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Graphical Abstract 

We introduced a nomenclature for split inteins and engineered mini-

inteins. 21 new split inteins were created based on the four intein 

structures. Trans-splicing and cross-activity of 24 split inteins were 

systematically compared. >75% of the split inteins were active and 

>90% of the combinations were orthogonal. 
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Structure-based engineering and comparison of novel 

split inteins for protein ligation by protein trans-

splicing 

A. Sesilja Aranko,a Jesper S. Oeemig,a Dongwen Zhou,b Tommi Kajander,a 
Alexander Wlodawerb and Hideo Iwaïa 

Protein splicing is an autocatalytic process involving self-excision of an internal protein domain, the 

intein, and concomitant ligation of the two flanking sequences, the exteins, with a peptide bond. Protein 

splicing can also take place in trans by naturally split inteins or artificially split inteins, ligating the 

exteins on two different polypeptide chains into one polypeptide chain. Protein trans-splicing could work 

in foreign contexts by replacing the native extein sequences with other protein sequences. Protein ligation 

using protein trans-splicing increasingly becomes a useful tool for biotechnological applications such as 

semi-synthesis of proteins, segmental isotopic labeling, and in vivo protein engineering. However, only a 

few split inteins have been successfully applied for protein ligation. Naturally split inteins have been 

widely used, but they are cross-reactive to each other, limiting their applications to multiple-fragment 

ligation. Based on the three-dimensional structures including two newly determined intein structures, we 

derived 21 new split inteins from four highly efficient cis-splicing inteins, in order to develop novel split 

inteins suitable for protein ligation. We systematically compared trans-splicing of 24 split inteins and 

tested the cross-activities among them to identity orthogonal split intein fragments that could be used in 

chemical biology and biotechnological applications. 

 

 

Introduction 

Protein splicing is a post-translational modification in which an 

intervening fragment of the precursor protein, termed intein, is 

cleaved off and the two flanking fragments are simultaneously 

ligated together by forming a peptide bond1-3. Inteins have 

increasingly become valuable tools in diverse biotechnological 

applications such as protein purification and specific 

modifications because of their unique chemical reaction4-8. 

Fragment assembly of split inteins can catalyze ligation of two 

separate foreign polypeptide chains into one and has emerged 

as a powerful protein ligation tool9-12. Naturally split DnaE 

inteins from cyanobacteria have been widely used in 

biotechnological applications because they do not require any 

refolding for protein trans-splicing (PTS) unlike other 

artificially split inteins13-17. However, naturally split DnaE 

inteins are cross-reactive (non-orthogonal) to each other15,16. 

The cross-reactivity among split inteins often restrict their 

applications in multi-fragment ligation by protein trans-splicing 

because of undesired combinatorial ligation18,19,20. It is of 

special interest to discover novel orthogonal split inteins that 

could ligate various target proteins by PTS21. Several protein 

engineering approaches exploiting in vitro refolding, reaction 

kinetics, and different split sites have been employed to 

circumvent the cross-reactivity among split inteins for multiple-

fragment ligation19,22. However, each strategy has some 

disadvantages. For ‘one pot’ multiple-fragment ligation, it 

would be desirable to use two or more robust split inteins. Ideal 

split inteins for such applications should have the following 

properties: (1) high ligation efficiency (fast ligation kinetics), 

(2) high tolerance of junction sequences, (3) high specificity of 

intein fragments (orthogonality), and (4) non-disturbance to 

fused targets (high solubility of split fragments and/or shorter 

fragments). To date, a number of functional split inteins have 

been reported18,23-29, although none of artificially or naturally 

split inteins has all of the ideal properties. In this study, guided 

by the three-dimensional structures, we created novel split 

inteins from cis-splicing mini-inteins with a goal to develop 

new robust split inteins bearing all, or at least some, of the ideal 

properties for protein ligation of foreign peptides. In total, 21 

new split inteins were derived from cis-splicing and natural 

split inteins. We characterized their PTS activities and their 

cross-reactivity in order to identify potentially useful split 

inteins for protein ligation by PTS. This report sheds light on 

design-strategy for novel split inteins for protein ligation and 

evolutional origin of naturally split inteins.  
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Fig. 1: The systematic nomenclature system for split inteins and 

engineered mini-inteins. (a) Naming of a split intein if the N-terminal split 
intein fragment is shorter than the other split intein fragment. (b) Naming of 
a split intein when the split site is closer to the C terminus. The lengths of 
IntC and IntN are indicated in subscript together with the name of the original 
intein. (c) Naming of artificially engineered mini-inteins. The number of 
residues deleted is indicated in superscript with∆ delta). 

Results and discussion 

Nomenclature of split inteins 

Even though a number of split inteins have been previously 

reported23-29, there has been no systematic way to name 

different split inteins, making their comparison difficult. The 

lengths of inteins vary from 129 to >1000 residues due to 

various insertions and deletions. The variation in length was 

also observed for mini-inteins that lack typical insertions of 

homing endonuclease domains30-32. Because of the various 

sizes, naming of split sites has been arbitrary23-29. It is of 

practical importance to define a nomenclature applicable to 

different split inteins in order to facilitate comparisons between 

different split inteins derived from inteins with different sizes. 

