et al., 2011). Even an unusual cis conformation was reported 
in the N-junction of GyrA intein from Mycobacterium xenopi (MxeGyrA 
intein) although it could have been an artifact caused by distortion due to 
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suboptimal -1 residue (Klabunde et al., 1998; Southworth et al., 1999). NMR 
studies of the same MxeGyrA intein carrying a native -1 residue revealed a 
low one-bond dipolar coupling for the -1 amide bond, which could indicate 
for a distorted conformation (Romanelli et al., 2004). The conserved Block B 
residues His and Thr are reported to be important for the first step of protein 
splicing (Klabunde et al., 1998; Mizutani et al., 2002; Mizutani et al., 2004). 
Based on the study showing that N-methylated scissile peptide bond could 
restore splicing activity of a Block B His to Ala mutant of minimized 
SspDnaB intein it was suggested that Block B His could act to destabilize the 
peptide bond in the N-junction (Binschik and Mootz, 2013). Alternatively, 
Block B His could act first as a general base, which deprotonates the side-
chain of Cys1, and then as a general acid that protonates the leaving nitrogen 
as proposed based on a pKa shift analysis and quantum 
mechanics/molecular mechanics (QM/MM) modeling (Du et al., 2009). 
Finally, Block B His and Thr are proposed to participate on stabilization and 
breakdown of the tetrahedral intermediate of the N-S/O acyl shift (Klabunde 
et al., 1998; Mizutani et al., 2002; Mizutani et al., 2004; Johnson et al., 
2007; Dearden et al., 2013).  

The second trans-esterification step is fully reversible (Xu et al., 1994). 
Correct timing and coordination of the attack appear to be the crucial factors 
in this step. In most of the intein structures solved to date, the N- and C-
termini are approximately 8-9 Å away from each other, which is too long 
distance for a nucleophilic attack to occur (Klabunde et al., 1998; Poland et 
al., 2000; Ding et al., 2003; Sun et al., 2005; Johnson et al., 2007). It is 
suggested that a conformational change would bring the two termini into 
close distance and, indeed, in two intein structures the side-chain of the +1 
residue and the peptide bond in the N-junction were found to locate within 
~3-4 Å distance (Mizutani et al., 2002; Oeemig et al., 2012). In addition to 
the conformational change, Block F Thr or Block F Asp could activate the +1 
residue via side-chain deprotonation, as suggested based on the low apparent 
pKa (5.8) of the Cys+1 in RecA intein from Mycobacterium tuberculosis 
(MtuRecA intein) and supported by structural data, mutational analysis, and 
QM/MM modeling (Shingledecker et al., 2000; Ding et al., 2003; Pereira et 
al., 2010; Du et al., 2011b). 

The third step of canonical protein splicing is an irreversible breakage of 
the peptide bond in the C-junction by Asn cyclization. Asn cyclization can 
take place spontaneously under physiological conditions but very slowly, and 
leads more often to Asn deamination than to peptide bond cleavage (Geiger 
and Clarke, 1987). Therefore, inteins must guide the reaction towards Asn 
cyclization instead of deamination and accelerate the process. In addition, 
the timing of the reaction must be tightly controlled, because premature Asn 
cyclization leads to C-cleavage. It appears that Asn cyclization is the rate-
limiting step of the splicing reaction and is accelerated by changes in the local 
environment occurring during the formation of the branched intermediate 
(Romanelli et al., 2004; Kurpiers and Mootz, 2008; Frutos et al., 2010; Shah 
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et al., 2013a). Based on crystal structure and later supported by 
computational studies and pKa shift analysis, it was proposed that a 
hydrogen bond network formed by the conserved Block F His and a water 
molecule could activate the Asn for cyclization by deprotonating it (Chong 
and Xu, 1997; Ding et al., 2003; Sun et al., 2005; Van Roey et al., 2007; Du 
et al., 2009; Mujika et al., 2009), whereas the Block G His and Block F Asp 
are proposed to assist Asn cyclization by stabilizing a tetrahedral 
intermediate, which is formed during the cyclization (Ding et al., 2003). The 
last step of protein splicing, S/O-N acyl shift, is spontaneous, practically 
irreversible, and can take place without the intein (Shao and Paulus, 1997). 

There are two off-pathways in the splicing reaction, termed N- and C-
cleavages, which lead to cleavages of the N- and C-exteins, respectively 
(Figure 4). Cleavage reactions will follow, if certain reaction steps are 
prevented or the correct timing of them is disturbed. This can occur 
spontaneously in suboptimal reaction conditions, but can also be rationally 
induced by targeted mutations, which has been exploited in biotechnological 
applications (see section 2.2 Applications of protein splicing) (Chong et 
al., 1996; Chong et al., 1997; Muir et al., 1998). Interestingly, the coupling of 
the reaction steps and thus susceptibility for cleavages is known to vary 
among inteins, for example in DnaE inteins the C-cleavage cannot take place 
if N-cleavage is blocked (Martin et al., 2001; Zettler et al., 2009). 

2.1.6 ALTERNATIVE PATHWAYS 
Inteins, which lack the conserved nucleophilic residue as the first residue of 
the intein but are still functional in protein splicing, are classified as Class 2 
and 3 inteins. They cannot undergo protein splicing by the conserved 
pathway but have evolved alternative mechanisms to substitute the first N-
S/O acyl shift step of Class 1 inteins. In Class 2 inteins the +1 residue attacks 
directly to the peptide bond in the N-junction followed by the steps 2-4 of 
Class 1 inteins (Figure 5) (Southworth et al., 2000; Johnson et al., 2007). 
Class 3 inteins have solved the same dilemma differently; they have a 
characteristics WCT motif, of which Cys acts as the nucleophile attacking the 
peptide bond in the N-junction to form a thioester bond (Figure 5) (Brace et 
al., 2010; Tori et al., 2010). The thioester bond is then attacked by the +1 
nucleophile, followed by the conserved steps 3 and 4. Classification is, 
however, not straightforward, since inteins can have both the nucleophilic 
residue as the first residue of the intein and the WCT motif, in which case the 
classification has to be made based on mutational studies to analyze the 
reaction mechanism (Tori and Perler, 2011).  
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Figure 5. Schematic presentation of the mechanisms of the three different classes of inteins. 
Reaction of Class 1 inteins proceeds as in Figure 4. In Class 2 inteins, the N-junction is directly 
attacked by the thiol or hydroxyl group of the +1 residue, and in Class 3 inteins by an internal thiol 
group and then by the thiol or hydroxyl group of the +1 residue, both of which are followed by the 
canonical steps 3 and 4. X, oxygen or sulphur in the thiol or hydroxyl groups; ExtN and ExtC, N- 
and C-extein; Int, intein. 

2.1.7 PROTEIN TRANS-SPLICING 
An intriguing and important feature of inteins is the capability of split inteins 
to perform protein trans-splicing (PTS) in addition to the cis-splicing 
reaction of single-chain inteins. In PTS an intein is split into two halves 
(named N- and C-intein), which associate together via protein 
complementation to form the active intein fold. Once the intein, now formed 
by two unconnected protein chains, is folded, it can perform protein splicing 
to join the two exteins together (Figure 6).  
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Figure 6. Schematic presentation of protein splicing. a) Protein cis-splicing. Folding of the intein 
leads to protein splicing. b) Protein trans-splicing (PTS). Association and folding of the split intein 
halves lead to protein splicing in trans. ExtN and ExtC, N- and C-extein; IntN and IntC, N- and C-
intein; Int, intein. 

Split inteins are found in nature or can be created by artificially dissecting 
single-chain cis-splicing inteins (Mills et al., 1998; Southworth et al., 1998; 
Wu et al., 1998a). DnaE intein from Synechocystis sp PCC6008 (SspDnaE 
intein) was the first natively split intein reported (Wu et al., 1998a). It 
consists of a 123 aa long N-intein and a 35 aa long C-intein, which are coded 
by genes that are located in opposite strands and separated by >745 kb in the 
genomic DNA (Gorbalenya, 1998; Wu et al., 1998a). The split site of the 
SspDnaE intein is located at the EN-block similarly to all but one of the 25 
experimentally verified natively split inteins (Wu et al., 1998a; Iwai et al., 
2006; Dassa et al., 2007; Carvajal-Vallejos et al., 2012; Shah et al., 2012; 
Thiel et al., 2014). Indeed, it has been suggested that EN domain invasion 
and loss abets the gene fracturing process of natively split inteins (Dassa et 
al., 2009). The first artificially split inteins that were reported in tandem 
with the discovery of the natively split inteins are split at the same EN-block 
(Mills et al., 1998; Southworth et al., 1998). The N- and C-terminal parts of a 
bifunctional intein, corresponding to the splicing domain, were found to be 
functional and independent of the intervening EN domain (Derbyshire et al., 
1997; Wu et al., 1998b). Minimized inteins with different linker regions in 
the place of the EN domain were tested and a natural follow-up was to cut 
the connectivity and express the halves as two separate gene products (Mills 
et al., 1998; Southworth et al., 1998). This site is also used for many of the 
artificially split inteins (Aranko et al., 2014). Inteins can, however, also be 
split at other sites. Different strategies for this have been reported, including 
splitting at the predicted loop regions, and selecting split sites based on 
information about backbone dynamics obtained by NMR relaxation 
measurements, or based on circular permutation prediction (Sun et al., 
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2004; Elleuche and Poggeler 2007; Appleby et al., 2009; Oeemig et al., 
2009; Lee et al., 2012).  

The different split inteins have very diverse properties. Comparison of 
ligation rates is often used to estimate the practicalities of the different 
inteins. Reaction rates of most natively split inteins fall within the range of 
k=10-1-10-3 s-1, with only SspDnaE intein being slightly slower (k≈10-4 s-1) 
(Aranko et al., 2014). The fastest reaction rates reported so far are those of 
natively split inteins from presumably viral origin (Carvajal-Vallejos et al., 
2012), which were found based on metagenomic sequencing data (Dassa et 
al., 2009). The artificially split inteins are in general ten to hundred fold 
slower (k≈10-3-10-5 s-1) (Aranko et al., 2014). However, direct comparison of 
ligation rates obtained from different studies must be done with caution, 
because they can vary remarkably (up to 100 fold) depending on the context 
and reaction conditions (Martin et al., 2001; Cheriyan et al., 2013). The fast 
reaction rates of natively split inteins are generally considered to be due to 
their fast association, which is guided by local charge difference in the 
interaction interface (Shi and Muir, 2005; Dassa et al., 2007; Shah et al., 
2011; Shah et al., 2012). Based on structural modeling this is common to the 
different families of natively split inteins and has been reported to be 
essential for also other type of fragmented genes, which indicates that the 
charge difference has developed independently several times (Dassa et al., 
2009; Crona et al., 2011). However, the first association step is known to be 
rapid compared to the subsequent reaction steps, whereas the folding of the 
fragments appears to be the limiting step in PTS reaction (Shi and Muir, 
2005; Ludwig et al., 2008, Shah et al., 2013b). This would indicate that 
folding of the split halves rather than the association was crucial for the 
reaction kinetics. Structural and functional studies on the different split 
inteins could assist disentangling the bottlenecks of the process and hence 
engineering of better split inteins that could be used for biotechnological 
applications (see next section). 

 

2.2 APPLICATIONS OF PROTEIN SPLICING 

Inteins have proven to be valuable tools in biotechnology (reviewed for 
example in: Volkmann and Iwai, 2010; Aranko and Volkmann, 2011; Shah 
and Muir, 2011; Topilina and Mills, 2014). Intein-mediated technologies 
have been developed based on protein cis-splicing, protein trans-splicing 
(PTS), and cleavages. The applications are briefly reviewed below, with 
particular focus on PTS-based applications, to give understanding of the 
possibilities, requirements, and limitations of intein technologies. 
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2.2.1 SELF-CLEAVABLE TAGS FOR PROTEIN PURIFICATION 
Inteins can be utilized as self-cleavable protein purification tags that can be 
removed without protease treatment, which is a remarkable economical 
advantage in protein purification applications (Fong et al., 2010). Intein-
based purification, of which the most widely used example is the IMPACTTM-
purification system (Chong et al., 1997; Chong et al., 1998; Southworth et al., 
1999), is based on targeted mutations that prevent ligation and direct the 
reaction to the cleavage pathway. In the purification system, the intein is 
sandwiched between the protein of interest (POI) and a chitin binding 
domain (CBD) or another purification tag (Figure 7a) (Chong et al., 1997). 
The splicing reaction can be directed to N-cleavage by blocking Asn 
cyclization by mutating it to Ala, which prevents the reaction from 
proceeding to step 3 (Xu and Perler, 1996). Subsequent nucleophilic attack of 
water or a nucleophilic agent, such as dithiothreitol (DTT), to the (thio)ester-
bond formed in steps 1 and 2 results in N-cleavage (Chong et al., 1996). To 
purify N-terminally fused POI, the fusion protein is expressed, loaded on 
(chitin) affinity column, washed to remove unbound material, and eluted by 
thiol induced cleavage reaction (Figure 7a). Respectively, reaction can be 
directed to C-cleavage if either one or both of the first two steps are 
prevented with targeted mutations (Chong et al., 1998; Evans et al., 1999; 
Mathys et al., 1999; Southworth et al., 1999). C-cleavage of the mutants can 
then be induced by changing the pH and temperature or, as in the case of the 
SceVMA intein, by addition of a thiol agent to induce the N-cleavage, which 
is followed by the C-cleavage (Figure 7b) (Chong et al., 1998; Evans et al., 
1999; Mathys et al., 1999; Southworth et al., 1999). Major limitations of 
IMPACT techniques are slow reaction and premature cleavages, which 
decrease the final yield. Several strategies to overcome these challenges have 
been developed, including introduction of an internal disulfide bridge 
involving the first Cys, use of split inteins, and development of light-activated 
cleavage systems (Cui et al., 2006; Volkmann et al., 2009; Binschik et al., 
2011; Callahan et al., 2013; Vila-Perello et al., 2013).  

Importantly, proteins purified by the autocleavage-activity of inteins can 
be used for native chemical ligation (NCL), in which case the reaction is 
called expressed protein ligation (EPL) (Evans et al., 1998, Muir et al., 1998; 
Mathys et al., 1999; Evans et al., 1999). In NCL, two protein fragments are 
ligated in a chemoselective reaction, in which N-terminal Cys attacks C-
terminal α-thioester, followed by the spontaneous and irreversible S-N acyl 
shift to form a peptide bond (Dawson et al., 1994). The numerous 
applications of EPL are not discussed here but have been extensively 
reviewed (Muir, 2003).  
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Figure 7. Schematic presentation of intein-mediated protein purification. a) Purification of N-
terminally fused protein. b) Purification of C-terminally fused protein. POI, protein of interest; Int, 
intein; A, inactivating mutation, most commonly Ala. 

2.2.2 CONDITIONAL PROTEIN SPLICING TO REGULATE ACTIVITIES 
Applications based on protein cis-splicing rely on different strategies to 
prevent the splicing event till the induction point. Cis-splicing inteins, which 
can be induced with pH shift, redox-state, temperature, light, or small 
molecule ligands, have been described and demonstrated to be useful in 
production of toxic proteins and engineering screening systems for small 
molecule ligands, as reviewed below. Temperature and pH shift inducible 
inteins with different activity ranges have been engineered by random 
mutagenesis via low-fidelity PCR (Wood et al., 1999; Zeidler et al., 2004; 
Liang et al., 2007). These inducible cis-splicing inteins have been used to 
produce and study proteins that in their active form are toxic or harmful for 
the production organism (Wu et al., 2002; Wong et al., 2011; Shen et al., 
2012). The insertion sites of the inteins in the toxic proteins were designed in 
a way that only the ligation products will be active. Therefore, the target 
proteins could be produced as inactive forms, which were activated by 
protein cis-splicing upon induction after purification or only at desired 
moment, thus reducing or eliminating its deleterious effect for the host 
organism. Alternatively, small-molecule activated protein cis-splicing can be 
utilized to either control the extein protein activity with a small-molecule, or 
to create biological sensors to detect small molecules. Small-molecule-
activated protein cis-splicing was first engineered by replacing the EN 
domain of MtuRecA intein with a ligand-binding domain so that the 
conformational change caused by the ligand (4-hydroxytamoxifen, 4-HT) 
binding allowed correct folding of the intein (Buskirk et al., 2004).  4-HT is a 
synthetic and cell-permeable molecule, which could be used for rapid and 
dose-dependent control of transcription factor activity and osteoblast 
differentiation in mammalian cells (Buskirk et al., 2004; Yuen et al., 2006; 
Peck et al., 2011). Similarly, EN domains of MtuRecA and SceVMA inteins 
were replaced with human estrogen receptor α and thyroid hormone receptor 
in order to achieve estrogen and thyroid hormone inducible protein splicing 
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(Skretas and Wood, 2005; Liang et al., 2011). Insertion of the fusion protein 
into lacZ gene was used as a colorimetric assay to detect estrogen and its 
analogs (Liang et al., 2011). 

2.2.3 PROTEIN LIGATION BY PTS 
Protein splicing by split inteins has inspired development of dozens of 
applications. These applications are based on three principles: 1) site or 
region specific introduction of modifications, 2) regulation of host protein 
functions, and 3) protein cyclization or polymerization (Figures 8-10). The 
main principles and the key applications are described below. 