Since the ligation of the two flanking sequences invariably 

takes place between the preceding (the -1 position) and 

following (the +1 position) residues of an intein, it is practical 

to name split inteins based on their lengths from either the N or 

C terminus of inteins, as depicted in Figure 1. The distance 

from the N or C terminus is also useful for designing shorter 

intein fragments, which can be easily fused to other proteins or 

chemically synthesized. We introduced a simple naming system 

where, for example, a split site of “N35” indicates that the split 

site is located after the first 35 residues from the N terminus of 

the intein (Fig. 1a). Whereas the N-terminal fragment is called 

“N35”, the remaining C-terminal intein fragment is termed 

“delta N35 (∆N35)”, because it lacks the N-terminal 35 

residues. N35/∆N35 indicates the N- and C-terminal split intein 

fragments, which is split at the N35 site and used as suffixes in 

subscript, together with the intein name. NpuDnaEN35/∆N35 thus 

indicates a pair of the N-terminal fragment (NpuDnaEN35) and 

the C-terminal fragment (NpuDnaE∆N35), which are derived by 

splitting at N35 site of DnaE intein from Nostoc punctiforme 

(Npu) (Fig. 1a). There are two possible names for one split 

intein because of the two termini (Fig. 1a and 1b). When the 

split site is located closer to the C terminus, we counted the 

length from the C terminus and indicated the terminus used for 

counting by ”C” instead of “N” (Fig. 1b). It is noteworthy that 

we counted the methionine start codon for the C-terminal 

fragment in some of our previous reports because the naturally 

split DnaE intein always included such first methionine. In this 

article, however, the number strictly indicates the length from 

the terminus excluding the first residue translated from the start 

codon and we will consistently use this nomenclature. 

Nomenclature of engineered mini-inteins 

Intein structures can be divided into two functional entities, i.e. 

splicing and endonuclease domains. These two domains are 

functionally independent, as shown by successful deletion of 

endonuclease domains without affecting protein-splicing 

activity24,33-36. Therefore, it is possible to design smaller 

functional split inteins by eliminating endonuclease domains. 

The insertion site of endonuclease domains is highly conserved 

and found in the loop preceding the block F (Fig. S1). 

However, it is not always obvious how to identify boundaries 

of the endonuclease domain regions without the three-

dimensional structures34-36, because the size of the 

endonuclease insertion also varies extensively. It is often 

necessary to optimize deletions in order to obtain functional 

engineered mini-inteins34,35. Thus, it would be practically useful 

to define a general naming system for engineered mini-inteins 

with various deletions. We decided to differentiate mini-inteins 

with different lengths using the number of residues deleted 

from the original intein as a suffix in superscript together with 

∆(delta), which indicates the deletion (Fig. 1c). For example, a 

mini-intein derived from NpuDnaB intein by deleting 283 

residues at the endonuclease insertion site will be called here 

NpuDnaB∆283 intein (Fig. 1c). This naming convention will be 

used here together with the split intein naming system.  

A model system for testing novel split inteins 

For protein-splicing assays we chose the in vivo system using 

dual-expression vectors that we previously developed (Fig. 

2)12,15,26. This approach allows us to test many split inteins and 

also simplifies the comparison with previously published data 

from our laboratory. In this system, an N-terminally 

hexahistidine (H6) tagged yeast sumo domain (Smt3) and a C-

terminally H6-tagged B1 domain of IgG binding protein G 

(GB1) are used as N- and C-exteins (target proteins for protein 

ligation), respectively (Fig. 2a). The expression of two split 

precursors can be induced under two different promoters (T7 

and arabinose) by addition of IPTG and L-arabinose, 
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respectively12,15,26. We introduced an additional H6-tag at the C 

terminus permitting quantification of not only the spliced 

(ligated) product but also the side-products of the N- and C-

cleaved products (Fig. 2a).  

 

Fig. 2: The dual expression system for testing PTS of various new split 
inteins (a) Schematic presentation of plasmid design and possible 
reactions of protein trans-splicing and cleavages. Protein ligation by PTS 
produces the ligation product of H6-Smt3-GB1-H6. (b) Schematic 
presentation of the new split inteins tested. Solid lines indicate the new 
split inteins reported in this study. Previously reported split inteins are 
marked with broken lines. The total lengths of the inteins are shown on the 
right side of each intein. 

Selection of inteins for engineering novel split inteins 

We previously compared cis-splicing of 20 different inteins to 

identify those with efficient splicing activity in identical 

extein contexts33. For designing novel split inteins, we chose 

four highly efficient cis-splicing mini-inteins lacking 

endonuclease domains (Fig. S1). This is because artificially 

split inteins with endonuclease domains are often poorly 

soluble. They were RadA intein from Pyrococcus horikoshii 

(PhoRadA), NpuDnaE intein, NpuDnaBmin (NpuDnaB∆283) 

intein, and VMA intein from Thermoplasma volcanium GSS1 

(TvoVMA). High splicing efficiency of these four inteins is 

also favourable for their potential applications. In addition, we 

previously elucidated the three-dimensional structures of 

NpuDnaE intein and PhoRadA intein, facilitating the rational 

design of new split inteins36-38. We now also obtained high-

resolution crystal structures of NpuDnaB∆290 and TvoVMA∆21 

inteins (see below) and created 21 new split inteins from these 

four inteins (Fig. 2b). Together with the previously reported 

split inteins, we investigated protein trans-splicing of 24 

different split inteins for the comparison and for testing their 

cross-reactivity.  

Crystal structures of NpuDnaB∆290 and TvoVMA∆21 inteins 

The three-dimensional structures have been useful for creating 

novel split inteins and mini-inteins25,36,37 and for providing 

better understanding of the structure-function relationships of 

inteins36-40. To support the design of new split inteins, we 

additionally determined the crystal structures of two inteins 

used for this study, i.e. NpuDnaB∆290, and TvoVMA∆21 inteins. 

The initially engineered mini-intein from NpuDnaB intein 

(NpuDnaB∆283) is functional and consists of 146 residues, 

minimized from the original 429 residues33 (Fig. S2a). 

However, we could not obtain well-diffracting crystals of this 

construct, presumably due to incomplete deletion of the 

endonuclease insertion region and the remaining disordered 

region. Further deletion of seven residues allowed growth of 

crystals that were highly optimized for X-ray analysis, 

Table 1. Data collections and structure refinements of NpuDnaB∆290 intein 
and TvoVMA∆21 intein 

 NpuDnaB∆290 intein TvoVMA∆21 intein 
Data collection ESRF ID14-1 Diamond I04 
Space group P4322 P63 

Molecules/a.u. 1 2 
Unit cell   a, b, c (Å);  
                  α, β, γ (°)    

61.05, 61.05, 122.2 
90, 90, 90 

154.4, 154.4, 49.0 
90, 90, 120 

Resolution (Å)* 29.6-1.4 (1.45-1.40) 46.0-2.7 (2.75-
2.70) 

Rmerge
† (%) 8.1 (93.2) 13.1 (59.8) 

No. of reflections 
(measured/unique) 

1,298,648/46,443 71,837/18,582 

<I / σI> 17.3 (2.5) 9.8 (1.8) 
Completeness (%) 100.0 (100.0) 99.5 (99.3) 
Redundancy 28.0 (28.6) 3.9 (3.9) 
   
Refinement   
Resolution (Å) 29.6-1.40 46.0-2.7 
No. of reflections (total/ 
Rfree) 

46,286/948 17,824/908 

R / Rfree
‡ 0.161/0.189 0.180/0.229 

No. atoms   
    Protein 2354& 2626 
    Ligands 19 63 
    Water 279 125 
   
R.m.s. deviations from 
ideal targets 

  

    Bond lengths (Å) 0.009 0.011 
    Bond angles (°) 1.29 1.45 
Ramachandran plot (%)   
Favored 98.6 91.2 
    Allowed 1.4 8.2 
    Outliers 0 0.7 
PDB code 4O1R 4O1S 

*The highest resolution shell is shown in parentheses. 

†Rmerge = ∑h∑i|Ii-〈I〉|/∑h∑iIi, where Ii is the observed intensity of the i-th 
measurement of reflection h, and 〈I〉 is the average intensity of that reflection 
obtained from multiple observations. 

‡R = ∑||Fo|-|Fc||/∑|Fo|, where Fo and Fc are the observed and calculated 
structure factors, respectively, calculated for all data. Rfree was defined in 56 

&including partially occupied and hydrogen atoms 
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diffracting to the resolution as high as 1.4 Å. Crystal structure 

of NpuDnaB∆290 intein was solved by molecular replacement 

using the coordinates of the DnaB intein from Synechocystis sp. 

PCC 6803 (PDB, 1MI8)40 as the starting model (Fig. 3b, Table 

1). Both inteins shares high sequence homology (68% identity) 

and a very similar three-dimensional structure (r.m.s.d. for 

backbone atoms of 141 residues is 1.0 Å), although NpuDnaB 

mini-intein (NpuDnaB∆283) has considerably superior cis-

splicing activity compared to SspDnaB mini-intein 

(SspDnaB∆275)33.  

TvoVMA intein consists of 186 amino acids (Fig. S2b). 