2.2.3.1 Introducing site-specific modifications 
PTS makes it possible to perform protein ligation. This means that two 
fragments, which are synthesized separately in space and time, can be 
tracelessly ligated together to form the mature protein. Protein ligation has 
been utilized to introduce labels, modifications, and isotopes at only desired 
site or region of the target protein. A “traditional” way to introduce 
modifications is by chemoselective labeling, which will result in amino acid 
specific labeling of, for example, thiol groups of cysteines (Wu and Goody, 
2010). The limitation of chemoselective labeling is that all residues with the 
targeted chemical group will be labeled. In “CysTag” method, the target 
protein is split to dissect the targeted Cys from the other Cys residues in the 
protein (Figure 8, I) (Kurpiers and Mootz, 2007). The N- and C-fragments 
of the protein are fused to the N- and C-intein, respectively, and 
recombinantly expressed. The single Cys is labeled chemoselectively followed 
by in vitro ligation, which will create the mature, site-specifically labeled 
target protein (Kurpiers and Mootz, 2007). CysTag method has been used for 
fluorescent labeling of model proteins, to introduce a chemical modification 
to OmpF pore, and to create a double-labeled ubiquitin dimer for folding 
studies (Kurpiers and Mootz, 2007; Kurpiers and Mootz, 2008; Brenzel et 
al., 2009; Yang and Yang, 2009). 

An alternative method to introduce site specific modifications is protein 
semisynthesis, in which a fragment of the target protein is synthetized 
together with a short intein fragment, while the rest of it is recombinantly 
expressed in fusion with the other half of the intein (Figure 8, II). In vitro 
ligation of the halves will produce the full-length target protein with 
chemically synthetized and recombinantly produced parts connected with a 
peptide bond. Protein semisynthesis makes it possible to take advantage of 
both the cost-effectivity of recombinant production and flexibility of chemical 
synthesis. Protein semisynthesis has been demonstrated to be suitable for 
fluorescent labeling, biotinylation, site-specific introduction of a 
glycosylphosphaitdylinositol (GPI) -moiety, and protein immobilization for 
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microarray chips (Evans et al., 2000; Kwon et al., 2006; Ando et al., 2007; 
Volkmann and Liu, 2009). In addition, protein semisynthesis allowed 
engineering of cellular prion protein with a palmiotyl-mimicking GPI-
modification and labeling with quantum dots, which interfere with the target 
protein less, and are more photostable and brighter than autofluorescence 
proteins (Olschewski et al., 2007; Charalambous et al., 2009; Chu et al., 
2010; Charalambous et al., 2011).  

 

Figure 8. Site- and region-specific labelling. (I), Cys-Tag labeling; (II), protein semisynthesis; (III) 
segmental isotopic labeling. ExtN and ExtC, N- and C-extein; IntN and IntC, N- and C-intein; PTS, 
protein trans-splicing.  

The specificity of chemical labeling is limited compared to that of 
enzymes, a consequence of which is that it cannot be exploited for complex 
environments, such as cytoplasm. Methods to perform in vivo labeling 
include fusion with autofluorescence proteins, biarsenalic dyes specific to 
short sequences, carrier protein tags, and self-labeling enzymes, such as 
SNAP-tags but they have several drawbacks, such as size, photostability, 
toxicity and requirement for coexpression of an enzyme that catalyzes the 
modification (Crivat and Taraska, 2012). PTS is bio-orthogonal and therefore 
suitable for modifying proteins intracellularly. Giriat and Muir demonstrated 
this in a model system, in which green fluorescent protein (GFP) was fused 
with the N-intein, whereas the C-intein was synthetized together with a 
FLAG-tag and linked to a cell permeable peptide via a Cys-bridge (Giriat and 
Muir, 2003). In vivo ligation could be observed between the recombinantly 
expressed N-intein and the synthetic C-intein that was delivered to the cells 
by the cell-permeable peptide. In another approach, C-intein of the natively 
split DnaE intein was synthetized with a fluorescent label and used for in 
vivo labeling in HeLa cells, and, importantly, an additional quencher was 
introduced in front of the C-intein to quench the fluorescence from the 
unreacted C-intein by Förster resonance energy transfer (FRET) -quenching 
(Borra et al., 2012). 
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2.2.3.2 Segmental isotopic labeling - region specific labeling 
Nuclear magnetic resonance (NMR) spectroscopy is restricted to relatively 
small proteins (<20 kDa). This is partially caused by signal broadening 
arising from slower tumbling time, which is inherent to large proteins, and 
leads to increased transverse relaxation rates and decrease in resolution and 
sensitivity. Another cause for the size limitation is overlapping of signals 
caused by simply increased number of peaks. Broadening of signals can be 
alleviated by deuterium labeling and transverse-relaxation optimized 
spectroscopy (TROSY) (Pervushin et al., 1997; Gardner and Kay, 1998). 
Intein-mediated segmental isotopic labeling, in which only part of the target 
protein is isotopically labeled and thus “visible”, could help to overcome the 
challenge of peak overlapping (Figure 8, III). In intein-mediated segmental 
isotopic labeling the target protein is split into half and the halves are fused 
to intein fragments. The two precursors are recombinantly expressed so that 
only one of the precursors is produced in isotope-rich medium followed by 
ligation of the two halves via PTS (Figure 8, III) (Yamazaki et al., 1998; 
Otomo et al., 1999a; Otomo et al., 1999b). Intein-mediated segmental 
isotopic labeling was first shown in vitro, and in order to improve the ligation 
yield and reduce preparation time, an in vivo labeling approach was 
developed (Züger and Iwai, 2005; Muona et al., 2008; Muona et al., 2010). 
Seqmental isotopic labeling has been utilized to prepare a segmentally 
labeled 140kDa CheA protein, a 52kDa β-subunit of F1-ATPase, and a 58kDa 
mannuronan C5-epimerase AlgE4 (Yagi et al., 2004; Buchinger et al., 2010; 
Minato et al., 2012). 

For very large proteins, or proteins with many homologous domains, it 
can be beneficial to divide the protein into more than two pieces and perfom 
multiple-fragment ligation (Figure 9a). This allows labeling of only the 
central fragment of the protein. Two orthogonal inteins are required for 
multiple-fragment ligation in order to avoid unwanted reactions (cyclization 
of the central fragment, ligation of the N- and C-terminal exteins, and 
polymerization) to compete with the formation of the desired ligation 
product (Figure 9b) (Iwai et al., 2006; Dassa et al., 2007; Shah et al., 
2012). Several strategies have been described to perform multiple-fragment 
ligation and to avoid the cross-reactivity (Otomo et al., 1999a; Shi and Muir, 
2005; Busche et al., 2009; Shah et al., 2011) but none of them is universally 
applicable. Studies on orthogonal inteins could help to tackle the problem. 
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Figure 9. Multiple-fragment ligation. a) Multiple-fragment ligation with two orthogonal inteins. b) 
Different reactions by two non-orthogonal inteins. ExtN, ExtC, and ExtM, N- and C-extein and the 
middle fragment of an extein; IntN and IntC, N- and C-intein; PTS, protein trans-splicing; Int1 and 
Int2, two orthogonal inteins. 

2.2.3.3 Intein-mediated protein fragment complementation 
Inteins can be used to regulate protein functions. Extein protein activity is 
dependent on protein splicing if both the N- and C-exteins are inactive alone 
and active protein is produced via protein ligation (Figure 10a). This can be 
used either directly to control the activity of the extein protein or to study 
protein localization and interactions like in protein complementation assay 
(PCA) (Michnick et al., 2001). In PCA protein interactions or activity is 
coupled to activation of a reporter protein. Umezawa and coworkers 
developed a protein interaction assay, in which the N-intein of a split 
SceVMA or SspDnaE intein is sandwiched between the N-fragment of a split 
GFP and a POI, whereas the C-intein is cloned between the C-fragment of a 
split GFP and another POI (Ozawa et al., 2000; Ozawa et al., 2001).  
Potential interaction between the two POIs leads to reconstitution of the 
active GFP via PTS and therefore couples the protein-protein interaction with 
a fluorescent read-out. Intein-mediated PCA could further be used to follow 
intracellular localization of proteins. The C-fusion protein containing the 
split halves of SspDnaE intein and GFP was fused with mitochondrial 
targeting signal and the fragment containing the N-terminal halves with 
cDNA libraries of potential mitochondrial signals (Ozawa et al., 2003). 
Fluorescence will indicate that the intein halves are in the same intracellular 
compartment and therefore N-terminal fragment must have been localized in 
mitochondria (Ozawa et al., 2003). Localization depended activation of the 
target protein by PTS was also used for more specific targeting of expression 
of Cre and genetically encoded Ca2+ indicator (Wang et al., 2012; Wong et al., 
2012). This was achieved by cloning the halves under two different 
promoters so that the full-length target was reconstituted only in the 
intersectional expression domains (Wang et al., 2012; Wong et al., 2012; 
Hermann et al., 2014). 

Also PTS has been utilized for conditional protein splicing. Intein-
mediated protein reconstitution was utilized to create nonpervative 
genetically modified (GM) plants with male sterility and/or herbicide 
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resistance (Chin et al., 2003; Dun et al., 2007; Gils et al., 2008; Kempe et al., 
2009) and to overcome the packaging capacity limit of gene therapy vectors 
(Li et al., 2008; Subramanyam et al., 2013). PTS can be coupled to, not only 
fusion protein interaction, but also induction by small molecules or light. 
Mootz and Muir demonstrated that when SceVMA intein was split by 
replacing the EN domain with FKBP and FRB domains, which interact in the 
presence of rapamycin, the splicing activity of the SceVMA intein could be 
induced with this small molecule (Mootz and Muir, 2002). Alternatively, PTS 
can be induced with light, which allows highly specific induction in space and 
time. Tyszkiewicz and Muir created a light-inducible intein by fusing the 
halves of a split SceVMA intein with Arabidhopsis thaliana Phytochrome B 
and Phytochrome interacting factor 3, which associate and dissociate in a 
light-depended manner (Tyszkiewicz and Muir, 2008). Other light-induction 
approaches rely on prevention of either the protein splicing reaction or the 
fragment association by protecting groups, which could then be removed by 
light to induce PTS (Vila-Perello et al., 2008; Berrade et al., 2010).  

 

Figure 10. a) Activation of protein functions by PTS. b) Protein cyclization. ExtN and ExtC, N- and 
C-extein; IntN and IntC, N- and C-intein; PTS, protein trans-splicing. 

2.2.3.4 Backbone cyclization and polymerization 
Intein-mediated protein ligation can be used to introduce nonconventional 
protein backbone connectivities to engineer cyclic or polymeric proteins. 
Protein backbone cyclization can stabilize proteins via improved resistance to 
proteolysis by exopeptidases and reduction in entropy of denatured and 
intermediate states (Iwai and Plückthun, 1999; Conlan et al., 2010). PTS will 
lead to protein cyclization, if the target protein is sandwiched between the C- 
and N-intein halves (Figure 10b) (Iwai and Plückthun, 1999; Scott et al., 
1999), which has been demonstrated to enhance stability while retaining the 
activity of the target protein (Iwai and Plückthun, 1999; Iwai et al., 2001; 
Williams et al., 2005; Volkmann et al., 2010). In circumstances were 
intermolecular reaction is preferred over the intramolecular reaction, 
polymerization, rather than cyclization will take place. Polymerization has 
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been used for creating protein hydrogel, which could be used as a general 
scaffold for enzyme immobilization (Ramirez et al., 2013), and to produce 
multimeric spider silk flagelliform protein and elastin-like peptides in 
endoplasmic reticulum (ER) of tobacco plant leaf cells (Hauptmann et al., 
2013). 

2.3 HINT DOMAIN FAMILY 

The protein splicing domains of inteins, Hh-C domains, and BIL domains are 
classified to belong to the HINT domain superfamily based on conserved 
sequences, similar reaction mechanisms, and the common three-dimensional 
HINT fold (Hall et al., 1997; Amitai et al., 2003). HINT domains are believed 
to have a common origin but they have diverged to have small but relevant 
differences in their functions, and their distributions and biological roles are 
diverse (Hall et al., 1997; Pietrokovski, 2001; Amitai et al., 2003). The main 
features and distinguishing factors of hedgehog proteins and BIL domains 
are reviewed below. 

2.3.1 HEDGEHOG PROTEINS 
Hedgehog proteins are found widely distributed in eukaryotes (Bürglin, 
2008). Maturation of hedgehog proteins involves self-cleavage of Hh-C from 
the N-terminal domain (hedge domain or Hh-N) and simultaneous 
attachment of a cholesterol molecule to the C-terminus of the Hh-N (Figure 
11a) (Porter et al., 1996a and b). The reaction is catalyzed by the Hh-C 
domain and takes place in ER (Chen et al., 2011). The first N-S acyl shift is 
equivalent to that of the first step of protein splicing, followed by attack by 
the nucleophilic OH-group of a cholesterol molecule (Figure 11a) (Porter et 
al., 1996a). The attack is guided by the sterol recognition region in Hh-C, 
which binds cholesterol into the correct position (Hall et al., 1997). Timing of 
the cleavage is regulated by protein disulfide isomerase, which reduces an 
internal disulfide bond formed between the catalytic Cys (residue 1 of the 
Hh-C domain) and a conserved Cys near the C-terminus of the Hh-C domain 
(Chen et al., 2011). After cleavage, Hh-C is degraded by ER-associated 
degradation pathway (Chen et al., 2011), whereas Hh-N is secreted and 
activates the Hh pathway, which is important for the embryonic development 
of the host organism and has a role in certain cancers (Lum and Beachy, 
2004). Hh-C domains are also found associated with other than the Hh-N 
domains of hedgehog proteins (Bürglin, 2008). Functions of these other Hh-
C flanking domains are not known but they are predicted to be secreted and 
to undergo modifications, possibly by sterols, mediated by the Hh-C domain 
(Bürglin, 2008).  
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Figure 11. Mechanisms of the autoprocessing by BIL domains and hedgehog proteins. a) 
Reaction mechanism of cholesterol modification of hedgehog proteins. b) Reaction mechanism of 
protein ligation by BIL domains. X, oxygen or sulphur in the thiol or hydroxyl groups; FlankN and 
FlankC, N- and C-flanking domains; BIL, bacterial intein-like (domain); Hh-N and Hh-C, N- and C-
terminal domains of hedgehog protein. 

2.3.2 BACTERIAL INTEIN-LIKE DOMAINS 
BIL domains have characteristic sequence motifs of inteins, but lack those 
special to Hh-C domains, they have no EN domains unlike inteins and have 
some additional conserved motifs only found in BIL domains (Amitai et al., 
2003). In addition to the differences in the conserved sequence motifs, BIL 
domains differ from inteins and Hh-C domains in function, distribution, and 
insertion sites (Amitai et al., 2003; Dassa et al., 2004a). BIL domains are 
found sporadically distributed in bacteria and ciliates, in which they locate 
between protein domains or between domains and variable regions (Amitai 
et al., 2003; Dassa et al., 2004a; Dassa et al., 2004b). BIL domains are 
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further divided into three types, A, B, and C, based on differences in the 
conserved sequence motifs (Amitai et al., 2003; Dori-Bachash et al., 2009). 
The areas of distribution of the different BIL types and BIL domains and 
inteins are overlapping, since both different BIL types and inteins and BIL 
domains can be found in same species (Amitai et al., 2003). A-type BIL 
domains have all the conserved residues of inteins, which are participating in 
the splicing reaction, except the +1 residue, which can be Ser or Thr as in 
inteins, but is not limited to those (Amitai et al., 2003; Dassa et al., 2004b). 
B-type BIL domains are missing the C-terminal motif of inteins, and hence 
the exact location of the C-junction could not be verified with certainty 
(Amitai et al., 2003). C-type BIL domains are found in different predatory 
bacteria and have the characteristics BIL sequence motifs similar to A-type 
BILs, but are classified as different lineage based on phylogenetic 
comparison (Dori-Bachash et al., 2009). 

The main reactions of BIL domains appear to be cleavages although they 
also have potential to perform protein ligation since some A- and B-type BIL 
domains can perform protein ligation in small yields and an A-type BIL with 
no ligation activity could be partially “rescued” by introducing a Tyr+1Cys 
mutation (Amitai et al., 2003; Dassa et al., 2004a; Southworth et al., 2004). 
C-types BIL domains have not been studied widely but have at least N-
cleavage activity (Dori-Bachash et al., 2009). The observed protein ligation 
by this A-type BIL domain cannot occur via the conventional protein-splicing 
pathway of inteins, because it requires a nucleophilic +1 residue (Figure 4) 
(Paulus, 2000). An alternative mechanism was proposed, in which the first, 
third, and fourth steps (N-S acyl shift, Asn-cyclization, and succimidine 
hydrolysis) are same as in protein splicing by inteins but the N-S acyl shift 
and Asn-cyclization would occur simultaneously (Figure 11b) (Dassa et al., 
2004a). Ligation follows if the NH2 group of the cleaved C-flanking domain 
attacks the labile thioester bond and the aminolysis reaction leads to 
formation of a peptide bond between the N- and C-flanking domains 
(Figure 11b).  