Initially, we did not succeed in obtaining crystals that would 

diffract to high resolution. Even though there is no obvious 

endonuclease insertion, NMR analysis of TvoVMA intein 

suggests the presence of disordered regions, as evidenced by 

the relatively strong signals between 8.0 ppm and 8.5 ppm 

observed in the [1H, 15N]-HSQC spectrum (Fig. S3). We 

constructed deletion variants of TvoVMA intein based on the 

sequence alignments, aiming to trim the sequences around the 

conserved endonuclease insertion site. We monitored the 

HSQC spectra and splicing activity in order not to disrupt the 

entire architecture of TvoVMA intein (Fig. S3). We created two 

functional deletion variants i.e. TvoVMA∆13 and TvoVMA∆21 

inteins (Fig. S2b). Only TvoVMA∆21 intein consisting of 165 

residues could be crystallized, which diffracts to only 2.7 Å 

resolution. Its structure was solved by molecular replacement 

(Fig. 3d and Table 1). The crystal structure of TvoVMA∆21 

intein revealed that the deleted region was indeed located near 

the crystal contacts with neighbouring molecules. The longer 

loop in this region probably disturbed the same crystal contacts, 

preventing growth of well-ordered crystals. The crystal 

structure of TvoVMA∆21 intein shows high similarities with PI-

PkoII (2CW7)41 with Z score of 23.1, PI-PfuI, (1DQ3)42 with Z 

score 22.4, PhoRadA intein (4E2T)36 with Z-score of 21.7, and 

MjaKlbA intein (2JMZ)43 with Z-score of 20.8, as identified by 

DALI server44. These four inteins are from thermophilic 

archaea and share the same feature of an insertion following the 

helix after the block A (Fig. S1). Such insertion might be 

important for stabilizing HINT domains as this insertion is 

observed for all the intein structures from thermophilic 

organisms, which are currently available in the Protein Data 

Bank.  

Novel split inteins 

In this report we created 21 new split inteins from NpuDnaE 

intein (4 sites), NpuDnaB∆283 intein (5 sites), PhoRadA intein (8 

sites), and TvoVMA intein (4 sites) (Fig. 2b and Fig. S1). 

Together with the previously reported split sites for NpuDnaE 

intein (3 sites, dotted lines in Fig. 2b), 24 split inteins were 

tested and compared with the aim of identifying functional split 

sites. The comparison could provide a rationale for designing 
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novel split inteins based on the high-resolution three-

dimensional structures (Fig. 3). Our primary targets 

were split inteins with the previously known split 

sites (N11, C6, C14, and C35) and with even shorter 

N- or C-terminal fragments (C2, C3, N5, and N6). 

The identified functional split sites are displayed on 

the structures by blue stick models (Fig. 3) and 

indicated in the primary structures by filled 

rectangles (Fig. S1). The efficiencies of protein 

trans-splicing vary considerably between split 

inteins (Fig. 4), but a majority of longer split inteins 

could produce some ligation products. 

Quantitative comparison of splicing efficiencies of the 

new split inteins 

As we introduced N- and C-terminal H6-tags at both 

ends (Fig. 2), protein trans-splicing and side-

reactions were quantitatively analyzed by SDS-

PAGEs of the elution fractions from IMAC using 

Ni-NTA spin columns (Fig. S4). Because of the dual 

His-tags, the elution fractions could contain 

unreacted N- and C-precursors, ligated (spliced) 

product, and N- and C-cleaved products (Fig. S4). 

Adjustment of two precursor proteins at an 

equimolar ratio with the in vivo system is not trivial and 

requires careful optimization, because the expression levels 

deviate between different precursors. Therefore, one of the two 

precursors can easily be in excess over the other precursor, 

complicating the quantitative analysis. When one of the 

precursors was nearly undetectable in the presence of the 

ligated product and/or the cleaved products, we assumed that 

such precursor was completely consumed (reacted), leaving the 

remaining precursor in excess. In other words, we assumed that 

the reacted precursors ended up in one of the three reactions 

(ligation, N- and C-cleavages).  

Figure 4 summarizes protein trans-splicing efficiencies of 24 

split inteins, together with two side-reactions of N- and C-

cleavages. Nineteen out of 24 split inteins tested could produce 

ligated products (L). Split inteins with C2, C3, N5 and N6 split 

sites did not produce any detectable ligation products as judged 

by SDS-PAGE. Therefore, we did not further investigate these 

sites for all the four inteins. It is noteworthy that split inteins 

with the split site at the corresponding endonuclease insertion 

site, i.e. C35 for NpuDnaE intein, C39 for NpuDnaB∆283 intein, 

C46 for PhoRadA intein, and C48 for TvoVMA intein have 

higher splicing efficiency with fewer side-reactions. This 

suggests that the highly conserved site for endonuclease domain 

insertion is probably due to structural requirements for efficient 

splicing activity. Figure 4 does not indicate how fast splicing 

reaction takes place during the expression and purification steps 

but shows the proportions of side-reactions resulting in 

undesired products. Interestingly, some split inteins induce 

cleavages rather than splicing even though their amino acid 

compositions are nearly identical, suggesting that protein-

folding process upon association of the two precursors is more 

crucial than the primary structure for productive protein-

splicing. In an ideal case with very high splicing kinetics and no 

side-reaction, we do not expect any remaining precursors and 

cleaved products in the elution fraction. Figure 5 presents the 

normalized yields, which are the ratios between the ligated 

product and the remaining proteins in the elution fractions, 

ignoring the adjustment of unbalanced co-expressions of the 

two precursors. Naturally split NpuDnaE intein with C35 split 

site has the highest yield without any remaining precursors and 

side-products. It is clearly the best split intein with lowest 

amounts of side-reactions among the tested split inteins in this 

article. The previously reported split NpuDnaE intein at the C14 

is also comparable to splicing of the wild-type split NpuDnaE 

intein26.  

Practicality of the new split inteins for protein ligation 

It is often more critical to produce large amounts of the ligated 

product than to have higher ligation kinetics of the split intein, 

although both usually correlate. In particular, yields per litre of 

growth medium matters for practical applications such as 

segmental isotopic labeling of proteins45. However, we found 

that some split inteins could not be expressed at high levels 

with high splicing activity. For example, inteins with 

endonuclease domains could often be expressed well but were 

insoluble and/or unreactive23. To take this into account, we 

compared the yields of the ligated product by 24 pairs of 

different split inteins under the same conditions from the same 

volume of the E.coli culture medium. Even though some split 

inteins derived from PhoRadA and TvoVMA inteins appear to 

be robust for their protein trans-splicing activity (Fig. 4), the 

relative ligation yields were much lower compared with other 

inteins like NpuDnaE and NpuDnaB∆283 inteins. This is due to 

the lower expression level of precursor proteins. PhoRadA and 
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TvoVMA inteins were derived from thermophilic organisms 

and contain a number of codons that are rare in E. coli, 

presumably lowering the expression levels. This problem can 

be alleviated by supplementing tRNAs for rare codons in E. 

coli (Fig. 6) or might be solved by optimizing the codons used 

in the intein genes. Among the 24 split inteins, split intein at 

C14 of NpuDnaE intein and at C39 of NpuDnaB∆283 intein were 

the best in terms of the yield per culture volume, although the 

deviations in individual experiments were large. Considering 

the lower amounts of the side-reactions (Fig. 4), C14 of 

NpuDnaE intein is the best split 

intein with less side-reactions and 

better final yields under the 

conditions tested (Fig. S5). This is 

probably because the shorter length 

of the C-terminal intein fragment 

split at C14 site is less disturbing 

the solubility of the fused protein, 

yet interacting specifically with the 

N-terminal intein fragment. 

Moreover, the N-terminal split 

intein fragment (NpuDnaE∆C14) 

does not induce any side-reaction 

without the C-terminal split intein 

fragment unlike other longer N-

terminal split intein fragments that 

induce cleavage without their 

counter partners.  

In vitro protein trans-splicing of the 

new split inteins 

For semi-synthesis9, it is necessary 

to perform protein trans-splicing in 

vitro rather than in vivo. In vitro 

protein ligation also provides various opportunities to optimize 

the ligation condition such as pH and additives. Many split 

intein fragments became insoluble after splitting, even when 

they are fused to highly soluble proteins like GB1 or SUMO 

domain. This problem is more frequently observed for 

artificially split inteins, restricting their use. For example, the 

NpuDnaB∆283 intein with C39 split site showed excellent 

splicing activity in vivo (Figs. 4b, 5, and 6), but the N-terminal 

intein fragment was mostly insoluble and could not be purified 

for in vitro experiments when it was expressed as Smt3 fusion. 
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Whereas longer split inteins tend to be less soluble, a shorter 

fragment (<15 residues) is clearly more soluble when it is fused 

with soluble proteins as previously shown26. The short 

fragments are advantageous for semi-synthetic applications 

because shorter peptides can be easily synthesized. However, a 

shorter intein fragment requires longer counter fragment that 

could already induce undesired cleavages without their 

partners. This problem was observed particularly for C2, C3, 

and C6 split sites (Fig. 4). Therefore, the shortest intein 

fragment is not necessarily the best split intein for in vitro 

applications. We could test in vitro protein trans-splicing of the 

two new split inteins. The two pairs of PhoRadA∆C6/C6 and 

TvoVMAN11/∆ N11 precursors could be purified for in vitro 

ligation, resulting in acceptable ligation efficiencies (>50%) 

(Fig. 7). Both new split inteins are comparable to the in vitro 

ligation by the previously reported NpuDnaE∆C14/C14 (>60%)26. 

Although these new split inteins do not have remarkable 

ligation kinetics and lower side-reactions, they might be useful 

for in vitro protein ligation by PTS.  

Split inteins derived from NpuDnaE intein 

NpuDnaE intein is one of the best natural split inteins with 

highly efficient splicing activity and has been widely used for 

protein ligation15,46,47. We previously created functional split 

inteins at C14 and C6 sites from the cis-splicing single-chain 

variant of NpuDnaE intein, based on its NMR structure37. The 

next question is whether it is possible to make the C-terminal 

fragment even shorter or to create split intein closer to the N 

terminus. We tested four new split inteins at N11, N35, C2, and 

C3 sites in addition to the natural split site (C35) and the 

previously reported C14 and C6 split sites. The shorter C-

terminal intein fragments with less than 6 residues resulted only 

in N-cleavage reaction. The C-terminal six residues were 

minimally required for trans-splicing, although the split intein 

at C6 site also produced large amounts of cleaved products. 