BIL domains are proposed to participate in processing of the host 
proteins, many of which are predicted to be secreted proteins and/or toxins 
(Amitai et al., 2003; Dassa et al., 2004a; Dori-Bachash et al., 2009). BIL 
domains are typically inserted in hypervariable regions at the C-terminal 
parts of the host proteins and they could increase protein variability by 
creating variation to the C-terminal region of toxins (Amitai et al., 2003; 
Dassa et al., 2004a; Dori-Bachash et al., 2009). Interestingly, in two ciliates 
A-type BIL domains were found inserted in polyubiquitin-like genes, in 
which they were proposed to have a role in the maturation of the host protein 
(Dassa et al., 2004b). C-type BIL BbaBd2400 has N-cleavage activity and 
was shown to be differentially processed depending on the phase of the host 
organism’s life cycle (Dori-Bachash et al., 2009). It was suggested that the 
processing might be regulated by conditional N-cleavage activity of the BIL 
domain (Dori-Bachash et al., 2009). This could occur via a double Cys lock 
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mechanism, in which a conserved Cys located four residues upstream from 
the N-terminus of BbaBd2400 would form a disulfide bridge with the Cys1 
(Dori-Bachash et al., 2009). Future research to explore these hypotheses will 
clarify the different functions of BIL domains. 
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3 AIMS OF THE PRESENT STUDY 

The aim of the study was to investigate inteins and other protein-splicing 
domains as tools in biotechnology in order to develop protein-splicing 
domains with improved characteristics for biotechnological applications. 
Despite that intein-mediated applications are currently achieving wider 
acceptance, some considerable challenges are still to be resolved for them to 
be universally applicable (Aranko and Volkmann, 2011).  The main 
challenges include inteins’ sensitivity to the flanking exteins, the lack of 
efficient not cross-reactive split inteins, the need for shorter split inteins, and 
the tendency of artificially split inteins to cause solubility problems in more 
complex cases.  

In this thesis, the challenges were first tackled by investigating the 
capability of a natively split DnaE intein to tolerate shifting the split site. The 
properties of the artificially split DnaE intein were studied and compared to 
those of the natively split ones both in vivo and in vitro and in different 
extein contexts. Second, the approach was broadened to engineer split 
inteins with different split sites from different single-chain and natively split 
inteins. The engineered split inteins were compared and tested for cross-
reactivity. Third, the structure of a BIL domain was solved and its capability 
to perform protein ligation in trans was explored. BIL domains have wider 
variety of amino acids as the +1 residue, the first residue of the C-extein, and 
could thus help to overcome this inherent limitation of inteins. Finally, the 
mechanism and regulation of a new type of protein splicing reaction, intein-
mediated protein alternative splicing (iPAS), were studied. 

 
The specific goals were: 

• To expand the intein “toolkit” with well-soluble split inteins, 
which react in high yields and are not cross-reactive. 

• To engineer split inteins with shorter than 20 aa N- and C-inteins. 
• To overcome the limitation of having a nucleophilic residue in the 

ligation junction. 
• To be able to regulate protein functions by iPAS and to disentangle 

its potential biological importance. 
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4 MATERIALS AND METHODS 

The methods used in this thesis are summarized in this section to assist 
reading the following chapters. For more detailed descriptions the reader is 
referred to the original publications (Studies I-IV). 

4.1 PROTEIN LIGATION BY SPLIT INTEINS AND BIL 
DOMAINS 

Protein ligation activities of the split inteins and BIL domains were evaluated 
in vivo utilizing the previously described dual vector system (Züger and Iwai, 
2005) (Studies I, II, IV). In short, each N-intein fragment was fused to the C-
terminus of an N-terminally hexahistidine (H6) -tagged model protein (yeast 
ubiquitin-like protein Smt3, B1 domain of protein G from Streptococcus spp 
(GB1), or N-terminal domain of Src homology 3 protein (nSH3)) and each C-
intein fragment (IntC) was fused to the N-terminus of a model protein (GB1, 
GB1-H6, C-terminal domain of SH3 (cSH3), or yellow fluorescence protein 
(YFP)) (Figure 12 and Table 1). N-intein fusion proteins were cloned into 
pRSF-vectors, bearing RSF3010 origin, resistance to kanamycin, and T7-
promoter. C-intein fusion proteins were cloned into pBAD-vectors, which 
carry ColE1 origin, ampicillin resistance gene, and arabinose promoter. The 
two plasmids have compatible replicons of origin and E. coli cells could thus 
be cotransformed with the two plasmids for sequential expression of the 
fusion proteins.  

 

Figure 12. Schematic representation of the dual induction system to test PTS. IntN and IntC, N- 
and C-intein; ExtN and ExtC, N- and C-extein; PTS, protein trans-splicing; L-Ara, L-arabinose; 
IPTG, β-D-1-thiogalactopyranoside; RSF and ColE1, RSF and ColE1 origins; lacI, lac repressor 
gene; Kanr and Ampr, kanamycin and ampicillin resistance genes. 
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4.1.1 MOLECULAR CLONING 
Split intein and split BIL constructs are summarized in Table 1a and b. 
Details of cloning are described in the references given. 

Table 1a. Split N-terminal splicing domain constructs used in the Studies I, II, and IV. 

Study Protein Plasmid Reference 

I H6-GB1-NpuDnaE∆C14  pHYDuet36 Study I 
I H6-SH3N-NpuDnaE∆C35 pTMRSF07 Study I 
I H6-SH3N-NpuDnaE∆C14 pMMRSF17 Muona et al., 2008 

I, IV H6-Smt3-NpuDnaE∆C14  pHYRSF56-36 Study I 
II H6-GB1-CthBIL4∆C42 pSARSF373-740 Study II 

II H6-GB1-CthBIL4∆C16  pSARSF725 Study II 
IV H6-Smt3-NpuDnaEΔC35 pSARSF53-1 Study IV 

IV H6-Smt3-NpuDnaEΔC6 pSARSF53-93 Study IV 

IV H6-Smt3-NpuDnaEΔC3 pSARSF53-HY171 Study IV 

IV H6-Smt3-NpuDnaEΔC2 pSARSF53-HY172 Study IV 

IV H6-Smt3-NpuDnaEN35 pSARSF53-218 Study IV 

IV H6-Smt3-NpuDnaEN11 pSARSF53-756 Study IV 

IV H6-Smt3-NpuDnaBΔ283ΔC39 pSARSF53-259 Study IV 

IV H6-Smt3-NpuDnaBΔ283ΔC13 pSARSF53-115 Study IV 

IV H6-Smt3-NpuDnaBΔ283N34 pSARSF53-254 Study IV 

IV H6-Smt3-NpuDnaBΔ283N24 pSARSF53-253 Study IV 

IV H6-Smt3-NpuDnaBΔ283N13 pSARSF53-HY100 Study IV 

IV H6-Smt3-TvoVMAΔC48 pSARSF53-343 Study IV 

IV H6-Smt3-TvoVMAΔC16 pSARSF53-143 Study IV 

IV H6-Smt3-TvoVMAΔC7 pSARSF53-HY176 Study IV 

IV H6-Smt3-TvoVMAN11 pSARSF53-110 Study IV 

IV H6-Smt3-PhoRadAΔC46 pSARSF53-344 Study IV 

IV H6-Smt3-PhoRadAΔC14 pSARSF53-166 Study IV 

IV H6-Smt3-PhoRadAΔC6 pSARSF53-165 Study IV 

IV H6-Smt3-PhoRadAN38 pSARSF53-459 Study IV 

IV H6-Smt3-PhoRadAN13 pSARSF53-455 Study IV 

IV H6-Smt3-PhoRadAN11 pSARSF53-168 Study IV 

IV H6-Smt3-PhoRadAN6 pSARSF53-176 Study IV 

IV H6-Smt3-PhoRadAN5 pSARSF53-175 Study IV 

IV H6-Smt3-SspDnaBΔ275N11 pSARSF53-HY41 Study IV 

IV H6-GB1-TvoVMAN11 pSADuet110 Study IV 

IV H6-GB1-PhoRadAΔC6 pSADuet165 Study IV 

 

 

 
 
 



Materials and methods 

38 

Table 1b. Split C-terminal splicing domain constructs used in the Studies I, II, and IV.  

Study Protein Plasmid name  Reference 

I NpuDnaEC14-GB1 pHYBAD44 Study I 
I NpuDnaEC35-SH3C pHYBAD2-03 Study I 
I H6-NpuDnaEC35-SH3C pSARSF03 Study I 
I H6-NpuDnaEC14-SH3C pMMRSF1-16 Muona et al., 2008 
II CthBIL4C42-GB1 pSABAD739 Study II 
II CthBIL4C16-GB1 pSABAD726 Study II 
II H6-CthBIL4C16_C-GB1 pSARSF726 Study II 
II H6-CthBIL4C16_A-GB1 pSARSF778 Study II 
II CthBIL4C-YFP pSABAD128-771 Study II 
IV NpuDnaEC35-GB1-H6 pMHBAD14C Buchinger et al., 2010 

III, IV NpuDnaEC14-GB1-H6 pMKBAD28 Study III 

IV NpuDnaEC6-GB1-H6 pHYBAD94 Oeemig et al., 2009 

IV NpuDnaEC3-GB1-H6 pSABAD148 Study IV 

IV NpuDnaEC2-GB1-H6 pSABAD147 Study IV 

III, IV NpuDnaEΔN35-GB1-H6 pSABAD219 Study III 

IV NpuDnaEΔN11-GB1-H6 pSABAD14-HY43 Study IV 

III, IV NpuDnaBΔ283C39-GB1-H6 pSABAD250 Study III 

IV NpuDnaBΔ283C13-GB1-H6 pSABAD14-116 Study IV 

IV NpuDnaBΔ283ΔN34-GB1-H6 pSABAD252 Study IV 

IV NpuDnaBΔ283ΔN24-GB1-H6 pSABAD251 Study IV 

IV NpuDnaBΔ283ΔN12-GB1-H6 pSABAD14-111 Study IV 

III, IV TvoVMAC48-GB1-H6 pSABAD331 Study III 

IV TvoVMAC16-GB1-H6 pSABAD14-142 Study IV 

IV TvoVMAC7-GB1-H6 pHYBAD177 Study IV 

IV TvoVMAΔN11-GB1-H6 pSABAD14-98 Study IV 

III, IV PhoRadAC46-GB1-H6 pSABAD332 Study III 

IV PhoRadAC14-GB1-H6 pSABAD14-167 Study IV 

IV PhoRadAC6-GB1-H6 pSABAD14-172 Study IV 

IV PhoRadAΔN38-GB1-H6 pSABAD14-467 Study IV 

IV PhoRadAΔN13-GB1-H6 pSABAD14-466 Study IV 

IV PhoRadAΔN11-GB1-H6 pSABAD14-371 Study IV 

IV PhoRadAΔN6-GB1-H6 pSABAD14-738 Study IV 

IV PhoRadAΔN5-GB1-H6 pSABAD14-737 Study IV 

IV SspDnaBΔ275ΔN10-GB1-H6 pSABAD14-HY42 Study IV 

4.1.2 IN VIVO PROTEIN LIGATION 
E. coli ER2566 expression strain was cotransformed with the pairs of split 
inteins and grown at 37 °C in 5 mL LB medium supplemented with 
kanamycin (25 µg/mL) and ampicillin (100 µg/mL) until OD600 reached 0.4–
0.8. Expression of the C-precursor was first induced with 0.04-0.09% (w/v) 
L-arabinose for ½ h followed by induction of the N-precursor with 0.5-1 mM 
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isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were cultured for 
another 4-5 ½ h after IPTG induction and harvested by centrifuging. Cells 
were lysed either by ultrasonification or chemically using Bacterial protein 
extraction reagent (B-PER, Thermo Scientific) followed by purification of the 
soluble fraction using Ni-NTA spin columns (Qiagen). In vivo experiments to 
compensate rare codons in PhoRadA intein were performed as above except 
that cells were cotransformed with a pRARE plasmid inaddition to the pairs 
split inteins and growth medium was additionally supplemented with 
chloramphenicol (5 µg/mL). pRARE plasmid supplies for tRNA genes of rare 
codons. The elution fractions were analyzed by 18% SDS-PAGEs stained with 
PhastGelTM Blue R (GE Healthcare) based on known migration of the 
precursors and products. The insoluble fraction was not taken into account 
for the analysis. The identity of the ligation product from in vivo tests of the 
split CthBIL4C42 was additionally confirmed by mass spectrometry and 
Western Blotting with Anti-His and Anti-GFP antibodies. The band 
intensities were analysed with Image J software (NIH) and normalized 
according to their molecule sizes in order to analyse the ratio of N- and C-
cleavages, and ligation. Error bars are derived from standard deviations of at 
least three independent reactions.  

4.1.3 IN VITRO PROTEIN LIGATION 
Split intein precursors were expressed and purified separately for in vitro 
trans-splicing studies. E. coli ER2566 strain was transformed with the 
plasmid containing the split intein precursors (pRARE plasmid was 
cotransformed with construct H6-Smt3-PhoRadAΔC6) and grown at 37°C in 
LB media supplemented with kanamycin (25 µg/mL) or ampicillin (100 
µg/mL) (and chloramphenicol (5 µg/mL) to maintain pRARE plasmid) until 
OD600 reached 0.4–0.8. Expression was induced with either IPTG or L-
arabinose for 3-4 h after which cells were harvested by centrifugation and 
lysed by ultrasonification. The soluble fractions were purified by immobilized 
metal ion affinity chromatography (IMAC) utilizing the H6-tags or using IgG 
sepharose (IntC-GB1 constructs that carry no H6-tag). Elution fractions 
containing precursors were dialyzed against Ligation buffer (0.5 M NaCl, 10 
mM Tris-HCl, 1 mM EDTA, pH 7.0). The purified precursors were mixed in 
Ligation buffer in the presence of reducing agent (50 mM dithiothreitol 
(DTT), 20 mM MESNA (2-mercaptoethane sulfonic acid) or 0-5 mM TCEP in 
study I; 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) in Studies II and IV) 
in equimolar concentration (15 µM in Studies I and IV, 80 µM in Study II). 
Reactions were incubated at 25°C (Studies I and IV) or at 37°C (Study II). 
The progress of the reactions was followed by taking samples of which 
reaction was stopped by mixing with SDS loading Buffer and analyzed by 
18% SDS-PAGEs stained with PhastGelTM Blue R (GE Healthcare). Band 
intensities were defined using the software Image J (NIH) and normalized 
according to their molecule sizes in order to analyze the ratio of N- and C-
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cleavage, and ligation products. Ligation kinetics were determined using 
SigmaPlot (Systat Software Inc). The ligation ratio was defined as the 
proportion of the ligation product against the remaining precursors, ligation, 
and cleavage products. All experiments were performed in triplicates and the 
data present the mean value ± standard deviation.  

4.2 PROTEIN LIGATION BY SINGLE CHAIN BIL 
DOMAINS 

Cis-splicing and cleavage activities of single-chain BIL domains were 
analyzed in an in vivo model system with GB1-domains as model exteins 
(Study II). 

4.2.1 MOLECULAR CLONING 
The single-chain BIL-constructs are summarized in Table 2. Details of 
cloning are described in the references given. 

Table 2. Single-chain constructs used in the study. The different C-extein junction sequences are 
shown in brackets. 

Study Protein Plasmid name  Reference 
II H6-GB1-CthBIL4(A+1, N+2)-GB1  pSCFDuet7 Study II 
II H6-GB1-CthBIL4(A+1, S+2)-GB1  pSADuet712 Study II 
II H6-GB1-CthBIL4(A+1C)-GB1  pSADuet714 Study II 

4.2.2 IN VIVO PROTEIN LIGATION 
E. coli ER-2566 expression cell strain was transformed with the plasmids 
bearing the single chain BIL domains and grown at 37°C in 5 mL LB media 
supplemented with kanamycin (25 µg/mL). Expression was induced in log 
phase with 1mM IPTG followed by harvesting by centrifuging after 4 h. Cells 
were lysed with B-PER and the soluble fragment purified using Ni-NTA spin 
columns (Qiagen). Elution fractions were analyzed by 18% SDS-PAGEs 
stained with PhastGelTM Blue R (GE Healthcare). 

4.3 IPAS EXPERIMENTS 

4.3.1 MOLECULAR CLONING 
The constructs used in Study III are summarized in Table 3. Details of 
cloning are described in the references given. 
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Table 3. Constructs for testing iPAS used in Study III. 