This observation suggests that N-S acyl shift at the N-terminal 

junction does not require the last few C-terminal residues and 

that folding of the three-dimensional structure induces N-S acyl 

shift without the C-terminal catalytic residues. We assumed that 

C2 and C3 sites with other inteins could result in similar 

cleavages.  

HINT (Hedgehog/Intein) fold can be divided into two pseudo 

domains with C2 symmetry, which is most likely to be the 

result of gene duplication48. C35 site in the structure of 

NpuDnaE intein roughly corresponds to N35 site in the other 

pseudo domain because of this C2 symmetry (Fig. 3a). N35 site 

of NpuDnaE intein has relatively high ligation efficiency with 

only small amounts of the side-reactions (Fig. 4). However, 

unreactive N-terminal precursor was observed more than for the 

C35 site, thereby greatly reducing the normalized yield (Fig. 5). 

This indicates that protein folding of the split NpuDnaE intein 

at N35 is not as efficient as the C35 site.  

N11 site similarly corresponds to the C14 site in terms of the 

length. This site also corresponds to the previously reported S1 

site in SspDnaB intein27 and is found to be functional for the 

other three inteins. The normalized yields of these split inteins 

at N11 site are, however, much worse than the C-terminal split 

sites. These results from split NpuDnaE inteins suggest that 

there are differences in the folding process of each pseudo 

domain that are crucial for productive trans-splicing and further 

understanding of folding process might help the design of better 

split inteins.  

Orthogonality of novel split inteins 

One of the limitations of protein trans-splicing is that split 

inteins can react with each other due to their lower specificity 

as found among naturally split DnaE inteins15,16,19,22. It is of 

considerable interest to identify orthogonal split inteins that are 

not cross-reactive for multiple-fragment protein ligation18,19,49. 

Table 2 summarizes 43 combinations of split inteins tested for 

cross-reactivity among different split inteins classified by the 

split sites. Among the five inteins split within the loop after 

block A (N11 site), only split NpuDnaB∆283 and SspDnaB∆275 

inteins at this location cross-reacted (Fig. S6 and Table 2a). 

This was not surprising because the sequence identities of the 

first 10-14 residues between the two inteins are about 50-60%.  

Three functional split inteins at the loop of block F (C14 site) 

Table 2a. Orthogonality of inteins split at the loop at the end of block A. 

Block A 

 N
p
u

D
na

E
N

11
 

 N
p
u

D
na

B
∆

28
3 N

13
 

 T
vo

V
M

A
N

11
 

 P
h
o

R
ad

A
N

11
 

 S
sp

D
na

B
 ∆

27
5 N

11
 

NpuDnaE∆N11 + − − − − 
NpuDnaB∆283

∆N12 − + − − + 
TvoVMA ∆N11 − − + − − 
PhoRadA∆N11 − − − + − 
SspDnaB∆275

∆N10 − − − − + 
“+” and “-” indicate “with” and “without”  trans-splicing activity, 
respectively.  

Table 2b. Orthogonality of inteins split at the loop within the block F. 

Block F 

N
p
u

D
na

E
C

14
 

 T
vo

V
M

A
C

16
 

 P
h
o

R
ad

A
C

14
 

NpuDnaE∆C14 +   − − 
TvoVMA∆C16 − + − 
PhoRadA∆C14 − − + 

“+” and “-” indicate “with” and “without”  trans-splicing activity, 
respectively.  

Table 2c. Orthogonality of inteins split at the loop within the block G. 

Block G 

N
p
u

D
na

E
C

6 

 T
vo

V
M

A
C

7 

 P
h
o

R
ad

A
C

6 

NpuDnaE∆C6 + − − 
TvoVMA∆C7 − + + 
PhoRadA∆C6 − + + 

“+” and “-” indicate “with” and “without”  trans-splicing activity, 
respectively.  

Page 8 of 12Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Molecular Biosystems 

8 | Mol. Biosyst., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

site did not exhibit any cross-activity, confirming their 

orthogonality (Table 2b and Fig. S7a). On the other hand, 

among the split inteins at block G, PhoRadA split inteins at C7 

site and TvoVMA split intein at C6 were cross-reactive (Fig. 

S7b). These two C-terminal fragments have an identical C-

terminal sequence with the variation only at the loop region. 

The shorter fragment of the split inteins at C6 site will probably 

reduce the probability to be orthogonal and might not be the 

best site for designing orthogonal split inteins. C14 site seems 

to be minimally suitable location for creating orthogonal split 

inteins. 

Conclusions 

In summary, we tested and compared 24 split inteins including 

the 21 new split inteins designed based on their three-

dimensional structures, of which the two new crystal structures 

of TvoVMA∆21 and NpuDnaB∆290 inteins were presented here. 