Study Protein Plasmid name  Reference 

III H6-GB1-NpuDnaE-GB1 pSKDuet16 Ellilä et al., 2011 

III NpuDnaEC35-GB1- H6 pMHBAD14 Buchinger et al., 2010 

III NpuDnaEC14-GB1- H6 pMKBAD28 Study III 

III NpuDnaEC102-GB1- H6 pSABAD219 Study III 

III H6-GB1-TvoVMA-GB1 pSKDuet26 Ellilä et al., 2011 

III TvoVMAC48-GB1- H6 pSABAD331 Study III 

III H6-GB1-PhoRadA-GB1 pHYDuet183 Ellilä et al., 2011 

III PhoRadAC46-GB1-H6 pSABAD332 Study III 

III H6-GB1- NpuDnaE Δvariant-GB1 pHYDuet216A Study III 

III H6-GB1-NpuDnaE-GB1 pSABAD25-SK16 Study III 

III NpuDnaEC35-GB1- H6 pSADuet194-14 Study III 

III H6-GB1-NpuDnaBΔ283-GB1 pMMDuet19 Ellilä et al., 2011 

III H6-GB1-NpuDnaB-GB1 pSADuet502 Study III 

III NpuDnaBC41-GB1-H6 pSABAD250 Study III 

III H6-GB1-MjaTFIIB-GB1 pSKDuet20 Ellilä et al., 2011 

III H6-GB1-MjaTFIIBΔ170-GB1 pSADuet760 Study III 

III MjaTFIIBC53-GB1-H6 pSABAD14-750  Study III 

III H6-MBP-TvoVMA-GB1 pSEDuet40 Ellilä et al., 2011 

III H6-GB1-TvoVMA-SH3 pSABAD25-74 Study III 

III H6-GB1-TvoVMA_A-SH3  pSABAD518 Study III 

III full-length PhoRadA precursor pJORSF19 Study III 

III GFP  pJJBAD7 Iwai et al., 2001 

III GFPN -NpuDnaE-GFPC pSABADNpuGFP Study III 

III GFPN -NpuDnaE-GFPC  pSABAD352 Study III 

III GFPN-NpuDnaE-GFPC  pSABAD505 Study III 

III GFPN-NpuDnaE-GFPC pSARSF505 Study III 

III GFPN-NpuDnaE_AG-GFPC  pSABAD544 Study III 

III H6-NpuDnaEC35-GFPC  pSARSF534-3 Study III 

4.3.2 IPAS BETWEEN A SPLIT AND A SINGLE-CHAIN INTEIN 
iPAS of different inteins was tested using the dual-vector expression system 
(Züger and Iwai, 2005). E. coli ER2566 expression strain was cotransformed 
with the pairs of a full-length intein sandwiched between GB1 domains (H6-
GB1-Intein-GB1) and a split intein fused to C-terminally H6-tagged GB1 
(IntC-GB1-H6). Cells were grown at 37 °C in 5 mL LB medium supplemented 
with kanamycin (25 µg/mL) and ampicillin (100 µg/mL) until OD600 reached 
0.4–0.6. Expression of the C-precursor was first induced with 0.09% (w/v) 
L-arabinose followed by induction of the single-chain precursor with 0.67 
mM IPTG after 1 h. 4 h after addition of both inducers cell cultures were 
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harvested by centrifuging. Cells were lysed chemically using Bacterial protein 
extraction reagent (B-PER, Thermo Scientific), and the soluble fraction was 
purified using Ni-NTA spin columns (Qiagen). Experiments to study the 
induction order and concentration effect, and to test iPAS in native extein 
context were performed as above with the following exceptions. 

Induction order  
E. coli ER2566 strain was cotransformed with the two plasmids coding for a 
full-length and a split NpuDnaE intein and expressed as above except that 
arabinose induction was continued for 1½ h. The first induction was 
followed by a wash step and changing the media into LB-media 
supplemented with 0.67 mM IPTG, in which cells were cultured for 4 hours 
before harvesting. To switch the order, the backbones of the constructs were 
swapped and experiment repeated as described above.  

Concentration effect 
E. coli ER2566 strain was cotransformed with the two plasmids coding for a 
full-length and a split NpuDnaE intein and expressed as above except that L-
arabinose concentration was varied (0, 0.0002, 0.002, 0.02, or 0.2% (w/v)) 
and IPTG was added in final concentration of 1 mM. 

iPAS in native extein context  
E. coli ER2566 strain was cotransformed with the two plasmids coding for 
the PhoRadA precursor (including native exteins) and split PhoRadA intein 
together with pRARE plasmid and growth in 2L LB-media supplemented 
with kanamycin (25 µg/mL), ampicillin (100 µg/mL), and chloramphenicol 
(5 µg/mL). In addition, cells were induced with 0.13 % (w/v) L-arabinose 
followed by induction with 1mM IPTG after half an hour and culturing at 25 
°C for overnight.  

Analysis of iPAS ratios 
All elution fractions were analyzed by 18% SDS-PAGEs stained with 
PhastGelTM Blue R (GE Healthcare) and the band intensities were analyzed 
with Image J software (NIH) to analyze the ratio of cis-splicing and iPAS 
products. Experiments were repeated three times and the data present the 
mean value ± standard deviation. More detailed description can be found in 
Study III. Mass spectrometric analyses were performed from larger scale 
expressions as described in Study III. 
 

Expression and purification for mass spectrometric analysis 
E. coli ER2566 expression strain was cotransformed with the pairs of a split 
and a single-chain intein. Cells were grown at 37 °C in 0.5-2 L LB medium 
supplemented with kanamycin (25 µg/mL) and ampicillin (100 µg/mL) until 
OD600 reached 0.4–0.6. Expression of the C-precursor was first induced with 
0.08-0.16% (w/v) L-arabinose followed by induction of the single-chain 
precursor with 0.67-1 mM IPTG after 1 h. After induction with both inducers 
for 3½-4 h, cell cultures were harvested by centrifugation, resuspended into 
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Buffer A (50 mM sodium phosphate, 300 mM NaCl, pH 8.0), and lysed by 
ultrasonification. The soluble fractions were purified by IMAC using a 5 mL 
HisTrap HP column (GE Healthcare). Elution fractions from IMAC 
purification of MjaTFIIB intein were dialyzed against 10 mM sodium 
phosphate, pH 8 for overnight and subjected to additional purification step 
using a MonoQ 5/50 GL column (GE Healthcare). Linear gradient of 0-200 
mM NaCl was applied to elute the iPAS product. Elution fractions containing 
the iPAS products were analyzed by MALDI-TOF MS (Ultraflex Bruker 
Daltonics) at the Protein Chemistry Unit of Institute of Biotechnology.  

4.3.3 IPAS BETWEEN TWO SINGLE-CHAIN INTEINS 

In order to be able to track for the alternative-splicing product, TvoVMA 
intein was fused either between N-terminally H6-tagged maltose binding 
protein (MBP) and a GB1 domain (H6-MBP-TvoVMA-GB1) or between an N-
terminally H6-tagged GB1 and a SH3 domain (H6-GB1-TvoVMA-SH3), and 
cloned into a pDuet-vector and a pBAD-vector, respectively. E. coli ER2566 
strain was cotransformed with the two vectors and grown at 37 °C in 5 mL LB 
medium supplemented with kanamycin (25 µg/mL) and ampicillin (100 
µg/mL) until OD600 reached 0.4–0.6. Expression of the first precursor was 
induced with 0.13% L-arabinose for ½ h at 25 °C after which the second 
inducer was added (1 mM IPTG) and induction continued for ~16 h more, 
before the cells were harvested by centrifuging and analyzed as described 
above. To confirm the result, the experiment was repeated with an inactive 
mutant of one of the precursors (H6-GB1-TvoVMA-SH3), in which the last 
residue of the intein and the first residue of the extein were mutated to Ala 
(H6-GB1-TvoVMA_A-SH3). For MS analysis, the two active constructs were 
expressed as above, except that H6-MBP-TvoVMA-GB1 was induced with 1.1 
mM IPTG and the cells were induced 6 h at 37 °C before transferring the 
cultures into 25 °C for additional ~12 h. Cells were harvested by centrifuging 
and purified as described above for the iPAS products from split and single-
chain MjaTFIIB intein except that a gradient of 0-500 mM NaCl was applied 
to elute the proteins in the second step. 

4.3.4 IPAS TO CONTROL GFP ACTIVITY 
E. coli ER2566 expression strain was cotransformed with the two constructs 
coding for GFPN-NpuDnaE_AG-GFPC and H6-NpuDnaE-GFPC, grown at 37 
°C in 5 mL LB media supplemented with kanamycin (25 µg/mL) and 
ampicillin (100 µg/mL) until OD600 reached 0.4–0.6. The split precursor was 
first induced with 0.6 mM IPTG and cultures transferred into 30 °C followed 
by induction of the inactive full-length precursor with 0.12% (w/v) L-
arabinose after ½ h. Cell cultures were harvested by centrifuging after 
overnight expression, lysed into phosphate-buffered saline Buffer and 
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exposed to 365 nm UV light for taking pictures. Suppressing the GFP activity 
was demonstrated with coexpression of H6-GFPN-NpuDnaE-GFPC together 
with either NpuDnaEC35-GB1-H6 (for suppression) or MjaTFIIBC53-GB1-H6 
(control). Cells were grown as described above but induced first with L-
arabinose (0, 0.0002, 0.002, 0.02 or 0.2% (w/v)) for 1 h to start expression 
of the split fragment followed by induction of the full-length construct with 
final concentration of 0.67 mM IPTG. Cells were incubated for 4 h followed 
by harvesting and visualization as above. 

4.4 STRUCTURAL STUDIES 

4.4.1 MOLECULAR CLONING 
The constructs used for structural studies are summarized in Table 4. In 
short, inactivating mutations were introduced to prevent protein splicing and 
the inactive inteins were fused into C-terminus of a purification tag (H6-tag) 
and a solubility/cleavage-tag (Smt3 domain). Details of cloning are described 
in the references given. 

Table 4. Inactive constructs for structural studies used in Studies II-IV. 

Study 
(Method) 

Protein Plasmid 
name 

Reference 

II (NMR) H6-Smt3-C1A_CthBIL4 pSCFRSF17 Study II 

III (NMR) H6-Smt3-C1A_NpuDnaE(Swapped) pJDJRSF05 Heinämäki et al.,2009 

III (NMR) NpuDnaEC35-GB1-H6 (Swapped) pMHBAD14 Buchinger et al., 2010 

IV (X-ray) H6-Smt3-C1A_TvoVMAΔ21_T+1A pJORSF73 Study IV 

IV (X-ray) H6-Smt3-C1A_NpuDnaBΔ290_S+1A pCARSF02 Study IV 

4.4.2 PROTEIN EXPRESSION AND PURIFICATION  
 
All single-chain proteins used for X-ray and NMR experiments were 
expressed and purified as follows. E. coli ER2566 cells were transformed 
with the plasmids containing genes for inactive inteins and expressed at 37 
°C in either LB-media (for X-ray experiments) or M9-media supplemented 
with 15NH4Cl and 20/100% 13C-glucose as sole nitrogen and carbon sources 
(for NMR experiments) supplemented with kanamycin (25 µg/mL). 
TvoVMAΔ21 intein was cotransformed with pRARE plasmid for rare tRNA 
supplementation and was expressed in the presence of chloramphenicol (5 
µg/mL). Expressions were induced in log-phase with IPTG and harvested by 
centrifuging. Soluble fractions from expressions were purified by IMAC 
utilizing the H6-tags, followed by cleavage of the H6-Smt3 tag with ubiquitin-
like protease 1 (Ulp1) and second purification by either IMAC or anion 
exchange to remove the cleaved tag. Fractions containing the protein were 
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dialyzed against MQ grade water (for X-ray) or 10 mM or 20 mM Sodium 
phosphate (pH 6.0/7.0) (for NMR) and concentrated using centrifugal filter 
devices.  

To produce swapped complex for NMR studies E. coli ER-2566 cells were 
cotransformed with the two plasmids coding for H6-Smt3-C1A_NpuDnaE 
and NpuDnaEC35-GB1-H6. Cells were grown in LB-media at 37 °C in the 
presence of kanamycin (25 µg/mL) and ampicillin (100 µg/mL). Expression 
of the split precursor was first induced with 0.2% (w/v) L-arabinose for 3 h 
followed by a wash step and change of media into M9-media with 100% 
15NH4Cl and 20% or 100% 13C-glucose as the sole nitrogen and carbon 
sources. Expression of the full-length intein was induced in the second media 
with 1 mM IPTG (final concentration) and cells were cultured for three more 
hours before harvesting. Purification followed the protocol above. 

4.4.3 PROTEIN CRYSTALLIZATION 
Protein crystallization conditions were first screened using Index HT screen 
(Hampton Research) with sitting drop vapour diffusion in a 96-well plate 
(Innovadyne SD-2) with an 80 µL reservoir solution and protein drops of 100 
nL mixed with 100 nL reservoir solution, at 293 K. Crystallization conditions 
were then optimized based on initial screens as summarized in Table 5. X-
ray data processing and structure refinement are described in Study IV. 

Table 5. Crystals for data collection. 

Intein 
(study) 

Conc. 
(mg/mL) 

Screen Conditions Cryoprotectant 

NpuDnaBΔ290 

(IV) 

63 Manually set sitting 

drop vapour 

diffusion with 300 

µL reservoir solution 

and 1 µL protein 

drops mixed with 1 

µL reservoir solution. 

0.1 M Bis-

Tris, pH 5.5, 

and 3.0 M 

NaCl 

20% glycerol 

solution mixed in 

mother liquor 

TvoVMAΔ21 

(IV) 

20 Sitting drop vapour 

diffusion grid screen 

with 500 µL 

reservoir solution 

and 0.5 µL protein 

drops mixed with 0.5 

µL reservoir solution. 

0.1 M 

HEPES (pH 

7.0) and 25% 

MPD 

- 
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4.4.4 NMR MEASUREMENTS AND STRUCTURE REFINEMENT 
All NMR spectra were measured on a Varian INOVA 600 MHz or 800 MHz 
spectrometer (Varian Inc, Pao Alto, CA, USA) equipped with cryogenic probe 
head at 298 K (CthBIL4, swapped NpuDnaE intein, and TvoVMAΔ21 intein) 
or at 307 K (TvoVMA intein). The protein concentrations, buffers and spectra 
recorded are listed in Table 6. All spectra were processed using NMRpipe 
(Delaglio et al., 1995). The resonance assignment for mapping of the shifted 
residues in the swapped complex were confirmed based on previously 
reported chemical shifts (Study III). For CthBIL4 (Study II), spectra listed in 
Table 6 were measured for the specific resonance assignment and structure 
determination. Specific resonance assignment was performed using 
CCPNMR analysis 2.3 (Vranken et al., 2005) and 97% of the expected 
resonances were completed. CthBIL4 structure was calculated using CYANA 
3.0 (with an automatic NOE assignment procedure) (Güntert, 2009). 100 
structures were calculated in each round and the 20 with the lowest CYANA 
target function were chosen for energy refinement. The structures were 
energy refined using AMBER in a 10Å water shell (Bertini et al., 2011). 
Structure quality was validated using NMR-CING (Doreleijers et al., 2012). 

Table 6. Spectra recorded. 

Intein  
(study) 

Conc. 
(mM) 

Buffer Spectra recorded 

CthBIL4 

(II) 

1.2 20 mM sodium 
phosphate (pH 6) 

[1H,15N]-HSQC, aliphatic CT-
[1H,13C]-HSQC, HNCACB, 
CBCA(CO)NH, HNCO, HN(CA)CO, 
15N-edited TOCSY (mixing time 50 
ms), HN(CO)HAHB, H(C)CH-COSY, 
H(C)CH-TOCSY (mixing time 50 
ms), (HB)CB(CGCD)HD, 
(HB)CB(CGCDCE)HE, aromatic CT-
[1H,13C]-HSQC. 15N-edited 
NOESYHSQC (mixing time 80 ms), 
aliphatic 13C-edited NOESY-HSQC 
spectra (mixing time 80 ms) 

NpuDnaE/NpuDnaEC35 

(Swapped) 

(III) 

~1 20 mM sodium 

phosphate (pH 6) 

[1H,15N]-HSQC, HNCA, HNCACB, 

CC(CO)NH 

TvoVMA 

(IV) 

0.4 10 mM sodium 

phosphate (pH 6) 

[1H, 15N]-TROSY HSQC  

TvoVMAΔ21 

(IV) 

0.5 20 mM sodium 

phosphate (pH 7) 

[1H, 15N]-HSQC  
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5 RESULTS 

5.1 NOMENCLATURE OF SPLIT AND MINIMIZED 
INTEINS 

More than 70 natively and artificially split inteins have been experimentally 
described to date (Aranko et al., 2014). The nomenclature used for the split 
inteins is, however, inconsistent, which makes it difficult to compare the 
inteins described in different studies. The varying lengths and secondary 
structure compositions of inteins complicate the naming. In Study IV, a 
systematic naming system is introduced, in which each intein is named 
according to the length of the shorter fragment (Figure 13). The shorter half 
is named by indicating the length and the termini it is counted from (N or C) 
as a subscribed suffix at the end of the intein’s name (Figure 13). The longer 
fragment of the split intein is named accordingly but a delta (∆) sign is added 
in front of the suffix (Figure 13). The naming system allows intuitive 
comparison of the split inteins, because the N- and C-termini of inteins are 
conserved. It also enables comparison of the lengths of the shorter split 
intein halves, which is important in many applications, especially in protein 
semisynthesis (Mootz, 2009). The names according to the nomenclature are 
used systematically in this thesis. 

 

Figure 13. Nomenclature for split inteins. a) Naming of split inteins, if N-intein is shorter. b) 
Naming of split inteins, if C-intein is shorter. The length of the shorter fragment is indicated 
subscribed after the name of the intein. The subscribed letter N or C indicates, which half is 
shorter. ExtN and ExtC, N- and C-extein; IntN, and IntC, N- and C-intein. Adapted from Study IV. 

In addition, a nomenclature system for minimized inteins was introduced. 
Deletions in minimized inteins are mostly made at the EN-block and the 
main distinguishing characteristic of the different minimized inteins is the 
length of the deletion. Therefore, minimized inteins were named according to 
the length of the deleted region, which is indicated as superscripted suffix at 
the end of the inteins name, preceded by a delta (∆) sign. For example, 
minimized SspDnaB intein from which a 275 aa segment is removed, is called 
SspDnaB∆275 intein according to the system. 
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5.2 SPLIT DNAE INTEINS WITH SHORTER C-INTEINS 

Split inteins are both found in nature and can be artificially created by 
dissecting single-chain inteins (Shingledecker et al., 1998; Wu et al., 1998b). 
The natively split inteins are in general faster, react in higher yields, and are 
more soluble than the artificially split inteins (Aranko et al., 2014). With one 
exception, natively split inteins are split at the EN-block, which locates ~100 
aa from the N-terminus and ~30-60 aa from the C-terminus (Caspi et al., 
2003; Dassa et al., 2009; Thiel et al., 2014). For semisynthetic approaches, it 
would, however, be beneficial to have split inteins with very short (<20 aa) 
N- or C-inteins. The aim of Study I was to engineer a split DnaE intein with 
shorter C-intein fragment. 

5.2.1 ENGINEERING SPLIT DNAE INTEIN WITH SHORTER C-INTEIN 
SspDnaE intein was the first natively split intein described (Wu et al., 1998a) 
and has been widely used for studies on both inteins and their applications. 
Split SspDnaE inteins with 2, 5, 8, 15, 22, and 29 residues long C-inteins 
were constructed by shifting the split site towards the C-terminus (Figure 
14a) (Study I). The engineered split inteins with 15 aa or longer C-intein 
were active in PTS, but only in low yields (1-16%), which makes them 
unsuitable for most practical applications (Figure 14a) (Study I). Another 
natively split DnaE intein, NpuDnaE intein, was reported to have superior 
splicing activity compared to that of the SspDnaE intein (Iwai et al., 2006). 
In order to test, whether other split inteins derived from the NpuDnaE intein 
were also better, a split NpuDnaEC14 intein dissected at the same loop as the 
SspDnaEC15 intein, which was the best of the engineered split SspDnaE 
inteins, was constructed (Figure 14a and b). The split intein pairs were 
tested using a dual-vector expression system, which allows rapid testing of 
versatile pairs (Figure 12) (Züger and Iwai, 2005). Indeed, a near 100% 
ligation yield was obtained for the engineered NpuDnaEC14 intein in vivo 
(Figure 14c). Remarkably, this was the first split intein reported, that had 
<30aa C-intein part and sufficient ligation yield. These data not only show 
that the split sites of natively split inteins could be shifted but also 
demonstrate that these artificially split inteins can be highly efficient. 
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Figure 14. Location of the split site and in vivo PTS by the new NpuDnaEC14 intein. a) Schematic 
presentation of the locations of the split sites in intein sequences. The newly created split sites 
are shown in bold and in blue, if functional, and in red, if not functional. The ligation yields 
determined from in vivo expression tests are shown above the split sites. The lengths of the 
inteins are given on the right. The locations of the conserved sequence blocks are shown and the 
secondary structures are indicated with grey ellipses (α-helices) and black pentagons (β-sheets). 
b) The NMR solution structure of NpuDnaE intein (PDB: 2KEQ).  Split sites are indicated by 
triangles. The residues preceding the split sites are shown in sticks model, and are colored in 
blue. N and C termini of the protein structures are indicated. Extein residues are not shown. The 
native split site is depicted with asterisks.c) SDS-PAGE analysis of in vivo PTS by the 
engineered NpuDnaEC14 intein. Lanes: 1, before induction; 2, 1½ h after induction with L-
arabinose; 3 and 4, 1½ h and 3 h after induction with both IPTG and L-arabinose, respectively; 5, 
elution from IMAC. Adapted from Study I. 

5.2.2 EXTEIN EFFECT 
 
In principle, protein splicing by inteins is independent from the extein 
context. However, it was observed that the two SH3 domains from c-Crk-II 
adaptor protein could not be ligated with the natively split NpuDnaE intein, 
but instead only cleavage reactions were observed (Figure 15a and Table 
7). Replacing the N-terminal nSH3 domain with GB1 could not restore 
protein splicing, whereas replacing the C-terminal cSH3 domain with GB1 
could restore it (Figures 15b and c and Table 7). This indicated that the C-
fragment might cause the problem and inspired to test the newly engineered 
NpuDnaEC14 intein with the SH3-exteins. Indeed, when the natively split 
intein was replaced with the engineered NpuDnaEC14 intein, protein ligation 
could be obtained (Figure 15d and Table 7). Therefore, in addition to being 
highly efficient, the split NpuDnaEC14 intein appears to be more tolerant 
towards extein sequences. This difference might arise from the better 
solubility of the shorter C-intein or be due to charge effect. The C-inteins of 
natively split inteins are reported to be poorly soluble in certain cases (Shah 
et al., 2012; Zheng et al., 2012). 
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Figure 15. Reactions of NpuDnaEC35 and NpuDnaEC14 inteins in different extein contexts. SDS-
PAGE analysis of in vitro protein ligation of a) nSH3 and cSH3 by NpuDnaEC35 intein in the 
precence of 50 mM DTT, b) GB1 and cSH3 by NpuDnaEC35 intein in the precence of 50 mM DTT, 
c) nSH3 and GB1 by NpuDnaEC35 intein in the presence of different reducing agents, and d) 
nSH3 and cSH3 by NpuDnaEC14 intein in the precence of 0.5 mM TCEP. Lanes: a) 0, 0 min; 1, 10 
min; 2, 3 h; 3, 24 h after mixing, b) 0, 0 min; 1, 3 min; 2, 3 h; 3, 24 h after mixing, c) after 
overnight incubation, d) 1, 0 min; 2, 3 min; 3, 10 min; 4, 30 min; 5, 1 h; 6, 3 h; and 7, 22 h after 
the mixing. Asterisks indicate impurities. Adapted from Study I. 

Table 7. The final yields of the protein ligation by protein trans-splicing. Adapted from Study I. 

Intein N-extein 
 

C-extein Yield (%) 
with 50 mM DTT 

Yield (%) 
with 0.5 mM TCEP 

NpuDnaEC35  nSH3 cSH3 n.d. n.d. 

 GB1 cSH3 n.d. n.d. 

 nSH3 GB1 77±10 61±8 

NpuDnaEC14 nSH3 cSH3 27±10 50±7 

 Smt3 GB1 9±3 65±7 

n.d., not detectable 

5.2.3 REDUCING AGENTS AND KINETICS 
Preventing cleavage reactions is important for protein ligation applications, 
because cleavage reactions reduce the final yield and complicate the 
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purification of the ligation product. With the SspDnaE intein it was reported 
that DTT converts the reaction to cleavage (Martin et al., 2001). On the 
contrary, the ligation yield of nSH3 and GB1 by the natively split NpuDnaE 
intein was not affected by the reducing agent (Figure 15c and Table 7). The 
observed ligation yield of NpuDnaEC14 intein with nSH3 and cSH3 as the N- 
and C-exteins was reduced when performed in the presence of DTT 
compared to the reaction at the presence of TCEP due to the competing 
cleavage reaction (Table 7). With Smt3 and GB1 as the N- and C-exteins, the 
ligation yield decreased even more drastically although still not completely 
(Figure 16 and Table 7). These differences are likely to arise from the 
different kinetics of the ligation reactions. The results demonstrate that the 
split site and the exteins can affect inteins susceptibility to cleavage reactions 
by affecting the kinetic rates of the competing pathways. 

 

Figure 16. Protein ligation of Smt3 and GB1 by NpuDnaEC14 intein. Time courses and kinetic 
analysis of protein ligation and cleavage in the presence of a) 0.5 mM TCEP or b) 50 mM DTT. 
Lanes: 1, 0 min; 2, 3 min; 3, 10 min; 4, 30 min; 5, 1 h; 6, 3 h; and 7, 24 h after the mixing. 
Adapted from Study I. 
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5.3 ENGINEERING NEW SPLIT INTEINS FROM 
DIFFERENT MINI-INTEINS 

DnaE inteins are superior in terms of the ligation yields and kinetics and 
have therefore been widely exploited in intein-mediated applications (Iwai et 
al., 2006; Zettler et al., 2009; Shah and Muir, 2011). There are, however, 
some limitations to the natively split DnaE inteins. First, DnaE inteins are 
cross-reactive with each other, which prevents their use in multiple-fragment 
ligation (Iwai et al., 2006; Dassa et al., 2007; Shah et al., 2012). This 
problem can be circumvented if two different split sites are used and the 
ligation is performed sequentially (Busche et al., 2009). However, “one-pot 
ligation” is not possible with this system. In addition, the relatively long 
intein halves of natively split inteins may cause problems with solubility 
(Iwai et al., 2006; Dassa et al., 2007; Shah et al., 2012; Zheng et al., 2012) 
and are not optimal for semisynthesis applications (Mootz, 2009). Finally, 
the junction sequence tolerance depends on the intein and its native 
insertion site (Southworth et al., 1999; Iwai et al., 2006; Oeemig et al., 2012; 
Cheriyan et al., 2013). The natively split DnaE inteins are allelic, which 
suggests that they most likely have similar junction sequence requirements. 
Therefore, a set of split inteins with different junction sequence specificities 
could be used as a toolkit from which a suitable one for the insertion site in 
demand can be selected. 

Encouraged by the successful engineering of NpuDnaE intein to create 
new split inteins (Study I; Oeemig et al., 2009), the aim of Study IV was to 
engineer split inteins from different mini-inteins. Four single-domain inteins 
were selected for engineering based on their efficient cis-splicing activities 
(Ellilä et al., 2011). The selected inteins were the natively split NpuDnaE 
intein, two thermophilic mini-inteins; RadA intein from Pyrococcus 
horikoshii (PhoRadA intein) and VMA intein from Thermoplasma 
volcanium (TvoVMA intein), and an artificially minimized DnaB intein from 
the same host organism (Nostoc punctiforme) as NpuDnaE intein 
(NpuDnaBΔ283 intein) (Ellilä et al., 2011). 

5.3.1 MINI-INTEINS ARE TOLERANT OF SPLITTING 
Structural data can assist in design of the split sites because the locations of 
the loops are not fully conserved and the sequence identities between 
different non-allelic inteins are low (Perler et al., 1997). Solution structure of 
a single-chain variant of NpuDnaE intein (2KEQ) and crystal structure of 
PhoRadA intein (2LQM) had been previously reported (Figures 17a and c) 
(Heinämäki et al., 2009; Oeemig et al., 2012). In addition, the crystal 
structures of minimized NpuDnaBΔ290 and TvoVMAΔ21 inteins were 
determined in Study IV (Figures 17b and d). In Study IV, 21 new split 
inteins were designed based on structural data and homology to known split 
inteins (Figure 16). PTS activities of the newly engineered split inteins and 
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three “control” inteins (the previously described NpuDnaEC35, NpuDnaEC14, 
and NpuDnaEC6 inteins) were evaluated using the dual vector expression 
system (Züger and Iwai, 2005). 

 

Figure 17. Locations of the split sites tested. a) The NMR solution structure of NpuDnaE intein 
(PDB: 2KEQ). b) The crystal structure of NpuDnaBΔ290 intein (PDB: 4O1R). c) The NMR solution 
structure of PhoRadA intein (PDB: 2LQM). d) The crystal structure of TvoVMAΔ21 intein (PDB: 
4O1S). Split sites are indicated by triangles. The residues preceding each split site are shown as 
stick models in blue for functional split sites or in red for non-functional split sites. C48 split site of 
TvoVMA intein is located at the region deleted for structural studies indicated by Δ. Functional 
split sites are highlighted in bold and underlined. An asterisk indicates the native split site of 
NpuDnaE intein. N and C termini of the protein structures are indicated. e) Schematic 
representation of locations of the split sites in intein sequences. The previously reported split 
sites are shown with dash line. The newly engineered split sites are shown in blue, if functional, 
and in red, if not functional. The lengths of the inteins are given on the right. The locations of the 
conserved sequence blocks are shown and the secondary structures are indicated with grey 
ellipses (α-helices) and black pentagons (β-sheets). Adapted from Study IV. 
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Split sites were designed to locate primarily in the EN-block and at the 

sites corresponding to the split sites in the previously described and widely 
used NpuDnaEC14 (called “C14” -split site) and SspDnaBΔ275N11 (“N11” -split 
site) inteins. First, split inteins engineered from the single-chain 
NpuDnaBΔ283, PhoRadA, and TvoVMA inteins by splitting at these three split 
sites were engineered (Figures 17b-e). In addition, “N11”-split NpuDnaE 
intein was constructed for testing (Figures 17a and e). All tested split 
inteins were active in PTS except for the NpuDnaBΔ283

C13 intein (Figure 
18b). Next, two more sites were selected for splitting in order to examine 
inteins’ tolerance for splitting at less commonly employed split sites. First, 
NpuDnaE intein was dissected at the region that corresponds to the native 
split site by two-fold pseudosymmetry (NpuDnaEN35). Second, PhoRadA 
intein was split at the loop located in the insertion that is found ~25 aa from 
the N-terminus in the six reported structures of thermophilic inteins 
(PhoRadAN38) (Figure 17) (Aranko et al., 2014). Both NpuDnaEN35 and 
PhoRadAN38 inteins were functional and resulted in high yields of ligation 
(Figure 18). The split inteins derived from NpuDnaBΔ283 intein 
(NpuDnaBΔ283

N24 and NpuDnaBΔ283
N34 intein) that were split at the 

corresponding sites were, however, inactive or only minor amounts of 
ligation product could be detected (Figures 17b and 18b).  

Finally, in order to investigate the minimal required lengths of the split 
halves, the shortest N- and C-inteins were shortened further and tested for 
ligation activity. First, the split sites of the functional TvoVMAC16 and 
PhoRadAC14 inteins were shifted to the loop nearest to the C-termini to create 
TvoVMAC7 and PhoRadAC6 inteins (Figures 17c-e). In addition, split inteins 
with only three and two residue-long C-inteins (NpuDnaEC3 and NpuDnaEC2 

inteins) were engineered from NpuDnaEC6 intein that was previously 
reported to be functional (Figures 17a and e) (Oeemig et al., 2009). 
Second, PhoRadA intein was selected for studying the minimal length of the 
N-intein due to the relatively high ligation yields of PhoRadAN11 and 
PhoRadAN13 inteins. PhoRadA intein was split at the first loop from N-
terminus to engineer split inteins with five and six residue-long N-inteins 
(PhoRadAN5 and PhoRadAN6) (Figures 17c and e). The two new split inteins 
with six and seven residue-long C-inteins (TvoVMAC7 and PhoRadAC6 
inteins) were functional, whereas all inteins that were split less than six 
residues from the C-termini or less than 11 residues from the N-termini of the 
inteins were inactive in PTS (Figure 18).  
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Figure 18. In vivo PTS by the new split inteins. Comparison of in vivo PTS by the different split 
inteins derived from a) NpuDnaE intein, b) NpuDnaBΔ283 intein, c) PhoRadA intein, and d) 
TvoVMA intein. L, N, and C stand for the percentages of ligation reaction (filled bars), N-cleavage 
(slashed bars), and C-cleavage (open bars), respectively, as quantified from the soluble reaction 
products. The split sites are shown below the graphs. Asterisks indicate that the cleavage 
reactions could not be analysed due to poor separation between the cleaved product and the 
precursor in SDS-PAGEs. Data presents mean values ± s.d. (n = 3). Reprint from Study IV. 

5.3.2 QUANTITATIVE COMPARISON OF YIELDS 
Two issues, the purity of the ligation reaction and the total amount of ligation 
product are important for the economical feasibility of the in vivo 
applications of split inteins. The purity of the reaction, which is, how much 
precursors and side-products there are compared to the ligation product, 
affects the number of purification steps required. To estimate this, the 
ligation yields were determined as a fraction of the total elution fraction 
(Figure 19). The analysis highlighted the superior properties of the 
NpuDnaEC35 and NpuDnaEC14 inteins. High yields (>60%) were also obtained 
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for all the inteins split at the EN-block and for the NpuDnaEN35 and 
PhoRadAN38 inteins. The normalized ligation yield is affected by the ligation 
and cleavage ratios and how the expression levels of the two precursors are 
balanced.  

 

Figure 19. Normalized protein ligation yields from in vivo PTS by the new split inteins. 
Normalized yields were quantified as the percentage of the ligation product against all the 
proteins in the elution fraction. The inteins and split sites are indicated below the graph. Data 
presents mean values ± s.d. (n = 3). Reprint from Study IV. 

Next, relative ligation yields were quantified. The total yields, which are 
affected by the expression levels and the ligation efficiency, can be crucial to 
applications such as segmental isotopic labeling (Minato et al., 2012). 
NpuDnaEC14 and NpuDnaBΔ283

C39 inteins resulted in highest yields. Instead, 
the relative yields of the split inteins derived from the thermophilic PhoRadA 
and TvoVMA inteins, which had relatively high proportional ligation ratios 
(Figure 18c and d), were remarkably low (Figure 20). The relative yields 
of the split PhoRadA inteins were substantially improved after 
supplementing tRNAs for rare codons, which indicates that the different 
codon usage in the model organism E. coli and the thermophilic host 
organism Pyrococcus horikoshii could lead to reduced expression levels 
(Figure 20).  
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Figure 20. Relative ligation yields from in vivo PTS by the new split inteins. Relative ligation 
yields were quantified based on the intensities of the ligation product bands in SDS-PAGEs. The 
inteins and split sites are indicated below the graph. The data presents mean values ± s.d. (n = 
3). Ligation yields of split PhoRadA inteins with tRNA supplementation are shown by open bars. 
Reprint from Study IV. 