We found that NpuDnaE∆C14/C14 intein was the best split intein 

for the practical use for protein ligation because of the high 

yield with fewer side-reactions. Shorter intein fragments with 

less than 6 residues are generally not suitable as split inteins 

because they tend to be more cross-reactive and induce more 

undesired premature cleavages to the N- or C-precursors 

without their counter partners. Split inteins with very short 

fragments thus require further engineering to prevent premature 

N- and C-cleavages. A majority of the new split inteins are 

orthogonal to each other when the sequence similarities are less 

than about 40%. Most of functional split inteins identified from 

the in vivo assay are not always appropriate for in vitro 

experiments because the split intein precursors are often 

insoluble or prone to aggregation during purification. The split 

inteins at the conserved endonuclease insertion site are usually 

the best split inteins from in the in vivo assays, suggesting that 

this site is less disturbing protein folding of HINT fold and 

results in more productive protein-splicing. This observation 

also explains why the endonuclease insertion sites and naturally 

split sites are highly conserved. 

 

Experimental 

The dual vector system for testing protein trans-splicing in vivo 

All N-terminal split intein precursors were cloned in pRSF-
vectors as H6-tagged yeast ubiquitin-like protein (Smt3) fusion, 
which carry RSF3010 origin, resistance to kanamycin, and a 
T7-promoter, whereas all C-terminal split intein precursors 
were cloned in pBAD-vectors as fusion protein with the C-
terminally H6-tagged B1 domain of protein G from 
Streptococcus spp (GB1), bearing ColE1 origin, ampicillin 
resistant gene, and arabinose promoter. All plasmids used in 
this study are summarized in Supplemental Table 1. 

Construction of split inteins for in vivo studies 

All the plasmids encoding the split inteins (except for H6-Smt3-
NpuDnaE∆C6, H6-Smt3-NpuDnaE∆C3, H6-Smt3-NpuDnaE∆C2, 
H6-Smt3-SspDnaB∆275

N11, and H6-Smt3-NpuDnaB∆N12) for in 
vivo experiments were constructed by amplifying the genes of 

split inteins from previously constructed plasmids as the 
templates (Supplemental Table 2) by PCR using a pair of two 
oligonucleotides listed in Supplemental Table 3. The amplified 
genes were inserted into pHYRSF5350 for the N-terminal split 
intein precursors or into pMHBAD14C46 for the C-terminal 
split intein precursors, together with a few native extein 
residues33 (except for the N-junction sequence of NpuDnaE 
intein)15. H6-Smt3-NpuDnaE∆C6 construct was generated by 
transferring the gene of NpuDnaE∆C6 from pHYDuet9337 into 
pHYRSF53. H6-Smt3-NpuDnaE∆C3, H6-Smt3-NpuDnaE∆C2, and 
H6-Smt3-NpuDnaB∆283

∆N12 were constructed by introducing a 
stop codon in pSKDuet16 (NpuDnaE)33 or pMMDuet19 

(NpuDnaB∆283)33 using inversion PCR with pairs of two 
oligonucleotides listed in supplemental Table 3. H6-Smt3-
SspDnaB∆275

N11 was constructed by transferring the gene of 
SspDnaB∆275

N11 intein from pTWIN2 vector (NEB) using the 
two oligonucleotides of HK039 and HK040 into pDuet-vector. 
Two rounds of inversion PCR were performed to mutate the -1 
residue to glycine using the two oligonucleotides of HK129 and 
HK130 and to introduce a stop codon for SspDnaB∆275

N11 using 
the two oligonucleotides of HK142 and HK143. The coding 
regions of SspDnaB∆275

N11, NpuDnaB∆283
∆N12, NpuDnaE∆C2, 

NpuDnaE∆C3 were cloned in pHYRSF53. 

In vivo protein ligation 

Each pair of the two plasmids for the two precursors was co-
transformed into E. coli ER2566 strain and grown at 37 °C in 5 
mL LB medium supplemented with 25 µg/mL kanamycin and 
100 µg/mL ampicillin. When OD600 reached 0.4–0.6, C-
terminal precursor was induced by addition of a final 
concentration of 0.08% (w/v) L-arabinose. The C-terminal 
precursor was expressed for half an hour before the second 
induction of the N-terminal precursor with a final concentration 
of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 
After the second induction the cells were incubated for 
additional four hours and then harvested by centrifugation. The 
cell pellet was mixed and lysed with Bacterial protein 
extraction reagent (B-PER, Thermo Scientific). After 
centrifugation the supernatant was loaded on Ni-NTA spin 
columns (Qiagen). The bound proteins were eluted in buffer B 
(50 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole, 
pH 8.0) after washing with washing buffer (50 mM sodium 
phosphate, 300 mM NaCl, 30 mM imidazole, pH 8.0). The 
elution fractions were analyzed by 18% SDS-PAGE. Protein 
expressions by supplementing tRNA for rare codons in E. coli 
were performed by co-transformation of an additional pRARE 
plasmid, which bears genes for rare tRNAs and growth medium 
was additionally supplemented with 5 µg/mL chloramphenicol. 