Not detectable by these experiments is the possible insolubility of the 
inteins, which could prevent their use for in vitro applications. For example, 
the otherwise promising inteins split at the EN-block, including 
NpuDnaBΔ283

C39 intein, were often poorly soluble, probably because large 
hydrophobic regions are exposed (data not shown). This is not surprising, 
since poor solubilities are commonly reported to artificially split inteins that 
are split at the EN-block (Mills et al., 1998; Southworth et al., 1998; 
Yamazaki et al., 1998; Otomo et al., 1999a; Yagi et al., 2004; Shah et al., 
2012; Zheng et al., 2012).  

5.3.3 PTS IN VITRO  
The size limitation of solid phase peptide synthesis can be overcome by 
protein semisynthesis via protein ligation. The smaller the intein part is, the 
more flexibility there is for the design of the synthetic fusion protein. To test 
the potential of the newly engineered split inteins for semisynthesis 
applications, the N- and C-precursors of the newly created TvoVMAN11 and 
PhoRadAC6 inteins were expressed and purified for testing in vitro PTS. The 
purified protein fragments were mixed in equimolar concentrations and 
during the reaction samples were taken in time-intervals (Figure 21). 
Kinetics and yields of the new split inteins were of the same scale than those 
reported for the previously described split inteins with short N- and C-
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terminal fragments (Figure 21) (Appleby et al., 2009; Oeemig et al., 2009; 
Lin et al., 2013). 
 
 

 

Figure 21. In vitro PTS. Kinetic analysis of PTS by a) PhoRadAC6 and b) TvoVMAN11 inteins. 
SDS-PAGE analysis of the reaction (left panel) and kinetic analysis (right panel). Time from the 
start of the reaction is given above lanes in minutes. The ligation products are highlighted in bold. 
Data presents mean values ± s.d. (n = 3). Reprint from Study IV. 

5.3.4 CROSS-REACTIVITIES OF THE ENGINEERED SPLIT INTEINS 
One of the main motivations to engineer split inteins from different non-
allelic mini-inteins was to avoid cross-reactivity. To investigate the suitability 
of the new split inteins for multiple-fragment labeling approaches, the cross-
reactivities of the split inteins that were split near the N- and C-termini, at 
the “N11”, “C14”, and “C6” sites, were tested. First, the functional inteins split 
at the first loop from the N-terminus, “N11” site, were tested for cross-
reactivity with each other and with the widely used SspDnaBΔ275N11 intein. As 
expected, the C-intein of NpuDnaBΔ283N13 and the N-intein of the allelic 
SspDnaBΔ275N11 intein did cross-react (Table 8a). However, no cross-
reactivity was detected for the N-intein of NpuDnaBΔ283N13 and the C-intein 
of the allelic SspDnaBΔ275N11 inteins despite the high (>50%) sequence 
homology (Table 8a). This could be because NpuDnaBΔ283 intein has Leu at 
positions 2 and 8 instead of the Ile residues in the SspDnaBΔ275N11 intein, 
which were reported to be important for its splicing activity (Ludwig et al., 
2008). Next, the cross-reactivities of the new “C6” split inteins (PhoRadAC6 
and TvoVMAC7 inteins) and the previously described NpuDnaEC6 intein were 
tested. The NpuDnaEC6 intein did not cross-react with either of the two 
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inteins (Table 8b). Instead, PhoRadAC6 and TvoVMAC7 inteins did cross-
react with each other, which was anticipated given the nearly identical 
sequences of the C-inteins, TvoVMAC7 C-intein only being one residue longer 
(Table 8b). However, the 5-10 aa longer “C16” split TvoVMAC14 and 
PhoRadAC16 inteins did not cross-react with each other or with the previously 
described NpuDnaEC14 intein (Table 8c). The novel split inteins 
characterized in the study could be promising candidates for multiple 
fragment ligation applications. The study also highlights the specificity of the 
PTS reaction because even the very short (<20aa) split inteins were in 
general not cross-reactive. However, a case-by-case evaluation is necessary. 

 Table 8a. Cross-reactivity of inteins split at the loop at the end of Block A. Reprint from Study IV. 

 

Table 8b. Cross-reactivity of inteins split at the loop within the Block G. Reprint from Study IV. 

 
 

Table 8c. Cross-reactivity of inteins split at the loop within the Block F. Reprint from Study IV. 

 

5.3.5 ENGINEERING NEW SPLIT INTEINS 
Most of the split inteins examined in Studies I and IV were active in PTS, 
which demonstrates that mini-inteins are flexible towards dissecting chain 
connectivities (Figures 14, 18, and 22a,b). The EN-block appears to have 
adapted to tolerate insertions and splitting during the evolution, because 
inteins that are split at the region are almost invariably functional (Figures 
22a and b), including those three reported in Study IV (Figures 17 and 18). 
It seems that 11 and six aa are the minimal lengths for the N- and C-intein, 

 NpuDnaEN11 NpuDnaBΔ283N13 TvoVMAN11 PhoRadAN11 SspDnaB Δ276N11 
NpuDnaEΔN11 + − − − − 
NpuDnaBΔ283ΔN12 − + − − + 
TvoVMA ΔN11 − − + − − 
PhoRadAΔN11 − − − + − 
SspDnaBΔ276ΔN10 − − − − + 

(−) stands for no splicing, (+) for splicing.  

 NpuDnaEC6 TvoVMAC7 PhoRadAC6 

NpuDnaEΔC6 + − − 
TvoVMAΔC7 − + + 
PhoRadAΔC6 − + + 

(−) stands for no splicing, (+) for splicing  

 NpuDnaEC14 TvoVMAC16 PhoRadAC14 

NpuDnaEΔC14 + − − 
TvoVMAΔC16 − + − 
PhoRadAΔC14 − − + 

(−) stands for no splicing, (+) for splicing 
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respectively, since all inteins with shorter split halves that were engineered in 
Study IV, as well as those reported in other studies, have been inactive 
(Figure 18 and 22b) (Aranko et al., 2014). Instead, most of the inteins 
tested in Studies I and IV that had longer than ten aa N-inteins and five aa C-
inteins were functional (Figures 14, 18, and 22a,b). All the functional split 
inteins reported here, as well as most of the reported functional split inteins, 
are split at the loops, in which they are least likely to disturb any interactions 
(Figures 14, 18, and 22c). 

 

Figure 22. Experimentally tested split inteins. a) Chart of experimentally tested functional split 
inteins. b) Chart of experimentally tested non-functional split inteins. Bars show the number of the 
split inteins reported in this thesis (black and striped bars) and in other studies (grey and white 
bars). Regions of the split sites are indicated below each bar. EN, EN domain insertion; Nat., 
natively split inteins split at the EN-block. The statistics of split inteins are derived from Aranko et 
al., 2014. c) Functional split sites mapped into the ribbon structure of NpuDnaE intein (PDB: 
2KEQ). Protein sequences of the split inteins were aligned using ClustalW and split sites were 
mapped in the NpuDnaE intein structure based on the sequence alignment. Residues flanking 
the split sites are colored in black. Split sites located in the loops are labeled according to the 
numbering in the NpuDnaE intein. N- and C-termini are indicated. 

Even thought just 11 and six amino acids long N- and C-inteins are 
sufficient for PTS, many of the split inteins with very short N- and C-inteins 
were not functional (Figure 22b). Also some other split inteins with longer 
than 11/six aa long intein halves were reported to be inactive (Figure 22b). 
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Furthermore, the obtained efficiency of PTS can vary greatly among the 
functional split inteins (Figure 18) (Aranko et al., 2014). Several factors 
could explain this variation. First, selecting split sites based on sequence 
alignment with known functional split inteins without structural information 
may result in splitting at suboptimal sites. Therefore, structural data would 
be crucial for the precise positioning of the split sites. Second, deletions and 
mutations in the EN domain can affect the cis- and trans-splicing activities of 
the protein-splicing domain (Chong and Xu, 1997; Derbyshire et al., 1997; 
Wu et al., 1998b; Adam and Perler, 2002; Lin et al., 2013). Even if the cis-
splicing of the artificially minimized NpuDnaBΔ283 intein was efficient (Ellilä 
et al., 2011), it could be that the more complex trans-splicing reaction was 
affected by the minimization. Finally, the solubilities and cleavage 
susceptibilities of the split fragments can vary. For example, inteins split at 
the EN-block may require a renaturation step as was reported in case of the 
MtuRecA intein (Mills et al., 1998). Premature cleavages, in turn, may 
compete with the ligation reaction like in case of the inteins split near the C-
terminus, which often undergo N-cleavages (Figures 18 and 21; Appleby et 
al., 2009; Oeemig et al., 2009). The success rate of engineering split inteins 
is relatively high, if structural data is available as in Studies I and IV. 
However, within the limits of current knowledge, it is difficult to predict, 
which of the engineered split inteins will have the most befitting 
characteristics for biotechnological applications. The different aspects of 
engineering an optimal split intein are discussed in the next section. 

5.3.6 TOWARDS DEVELOPING A UNIVERSAL LIGATION TOOL 
To date, a few dozen split inteins are reported but the criteria for selecting 
the most suitable for particular application are not self-evident. The most 
common attribute used to compare inteins is the ligation rate, in which the 
natively split inteins are superior to the artificially split inteins (Aranko et al., 
2014). However, other characteristics such as the reaction yield, the extein 
and junction sequence tolerance, and the length and the solubility of the split 
halves, can be equally or more important for biotechnological applications. 
The fastest reaction rates and the optimal reaction yield are also not 
necessarily achieved under the same conditions (Nichols and Evans, 2004). 
Therefore, inteins split at other regions than the EN-block can in some cases 
be beneficial despite the slower kinetics. Particularly the inteins split near N- 
or C-terminus have advantages of having wider extein tolerance because they 
are less likely to interact with the extein, are generally more soluble, and are 
more suitable for semisynthesis approaches (Studies I and IV; Mootz, 2009). 
The major drawbacks of artificially split inteins include slow reactions, 
susceptibility to side-reactions, and poor solubilities of split halves leading to 
lower yields and mixture of reaction products. Susceptibility to cleavage 
reactions depends on the timing and coupling of the reactions steps, for 
which inteins have acquired different strategies, as shortly discussed in 
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sections 2.1.4 Variation in Class 1 intein sequences and 2.1.5 The 
four-step pathway of protein splicing. Studies on these differences 
could guide engineering of better split inteins. 

The reaction kinetics in turn depends on the association and folding of the 
split halves, because the reaction rates can vary between split inteins that are 
derived from the same intein but split at different sites (Study I; Oeemig et 
al., 2009; Zettler et al., 2009). The structures of the halves of artificially split 
inteins have not been studied but several are prone to aggregation 
(Southworth et al., 1998; Otomo et al., 1999a; Brenzel et al., 2006) or to 
premature side-reactions (Study IV; Appleby et al., 2009; Oeemig et al., 
2009; Qi et al., 2011) indicating that they could be either unfolded or 
misfolded. Artificially split inteins have never been improved by directed 
evolution. This approach would, however, reveal interesting information on 
whether the solubility and association of the fragments could be improved. 
Also, directed evolution could lead to subtle changes preventing the 
premature cleavages. Interestingly, a split intein derived from a single-chain 
intein improved by sequential directed evolution was demonstrated to have 
an improved PTS rate (k≈10-3 s-1), approaching that of natively split inteins 
(Appleby-Tagoe et al., 2011). On the other hand, studies on the association 
and folding of different artificially split inteins could improve understanding 
of the bottlenecks leading to slower splicing kinetics and could therefore 
enable development of better split inteins by rational engineering. 

5.4 PROTEIN SPLICING BEYOND INTEINS – BIL 
DOMAINS 

One of the limitations of inteins is the requirement for a nucleophilic residue, 
e.g. Ser, Thr, or Cys, at the splicing junction, as the first residue of the C-
extein (Noren et al., 2000). This has substantial impact on the applications 
of intein-mediated protein ligation, because in the case of missing 
nucleophilic residue within the desired insertion site of the target protein the 
first residue will remain as a “scar” in the ligation product. Inteins have 
preferences also for other flanking residues but these are intein-dependent 
(Southworth et al., 1999; Iwai et al., 2006; Oeemig et al., 2012; Cheriyan et 
al., 2013), and can thus be overcome by deliberate selection of the intein. BIL 
domains are flanked with a wider variety of +1 residues than inteins and, 
although cleavage reactions appear to be the main function of BIL domains, 
small amounts of ligation products have also been observed (Amitai et al., 
2003; Dassa et al., 2004a). The aim of the Study II was to investigate if the 
capability of BIL domains to tolerate various amino acid types as +1 residue 
could be utilized for protein ligation applications. 
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5.4.1 THE FIRST TERTIARY STRUCTURE OF A BIL DOMAIN 
BIL domains were classified as HINT domains based on conserved sequence 
blocks and functions. No structure of a BIL domain had, however, been 
solved to confirm that they also share the HINT fold common to the protein-
splicing domains of inteins and the Hh-C domains. In order to better 
understand the structure-function relationship of the BIL domains and their 
relation to other HINT domains, the solution structure of an A-type BIL, 
BIL4 from Clostridium thermocellum (CthBIL4), was solved. CthBIL4 with 
an inactivating mutation (Cys1Ala) was expressed in isotope-rich media and 
the structure was solved by NMR spectroscopy. In total 97% of the 
resonances were completed and all backbone resonances could be assigned 
except for the N-extein residues (Table 9). 

Table 9. Experimental data for the NMR structure calculation and the structural statistics. Reprint 
from Study III. 

Quantity Value 
NOE upper distance limits 
Short range NOE (i−j ≤ 1) 1662 
Medium-range NOE (1 < i−j < 5) 465 
Long-range NOE (i−j ≥ 5) 1608 
Residual cyana target function 0.38 ± 0.03 
Residual NOE violation 
Number ≥ 0.2 Å 2 ± 2 
Maximum (Å) 0.35 ± 0.25 
Amber energies (kcal·mol−1) 
Total −91 931 ± 1417 
van der Waals 14 982 ± 269 
Electrostatic −122 650 ± 1759 
rmsd from ideal geometry 
Bond length (Å) 0.0238 ± 0.0001 
Bond angles (°) 2.142 ± 0.017 
rmsd to mean coordinate 
Backbone 1–135 (Å) 0.34 ± 0.05 
Heavy atoms 1–135 (Å) 0.65 ± 0.06 
Ramachandran plot statistics (%)a 
Most favored regions 91.7 
Additional allowed regions 8.2 
Generously allowed regions 0.1 
Disallowed regions 0.0 
a Derived by procheck-nmr (Laskowski et al., 1996). 

 
CthBIL4 has the conserved horseshoe-like HINT fold, formed by 12 β-

strands (Figure 23a). The active site residues, including the N- and C-
termini, are located in close proximity in the center (Figure 23a). The 
obtained CthBIL4 solution structure is very similar to those of the splicing 
domain of inteins and of Hh-C as indicated by the high Z-scores obtained in a 
DALI server search (Holm and Rosenström, 2010). SspDnaBΔ275 intein 
(1MI8) (Ding et al., 2003) was identified as the closest hit with an rmsd value 
of 1.6 Å for 131 residues (Figure 23b). Also the Hh-C from Drosophila 
melanogaster (1AT0) was found to have high structural similarity with an 
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rmsd of 2.0 Å covering 128 residues (Figure 23c). The main difference in 
CthBIL4 structure compared to SspDnaBΔ275 intein and Hh-C is the 
conformation of the β-strands which form the curve of the horseshoe 
(Figures 23b and c), while in CthBIL4 the active site residues can be well 
superimposed with both those of inteins and of Hh-C (Figures 23d and e). 
 

 

Figure 23. CthBIL4 structure and its homology to other HINT folds. a) The solution structure of 
CthBIL4 (PDB: 2LWY). b) Superimposition of CthBIL4 (grey) and SspDnaB intein (PDB: 1MI8) 
(yellow). c) Superimposition of CthBIL4 (grey) and Hh-C from Drosophila melanogaster (PDB: 
1AT0) (cyan). Stereo view showing comparison of the active sites of d) CthBIL4 and SspDnaB 
intein and e) CthBIL4 and Hh-C. Active site residues from CthBIL4 (bold), SspDnaB intein, and 
Hh-C are labeled. Adapted from Study II. 

5.4.2 PROTEIN LIGATION BY SPLIT BIL DOMAINS 
Single-chain BIL domains can perform both protein N- and C-cleavages and 
ligation, which has been proposed to increase the variability of the host 
proteins (Dassa et al., 2004b). Single-chain CthBIL4 with the native Ala+1 
produces mainly N- and C-cleavage products but also a small amount of 
splicing product was observed (Study II). Replacing the Ala+1 with a Cys, 
however, pushed the reaction to ligation almost entirely (Study II). Inspired 
by this observation, two split BIL domains, called CthBIL4C42 and 
CthBIL4C16, with the same Ala+1Cys mutation, were designed based on the 
structural data. CthBIL4C42 is split at the loop corresponding to the EN-block 
of inteins, whereas the second split site of the CthBIL4C16 was designed to 
locate at the loop corresponding to the loop in which the split site of 
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NpuDnaEC14 intein locates (Figures 24a and b). PTS activities of the split 
BIL domains were tested with the dual-vector expression system. Both could 
perform PTS, although in the case of the CthBIL4C16 N-cleavage took also 
place (Figures 24c and d). 
 

 

Figure 24. Reactions of split BIL domains. a) Location of the split sites in the solution structure of 
CthBIL4 (PDB: 2LWY). The residues preceding each split site are shown as stick models in black 
and split sites are indicated by triangles. N- and C-termini are indicated. b) Schematic 
presentation of the locations of the split sites in CthBIL4 sequence. The length of the CthBIL4 is 
given on the right and the secondary structures are indicated with grey ellipses (α-helices) and 
black pentagons (β-sheets). c) SDS-PAGEs from reactions of the different split BILs. T, total cell 
lysate; E, elution from IMAC; 20h, after 20h in vitro reaction. The ligation products are shown in 
bold. An asterisk indicates the presumable branched intermediate. HG, H6-tagged GB1; G, GB1; 
Y, YFP; B, CthBIL4; BC, split CthBIL4 C-fragment; BN, split CthBIL4 N-fragment. d) Schematic 
representation of the reactions of split CthBIL4s. Adapted from Study II. 

Next, CthBIL4C42 with the native Ala+1 residue, N-terminally H6-tagged 
GB1 domain as the N-extein and YFP as the C-extein was constructed in 
order to test the capability of BIL domains to perform protein ligation in 
trans without Cys, Ser, or Thr as the +1 residue. Indeed, small amounts of 
ligation product could be detected in the elution fraction of the coexpression 
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of the two split halves (Figures 24c and d). Both, mass spectrometric 
analysis by MALDI-MS and Western blotting with monoclonal anti-His-tag 
and anti-GFP antibodies, verified the identity of the band (Study II). The 
CthBIL4C42 precursors could not be purified due to insolubility and 
premature cleavages. However, the precursors of the CthBIL4C16 intein could 
be purified and in vitro ligation was obtained both for the variant carrying 
Ala+1Cys mutation, and importantly, also for CthBIL4C16 with the native 
Ala+1 residue, although in minuscule amounts (Figures 24c and d).  

Protein ligation by BIL domains without the +1 nucleophile could broaden 
the range of applications of protein-splicing domains. The obtained yields 
were low but this could be the first step towards the development of traceless 
protein ligation without the need for a nucleophilic residue at the insertion 
site. Further studies on different BIL domains and their exact reaction 
mechanisms will assist the understanding of the mechanisms and help 
engineering the BIL domains to be more suitable for biotechnological 
applications. A possible strategy includes fusion to interacting domain pairs, 
which could prevent or slow down diffusion of the cleaved C-flanking domain 
and thus increase the ligation to cleavage ratio. 

5.4.3 MECHANISM OF PROTEIN LIGATION BY BIL DOMAINS 
The +1 nucleophile is required for the protein ligation reaction by inteins 
(Noren et al., 2000). Therefore, BIL domains that can perform protein 
ligation without a nucleophilic +1 residue must have a different reaction 
mechanism than that of inteins. A-type BILs were proposed to perform 
protein ligation via aminolysis that would result in formation of a peptide 
bond (Dassa et al., 2004a). In Study II it was observed, that when the first 
two residues of the C-extein were Ala and Asn (‘AN’) as in the native extein, 
the cis-splicing ligation product disappeared during overnight incubation in 
pH 8 buffer but was stable at low pH (Figure 25a and data not shown). 
Instead, the ligation products of the constructs with Ala+1Cys (‘CN’), and 
Asn+2Ser (‘AS’) mutations were stable (Figure 25a). This could be 
explained, if the carboxamide group of the Asn+2 attacked the thioester bond 
to form an imide group (Figure 25b), which is stabilized at low pH. A 
similar attack of a thioester bond by amines has been utilized in intein-
mediated amidation of proteins (Cottingham et al., 2001). The attack by the 
Asn+2 side chain could compete with the aminolysis by the N-terminal 
amino group that leads to formation of the more stable peptide bond. Thus in 
the construct carrying ‘AS’-sequence, no competition would occur, and only 
the N-terminal amino group would attack the thioester bond (Figure 25b). 
When Cys was introduced as the +1 residue (‘CN’-construct), it likely 
attacked the N-junction thioester bond much faster than the carboxamine 
group of the Asn+2 (Figure 25b). The attack by the thiol group could also 
occur already before C-cleavage, as in the case of inteins (Figure 4), because 
no cleavage was observed. As a consequence, the ligation yields of BIL 
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domains with non-nucleophilic +1 residues would depend on the order of the 
reaction steps, the diffusion rate of the cleaved C-flanking domain compared 
to the rate of the aminolysis reaction, and on possible competing reactions, 
which could be attacks by near by residues or by water molecules as with 
inteins (Chong et al., 1996). This information could be used to engineer more 
efficiently splicing BIL domains with non-nucleophilic +1 residues. In 
addition, preventing diffusion of the cleaved C-flanking domain could 
improve the ligation yields.  

 

Figure 25. Proposed mechanisms of BIL domains with three different junction sequences (I: AN, 
II: AS and III: CN). a) Stability of the ligated bands with junction sequences I-III. Lanes: buf, 
stored at -20 °C in SDS loading buffer overnight; rt, incubated at room temperature overnight in 
elution buffer (pH 8.0); pre, pre-incubation sample run immediately after purification. b) The 
possible alternative aminolysis pathways are indicated with grey arrows. Adapted from Study II. 

5.4.4 BIOLOGICAL IMPORTANCE OF BIL DOMAINS 
The capability of BIL domains to perform protein splicing, ligation, and 
cleavages could allow increasing diversity (Study II, Amitai et al., 2003; 
Dassa et al., 2004a and b; Dori-Bachash et al., 2009). Additionally or 
alternatively, they could function as regulatory domains, as has been also 
previously suggested (Dori-Bachash et al., 2009). An experimentally verified 
example of such regulation is the autocatalytic modification of the hedgehog 
proteins, which will only react in the reducing conditions of the ER 
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compartment (Chen et al., 2011). In addition to the reaction conditions, the 
native flanking proteins could play a role in the functions of BIL domains, for 
example by slowing down the diffusion rate of the cleaved C-flanking 
domain. Studies on BIL domains in their native context could shed light on 
which of the possible reactions actually take place in nature. Indeed, the 
functions could turn out to be distinct in different organisms. 

5.5 INTEIN-MEDIATED PROTEIN ALTERNATIVE 
SPLICING 

Protein splicing could affect the host organism in two ways. First, it could act 
as a regulatory mechanism to control protein functions as proposed for 
certain inteins (Wu et al., 1998a; Liu et al., 2003; Liu and Yang, 2003; 
Perler, 1999; Callahan et al., 2011; Chen et al., 2012; Marshall et al., 2013; 
Nicastri et al., 2013). Second, protein splicing by split inteins has been 
suggested to increase diversity (Perler, 1999; Pietrokovski, 2001) but due to 
the sparse distribution of split inteins, no such events have been shown to 
occur. Opposite to protein splicing, RNA splicing can both regulate protein 
functions and increase diversity, because it can take place in alternative 
pathways. In Study IV, evidence is shown that protein splicing can also occur 
in an alternative, intermolecular pathway. 

5.5.1 PROTEIN SPLICING CAN OCCUR INTERMOLECULARLY 
Unexpectedly, in addition to the expected precursor and ligation products, an 
additional bands appeared in an SDS-PAGE analysis of the coexpression of a 
single-chain version of NpuDnaE intein and the C-intein of the natively split 
NpuDnaEC35 intein, indicating that in addition to the expected cis-splicing 
reaction another reaction was also taking place (Figures 26a and b). The 
additional bands were identified as products of protein ligation between the 
split and the full-length intein based on band migration on SDS-PAGEs 
(Figures 26a and b) and mass-spectrometric analysis.  This indicated that 
in addition to the protein cis- and trans-splicing reactions, which take place 
within one intein domain, inteins could perform an intermolecular reaction, 
in which two intein domains interact to form an alternative splicing product 
(Figure 26a). This alternative reaction was named intein-mediated protein 
alternative splicing (iPAS).  
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Figure 26. iPAS. a) Schematic presentation of cis-splicing and iPAS. b) SDS-PAGE analysis of 
iPAS of single-chain NpuDnaE intein and NpuDnaEC35 C-intein. Lanes: 1, induction with only 
IPTG; 2, induction with only L-arabinose (L-Ara); 3, before induction; 4 and 5, 2 h and 4 h after 
induction with both IPTG and L-arabinose, rspectively; 6, elution from IMAC. HG, H6-tagged GB1; 
G, GB1; I or Int, intein; IC or IntC, C-intein; M, molecular weight marker. Black arrows indicate the 
bands corresponding to cis-splicing and iPAS products. Gray arrows indicate cleaved precursor 
(clv) and excised intein. Open arrows indicate precursors. Adapted from Study III. 

5.5.2 3D DOMAIN SWAPPING AS THE MECHANISM OF IPAS 
Intermolecular protein splicing can occur if two intein molecules form the 
active intein fold, so that the active site consists of the N-junction from one 
intein molecule and the C-junction from another. In other words, 3D domain 
swapping between two intein molecules should take place. In 3D domain 
swapping proteins dimerize (or oligomerize) by exchanging parts in such a 
way that the subunit structures are similar to that of the monomer, except for 
the region connecting the subunits, called the hinge region (Bennett et al., 
1995). The previously reported NpuDnaE intein solution structure as well as 
the crystal structure determined in Study III was monomeric (Study III; 
Heinämäki et al., 2009). In order to trap an in vivo domain swapped 
complex for structural analysis, a labeling approach was designed based on 
the previously described protocol for segmental isotopic labeling (Züger and 
Iwai, 2005). In short, a single-chain and a split intein were sequentially 
coexpressed in unlabeled and isotopically labeled media, respectively, so that 
only the single-chain intein was isotopically labeled. [1H, 15N]-HSQC 
spectrum of the purified complex was compared to that of the same single-
chain variant of NpuDnaE intein expressed alone (Heinämäki et al., 2009). 
Two differences were observed; first, a fraction of peaks were moved or had 
reduced intensities and second, strong signals with 1H chemical shifts of 7.5-
8.5 ppm appeared (Figure 27a and b). The signals with weaker intensities 
or shifted chemical shifts were mapped in the monomeric structure of the 
single-chain NpuDnaE intein and found to locate within the last 35 residues 
of the intein and near the loop were the native split site is located (Figure 
27c). This indicates that the residues in the C35 region are shifted from their 
positions in the monomeric single-chain NpuDnaE intein structure. The 
observed intense peaks concentrated to the narrow dispersion range are 
typical for unfolded protein segments and could arise from the shifted C35 
region. Based on the data a model was created, in which the last 35 residues 
of the single-chain intein were swapped (Figure 27d).  
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Figure 27. 3D domain swapped iPAS structures. a) An overlay of [1H,15N]-HSQC spectra from 
the single-chain NpuDnaE intein (gray) and from the fragmentally 15N-labeled domain-swapped 
complex of single-chain NpuDnaE intein and NpuDnaEC35 C-intein (red). The last 36 residues of 
the full-length NpuDnaE intein are underlined. b) The same [1H,15N]-HSQC spectrum of the 
fragmentally labeled domain-swapped complex plotted at higher counter levels, showing only 
strong peaks. c) Mapping of the domain-swapped region by NMR analysis. The peaks with 
clearly moved (either >0.2 ppm in 1H or >0.3 ppm in 15N dimension) chemical shifts or reduced 
intensities in the [1H,15N]-HSQC spectrum of the domain-swapped complex were mapped in the 
crystal structure of monomeric NpuDnaE intein (magenta) (PDB: 4KL5). The residues that could 
not be identified unambiguously owing to lack of assignments are in gray. The arrows indicate the 
native split site of NpuDnaE intein. d) A three-dimensional model of the domain-swapped 
complex based on the NMR data. The full-length NpuDnaE intein is shown in red and the 
NpuDnaEC35 C-intein in gray. e) iPAS of single-chain NpuDnaE intein and different NpuDnaE C-
inteins. ‘C102’, C-intein of NpuDnaEN35. ‘C35’, NpuDnaEC35 C-intein. ‘C14’, NpuDnaEC14 C-intein. 
HG, H6-tagged GB1; G, GB1; I or Int, intein; IC or IntC, C-intein; M, molecular weight marker. 
Black and red arrows indicate the bands corresponding to cis-splicing and iPAS products, 
repectively. Gray arrows indicate cleaved precursor (clv) and excised intein. Open arrows 
indicate precursors. Adapted from Study III. 
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The model was supported by results from the reactions between the 
single-chain NpuDnaE intein and C-inteins of different lengths (102, 35, and 
14 aa) in the model system.  iPAS could be observed when the length of the 
split C-intein was increased to 102 residues, but not when reduced to 14 
residues (Figure 27e). Furthermore, a single-chain deletion variant of the 
NpuDnaE intein (NpuDnaE∆variant intein), in which the loop in the EN-block 
was shortened with three residues and the preceding loop with one residue, 
was found to crystallize as a domain-swapped dimer, in which the hinge 
region is located in the EN-block (Study III). It appears that the EN-block is 
flexible towards structural changes, because it is also the region where 
natively split inteins are split and the EN domains are inserted. It is possible 
that inteins could swap also at other regions, but due to the high 
conservation of the structures, it is likely that the EN-block is the most 
prominent region for swapping. 

5.5.3 COULD IPAS TAKE PLACE IN NATURE? 
 

In order to get a grip on the possible biological significance of iPAS, it was 
essential to investigate whether iPAS was specific for the model system used 
or a more general phenomenon. Protein splicing and iPAS are traceless, 
which makes it difficult to detect iPAS from the mature protein products. The 
dilemma was tackled by studying the limitations of iPAS stepwise by 
investigating three factors that were deduced to be crucial for iPAS to take 
place in nature. First, the phenomenon should not be limited to the single-
chain variant of NpuDnaE intein but should occur also with other inteins. 
Second, iPAS should take place in native extein context. Third, since only a 
small proportion of inteins that are found in nature are split (Perler, 2000), 
iPAS should also take place between two full-length single-chain inteins. 

5.5.3.1 iPAS is a general phenomenon among inteins 
To ensure that the effect was not an anomaly limited to the single-chain 
variant of the natively split NpuDnaE intein, the capabilities of several 
inteins from various host organisms and host proteins to perform iPAS were 
investigated. The tested inteins were: PhoRadA, TvoVMA, and NpuDnaB 
inteins, TFIIB intein from Methanocaldococcus jannaschii (MjaTFIIB 
intein), and engineered NpuDnaB and MjaTFIIB mini-inteins (NpuDnaBΔ283 
and MjaTFIIBΔ170 inteins). This set included native and engineered mini-
inteins, bifunctional inteins, inteins from both archaeal and eubacterial 
hosts, and from diverse environments. Each of the single-chain inteins was 
coexpressed with a C-intein of the same intein using the same model system 
that was used for the NpuDnaE intein (Figure 26a). The C-inteins were 
engineered by splitting the inteins at the EN-block region. Indeed, iPAS 
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products were detected in all the coexpressions of the different inteins, 
including the MjaTFIIBΔ170 intein, which was not active in cis-splicing 
(Figure 28a and data not shown).  The band identities of the iPAS products 
were verified by mass-spectrometric analysis. The ratios of iPAS versus cis-
splicing products varied between the different inteins (Figure 28a). This 
variation, and especially the different ratios observed for the NpuDnaB intein 
with and without the EN domain, indicates that the folding of the inteins 
could affect their tendency to undergo iPAS (Figure 28a). The EN-block is 
one of the most variable regions in inteins in length and sequence, and could 
thus be one factor affecting the differences in their folding. Furthermore, the 
hinge region is located within the EN-block. Proteins’ tendency to swap is 
known to depend on the length and amino acid sequence of the hinge region 
(Rousseau et al., 2003), because it is the only region that is different in the 
monomer and the dimer, and thus important for the kinetics and energetics 
of domain swapping (Bennett et al., 1995). In addition to differences in 
folding and the hinge region, the properties of the split halves, such as 
solubility, which is known to vary between different inteins as discussed in 
chapter 2.1.7 Protein trans-splicing, could affect the favourability of iPAS 
in comparison to protein cis-splicing.  

5.5.3.2 iPAS can take place in native extein context 
Inteins have not been studied widely in their native extein contexts. It is, 
however, well known that the extein residues can affect the splicing reaction, 
even if they are not directly participating in it (Study I; Iwai et al., 2006; 
Amitai et al., 2009; Cheriyan et al., 2013). RadA protein from Pyrococcus 
horikoshii was selected for studies with the native exteins. The full-length 
RadA, including the native exteins and the full-length intein, was 
coexpressed with the C-intein of split PhoRadAC46 intein fused to the model 
protein GB1 and a H6-tag. iPAS product of a RadA from Pyrococcus 
horikoshii, including the native exteins and full-length intein, could be 
pulled-out with the H6-tag in the C-intein (Figure 28b). This proves that 
iPAS is not limited to the model system but can also take place in the native 
extein context. 

5.5.3.3 iPAS between full-length inteins 
iPAS of two full-length inteins cannot be easily observed in standard 
experiments, in which inteins are in identical extein contexts, because the 
iPAS and cis-splicing products are identical. In order to test iPAS between 
two full-length inteins, they were cloned between two different combinations 
of model proteins, so that intramolecular cis-splicing and intermolecular 
iPAS would lead to the formation of different ligation products (Figure 28e-
g). No iPAS between single-chain variants of NpuDnaE intein could be 
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observed. It is possible that in some other conditions, with other exteins or 
with more sensitive detection method, iPAS between two single-chain 
NpuDnaE inteins could be detected. Instead, a band of expected size 
appeared in coexpression of two full-length TvoVMA inteins, although in low 
yields (Figure 28c) and the identity of the two iPAS products could be 
verified by mass spectrometry. TvoVMA intein has a ~20 aa long flexible 
region in the EN-block (Study IV), which could increase its tendency for 
intermolecular association by slowing down the kinetics of protein folding 
(Viguera and Serrano, 1997; Ladurner and Fersth, 1999). The same 
experiment with an inactive mutant resulted in the disappearance of the 
other iPAS ligation product band as expected (Figure 28d). This further 
verified that iPAS was taking place as well as confirmed that inactive full-
length inteins can be involved in domain swapping.  

 

Figure 28. iPAS of different inteins, in native extein context, and between two full-length single-
chain inteins. a) iPAS between different inteins. Data represent mean ± s.d. (n≥3). Subscript 'mini' 
stands for minimized inteins (NpuDnaBΔ283 and MjaTFIIBΔ170 intein). Δvariant stands for 
NpuDnaEΔvariant intein. b) iPAS with the full-length PhoRadA protein precursor. Lanes: 1, before 
induction; 2 and 3, after 1 h and 6 h induction with both IPTG and L-arabinose, respectively; 4, 
supernatant after heating at 75 °C for 25 min; 5, elution from IMAC. Asterisk indicates nonspecific 
binding. Open arrows indicate precursors. # indicates the position for the iPAS product of HM-S 
overlapping with HM-G. Cleavage products (clv) are in light gray. Black and red arrows indicate 
cis-splicing and iPAS products, respectively. M, molecular weight marker. c) SDS-PAGE analysis 
of iPAS between two precursors containing a full-length TvoVMA intein. Lanes: 1, elution from 
IMAC of HM-I-G precursor; 2, elution from IMAC of HG-I-S precursor; 3, elution from IMAC of 
coexpression of HG-I-S and HM-I-G precursors. d) SDS-PAGE analysis of iPAS between two 
precursors containing active and inactive full-length TvoVMA inteins. Lanes: 1, elution from IMAC 
of HM-I-G precursor; 2, elution from IMAC of inactive HG-IA-S precursor; 3, elution from IMAC of 
coexpression of HG-IA-S and HM-I-G. e and f) Schematic drawing of cis-splicing of the two 
precursors, HM-I-G (e), and HG-I-S (f). g) Schematic drawing of iPAS between the two cis-
splicing precursors, producing two alternatively ligated products (HM-S and HG-G). RadA 
precursor, RadA from Pho including the exteins and intein; RadA protein, RadA extein-product; 
H, H6-tag; M, maltose binding protein; G, GB1; S, SH3, I and Int, intein. Adapted from Study III. 
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5.5.4 REGULATING IPAS 
The ratio of cis-splicing and iPAS is likely to be affected by the folding 
kinetics and concentrations of the interacting molecules. The effects of 
induction order and concentration were studied using the model system with 
a single-chain and a split NpuDnaE intein (Figure 26a). First, expression 
order effect was tested by the time-delayed dual-vector expression system, 
which allowed sequential expression of the two precursors. The single-chain 
precursor was first induced under the control of L-arabinose, followed by 
media exchange and induction of the split fragment cloned under T7 
promoter. In order to switch the expression order, the vector backbones of 
the constructs were changed to opposite, because only the arabinose 
promoter can be turned off. iPAS product was observed only when the split 
NpuDnaEC35 intein precursor was observed prior to expression of the single-
chain variant of the NpuDnaE intein, not when the expression order was 
exchanged (Figure 29a). The two states of domain swapping, homomer and 
dimer, are separated with high kinetic barrier. In case that the swapping 
region is required for the protein to fold, for example, if it forms part of the 
hydrophobic core, swapping can occur only through at least partially 
unfolded state (Rousseau et al., 2003).  The halves of the natively split DnaE 
inteins, which are dissected at the hinge region of the swapped inteins, are 
reported to be mainly unfolded when expressed separately (Shah et al., 
2013b; Zheng et al., 2012). Therefore, domain swapping by inteins most 
likely requires substantial refolding of the molecules. This is consistent with 
the observations that the interrupting split fragment must be present prior to 
the cis-splicing single-chain intein (Figure 29a) and that iPAS could not be 
detected in vitro with purified fragments (data not shown; Kawasaki et al., 
1997). 

 

Figure 29. Regulating iPAS. a) Effect of the expression order on iPAS. C→S indicates that the 
cis-splicing NpuDnaE intein precursor was induced first, followed by induction of the split 
NpuDnaEC35 intein precursor. In S→C the expression order was enchanged. T, total cell lysate; 
E, elution from IMAC; M, molecular weight marker. b) Effects of the different concentrations of 
the split NpuDnaEC35 intein precursor on iPAS with the single-chain NpuDnaE intein. 
Concentration of the split precursor was varied by varying the concentration of the inducer (L-
arabinose) as indicated below the chart. Data represent mean ± s.d. (n≥3). Reprint from Study III. 
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Next, the importance of the relative concentrations of the fragments was 
investigated by taking advantage of the possibility to individually regulate the 
expression levels of the two precursors in the dual-vector induction system. 
The concentration of the split precursor was regulated by altering the 
concentration of L-arabinose, while keeping the induction-level of the single-
chain NpuDnaE intein precursor constant. The ratio of the iPAS product over 
the cis-splicing product increased upon increasing the concentration of L-
arabinose (Figure 29b). Furthermore, the reaction could be switched to 
almost solely iPAS, thus turning off the production of the cis-splicing product 
(Figure 29b). 

These data show that iPAS could be regulated by altering the 
concentrations (Figure 29b) and that inactive inteins could be “rescued” to 
splice via iPAS when coexpressed with the split intein precursor (Figures 
29a and d). This implicates that iPAS could be used to interfere and rescue 
protein activities. GFP was selected as the model protein for testing the 
concept, due to the convenient read-out of activity. First, NpuDnaE intein 
was inserted into GFP next to the chromophore so that the cis-splicing 
product was the active, fluorescent GFP (Figures 30a and c). Inactivating 
mutations introduced in the C-junction created a construct with no protein 
splicing and no fluorescence activity (Figures 30a and b). Activity of the 
inactive GFP-variant could be “rescued” by coexpression with active 
NpuDnaEC35 intein fused to the C-terminal fragment of the GFP (Figure 
30b). Respectively, the splicing of the active construct could be interfered by 
coexpression with NpuDnaEC35 intein fused to GB1 model protein, as 
visualized by the gradual decrease of fluorescence while increasing the 
concentration of the interfering split precursor (Figure 30c, 3+5). 
Coexpression with orthogonal MjaTFIIBC53 precursor did not lead to 
suppression, confirming that the effect was due to specific interference 
caused by the intein (Figure 30c, 3+6). 

iPAS-mediated protein interference and rescue could be utilized in 
biotechnological applications. Rescuing activities of inactive mutants could 
also be a strategy to promote evolution as suggested based on the observation 
that a NF-κB p50 mutant could be rescued by 3D domain swapping 
(Chirgadze et al., 2004). iPAS might also be useful tool for in vivo studies on 
the mechanism of 3D domain swapping. Improved understanding on the 
mechanism and factors affecting 3D domain swapping is of interest, because 
it is proposed to be the underlying mechanism not only in iPAS but also in 
amyloid formation (Bennett et al., 2006) and evolution of proteins 
(Chirgadze et al., 2004). Furthermore, several proteins are active in their 3D 
swapped conformations, including human HIV-antibody 2G12 (Calarese et 
al., 2003; Liu and Eisenberg, 2002).  The 3D domain swapping is, however, 
usually not possible to be detected in vivo. Inteins could allow studies on the 
mechanisms of protein swapping and conditions and mutations affecting it in 
vivo, because the GFP system presented here allows rapid and irreversible 
feedback. 
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Figure 30. Regulating GFP activity by iPAS. a) Schematic presentation of constructs. (1) Original 
GFP (2) GFP with inactive NpuDnaE intein. (3) GFP with cis-splicing NpuDnaE intein. (4) Active 
split NpuDnaE intein precursor (IC) with C-terminal split GFP (GFPC). (5) Active NpuDnaEC35 C-
intein fused to C-terminally H6-tagged GB1. (6) Orthogonal MjaTFIIBC53 C-intein fused to C-
terminally H6-tagged GB1. Construct 2 contains Ala-Gly mutations at the C-terminal splicing 
junction that inhibit cis-splicing (the glycine is shown and underlined). The sequence of the 
central helix is shown together with the chromophore-forming three residues bold in construct 1. 
The expression of each precursor was under the control of either IPTG (PT7) or L-arabinose 
(Para), as indicated. b) Activation of GFP by iPAS. 2 + bl is a control showing induced E. coli cell 
suspension harboring the plasmid carrying construct 2 and a blank vector without any insert. 2 + 
4 is the cell suspension expressing both constructs 2 and 4. c) Suppression of GFP by iPAS. 3 + 
5 and 3 + 6 show induced E. coli cell suspensions harboring the plasmids carrying constructs 3 
and 5 or 3 and 6. Concentrations of the inducers are indicated. Images were taken under UV 365 
nm. Scale bars, 1 cm. Reprint from Study III. 

5.5.5 POSSIBLE BIOLOGICAL SIGNIFICANCE OF IPAS 
 

The discovery of iPAS is increasing the repertoire of possible reactions 
performed by inteins and could increase the diversity at the protein level or 
have a role in the evolution of inteins by rescuing inactive inteins. 
Alternatively, iPAS could have regulatory functions, as demonstrated to be 
the case of the 3D domain swapping of diphtheria toxin (Louie et al., 1997), 
p13suc1 (Schymkowitz et al., 2001), glyoxalase I (Saint-Jean et al., 1998), 
and guanylate kinases (McGee et al., 2001). Regulation in the reported cases 
is mediated upon ligand binding, but as 3D swapping is generally dependent 
on the conditions (Liu and Eisenberg, 2002), also condition-dependent 
swapping could be possible. However, studies on these possible functions are 
not straight-forward due to the challenges in detecting iPAS in nature, 
caused by the traceless nature of protein splicing, and the potentially low 
amounts of iPAS products formed. It remains to be shown whether iPAS or 
alternative splicing mediated by other protein splicing domains, such as BIL 
domains, could have biological importance.  
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5.6 PROTEIN SPLICING DOMAINS ARE FLEXIBLE TO 
ADAPT DIFFERENT ROLES 

This work highlights the capability of the HINT fold to evolve into different 
functions and to modulate both the splicing mechanism and modularity of 
the 3D structure. As demonstrated here and in previous works, the HINT 
domain is capable in performing protein ligation but, with subtle changes in 
the structure and reaction pathway, can also mediate protein cleavages and 
ligation of nucleophilic agents to the N-extein (Perler et al., 1994; Xu and 
Perler, 1996; Porter et al., 1996a and b; Amitai et al., 2003). Two factors 
defining the reaction pathway are: i) what attacks the (thio)ester-bond in the 
N-junction,and ii) the timing of the C-terminal cleavage. In the conventional 
protein splicing pathway, the nucleophilic +1 residue will attack the 
(thio)ester bond prior to the C-cleavage (Figure 4). Cleavage will occur if C-
cleavage and/or attack by water molecule or small nucleophilic agent, such as 
DTT, will take place prior to trans-esterification (Figure 4). In hedgehog 
proteins, the attacking molecule is cholesterol (Figure 11a). In protein 
splicing by BIL domains the order of the C-cleavage and attack of C-extein to 
N-extein is opposite to that in inteins (Figure 11b), whereupon the cleaved 
C-extein can diffuse away before ligation takes place. Ligation versus 
cleavage ratio could be modulated by interactions between the exteins or by 
the amide linkage formed between the N-extein and the +2 residue (Study 
II). Finally, in addition to being adaptable to alteration in the reaction 
mechanism, the HINT fold can tolerate changes in the modularity. EN and 
DNA binding domains are found inserted in the canonical protein-splicing 
domain of inteins (for example: Ichiyanagi et al., 2000). Furthermore, in 
protein trans-splicing the connectivity of the intein is broken whereas in 
iPAS two molecules cross-react via 3D domain swapping. In these 
intermolecular reactions, the folding and association processes are crucial. 
The EN-block appears to be the most favorable region for modifications in 
the intein fold, but at least domain insertions and splitting can take place also 
at other regions (Aranko et al., 2014). Different combinations of the reactions 
open new possibilities for the functions of protein splicing domains in nature 
and for their potential biotechnological applications. 
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6 CONCLUSIONS AND FUTURE 
PROSPECTS 

During the two and a half decade of research, inteins have turned from a 
curious phenomenon into a truly useful tool in molecular biology (Volkmann 
and Iwai, 2010; Shah and Muir, 2011; Topilina and Mills, 2014). However, 
several complications remain to be overcome in order to make the intein-
technologies universally applicable. This thesis points out and untangles 
some of these challenges and additionally describes a new type of protein-
splicing mechanism with potential biotechnological applications. The 
artificially split inteins reported here are a substantial addition to the toolkit 
of split inteins and highlight the capability of inteins’ to tolerate splitting at 
the major loop regions (Studies I and IV). Importantly, the newly engineered 
inteins include several, which had short (<20 aa) N- and C-inteins and/or 
could perform PTS in high yields (Studies I and IV). Cross-reactivity tests 
proved that the non-allelic split inteins are highly specific and, hence, 
suitable for multiple-fragment ligation approaches (Study IV). Comparison of 
the newly engineered split inteins illustrated that not just the ligation ratio 
and rate but also other factors, such as extein tolerance, expression levels and 
solubilities of the split fragments, and the competing side-reactions, can 
substantially affect their practicalities and should be taken into account when 
comparing split inteins (Studies I and IV). The future toolkit of split inteins is 
likely to consist of both natively and artificially split inteins, both of which 
have given advantages. Natively split inteins that are being discovered from 
metagenomic data analyses are often more soluble and have faster reaction 
kinetics (Dassa et al., 2009; Carvajal-Vallejos et al., 2012). On the other 
hand, the engineered artificially split inteins can be valuable in applications 
with specific requirements, such as protein semisynthesis and multiple-
fragment ligation, in which the minimal length of the N- or C-intein and the 
orthogonality of the split inteins are essential (Studies I and IV; Ludwig et 
al., 2008; Shi and Muir, 2005). 

In addition to engineering new split inteins, expanding to other protein 
splicing domains could allow circumventing some of the challenges specific 
to inteins. The first 3D structure of a BIL domain reported here confirms the 
close relation of BIL domains and inteins (Study II). Furthermore, split 
CthBIL4 domains could perform protein ligation, even without the +1 
nucleophilic residue (Study II). Future work to improve the yields is required 
to make the approach feasible for biotechnological applications. Nonetheless, 
BIL domains that were effective in protein ligation would clearly expand the 
biotechnological potential of protein-splicing mediated protein ligation. 
These results also hint that other undiscovered members of the HINT-
domain superfamily, which are likely to be found along with the increasing 
amount of data acquired by next-generation sequencing methods, could turn 
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up with novel beneficial characteristics or biological significance. Indeed, a 
new group of HINT domains was recently found associated with polymorphic 
toxin systems (Zhang et al., 2011 and 2012). These new HINT domains have 
not been experimentally classified, but are predicted to be important for their 
host organisms by acting as autocleavage domains, which release the toxin 
upon certain induction (Zhang et al., 2011 and 2012).  

Finally, the discovery of iPAS increases the diversity of the reactions 
performed by protein splicing domains and, thus, opens new avenues for the 
potential biotechnological applications of inteins. The structural data shows 
that 3D domain swapping is the underlying mechanism of iPAS (Study III). 
iPAS was demonstrated to be applicable to regulate protein functions in a 
concentration and expression-order dependent manner (Study III). It could 
be a source to develop new types of applications, such as specific protein 
interference, as demonstrated with the GFP assay (Study III). The biological 
importance of iPAS remains to be shown. Nevertheless, studies disentangling 
the constraints of iPAS demonstrated that it is a common mechanism among 
inteins and can occur in various contexts (Study III). The possible biological 
functions of iPAS could include regulation of protein functions in a condition 
dependent manner. Future studies on inteins in their native host organisms 
could help to elucidate this question of biological significance. 

In summary, this thesis provides new information about the limitations 
and opportunities of protein splicing with implications to the possible 
biological functions and applications of inteins and related autocatalytic 
protein splicing domains. 
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