In vitro protein ligation experiments 

 The N-terminal precursors of H6-Smt3-TvoVMAN11 

(pSARSF53-110) and H6-Smt3-PhoRadA∆C6 (pSARSF53-165) 
were expressed in E. coli ER2566 cell strain for 3 hours by 
IPTG induction and purified from 1 liter LB-medium. To 
supplement for rare codons in E. coli, pSARSF53-165 was co-
transformed with pRARE plasmid. The harvested cell pellets 
were resuspended into buffer A (50 mM sodium phosphate, 300 
mM NaCl, pH 8.0) and stored at –70 °C. The cells were lysed 
by ultrasonication. The supernatant after centrifugation at 
38,360 g at 4 °C for 50 minutes was filtered through 0.45 µm 
filter and loaded on a 5 mL HisTrapHP (GE Healthcare). H6-
tagged proteins were eluted with a linear gradient from 0 to 
100% of buffer B. The C-terminal split intein precursor coded 
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in pSABAD14-98 (TvoVMA∆N11-GB1-H6) and pSABAD14-
172 (PhoRadAC6-GB1-H6) were expressed and purified by the 
same IMAC procedure. The cells bearing the plasmid 
pSABAD14-98 or pSABAD14-172 were grown in 1 or 2 litres 
LB-medium supplemented with 100 µg/mL ampicillin. The 
protein expression was induced by addition of a final 
concentration of 0.08%(w/v) L-arabinose. The precursor of 
TvoVMA∆N11-GB1-H6 was purified by IMAC with Profinia 
Purification System (BioRad) according to the manufacturers 
protocol. The elution fractions containing the intein precursors 
were dialyzed against ligation buffer (0.5 M NaCl, 10 mM Tris-
HCl, 1 mM EDTA, pH 7.0) for overnight at 10 °C. The in vitro 
protein ligation was monitored after mixing equimolar amounts  
(15 µM each) of the N- and C-precursors at 25°C in the 
presence of 0.5 mM TCEP (tris(2-carboxyethyl)phosphine). 
The reaction was followed by taking samples, of which reaction 
were stopped by mixing with SDS-loading buffer. The samples 
were analyzed from 18% SDS-PAGEs as described below. 

Quantification of the splicing reactions by the image analysis of 

SDS-PAGE 

The ratio of N-, C-cleavages and ligation products were 
analysed from SDS-PAGEs stained with PhastGelTM Blue R 
(GE Healthcare) based on band intensities using the software 
Image J (NIH). The insoluble fraction was not taken into 
account for the analysis. The percentages of ligation (L), N-, 
and C-cleavages (N and C) were calculated as the proportion of 
each reacted product (L, N, and C) against all the reacted 
products, excluding unreacted precursors. The normalized 
yields were calculated as the proportion of the ligation product 
(L) against the sum of all the remaining precursors and ligated 
and cleaved products present in the elution fraction. The band 
intensities were normalized according to their molecule sizes. 
The relative ligation yields were determined by comparing the 
intensities of ligation product bands from the different protein 
expressions of different combinations of the split inteins. To 
reduce artefacts due to staining, the analysis was normalized 
based on intensities of a standard (bands from the protein 
weight marker loaded on each gel). Yields were normalized 
among each other by setting the highest yield (NpuDnaB∆283

C39 
intein) to one. To analyze the reactions in vitro, intensities of 
the precursor and product bands at each time point were 
quantified. Ligation kinetics was determined with SigmaPlot 
(Systat Software Inc) by fitting the first-order kinetics function 
to the band intensities. The amount of ligation was calculated as 
the proportion of the ligation product against the remaining 
precursors, ligation, and cleavage products. All experiments 
were performed in triplicates. 

Cloning TvoVMA intein, TvoVMA∆21 intein and NpuDnaB∆290 

intein for the structure determination 

H6-Smt3 fusion with TvoVMA intein containing C1A, T+1A 
mutations, and a stop codon after +1A residue was cloned from 
pSKDuet2633 by PCR with two oligonucleotides of HK313 and 
HK264 and inserted into pHYRSF53, resulting in pHYRSF175. 
TvoVMA∆21 intein with the deletion of residues 124-144 was 
constructed from plasmid pSKDuet26 by inversion PCR using 
two oligonucleotides I423 and I424, resulting in pJODuet72. 
An inactive variant (C1A, T+1A) of TvoVMA∆21 intein was 
cloned as H6-Smt3 fusion in pHYRSF53 using two 
oligonucleotides of HK370 and HK264 (pJORSF73).  
NpuDnaB∆283 intein (pMMDuet19)33 was further minimized by 
PCR using the oligonucleotides of HK151, HK506, HK504, 

and HK505 to construct NpuDnaB∆290 intein. The nine residues 
were removed from the loop where the endonuclease domain 
had been removed in pMMDuet19. The gene of NpuDnaB∆290 
intein was cloned into pSKDuet16, resulting in pALBDuet28 
that encode cis-splicing precursor bearing NpuDnaB∆290 and 
two GB1s as exteins. The inactive variant of NpuDnaB∆290 
intein bearing C1A, S+1A mutations and a stop codon after the 
+1A residue was created as H6-Smt3 fusion by cloning the gene 
in pHYRSF53 using two oligonucleotides of HK763 and 
HK764, which resulted in pCARSF02.  

Protein expression and purification for structural studies 

Protein expression and purification of NpuDnaB∆290 intein 
(pCARSF02), TvoVMA intein (pHYRSF175), and TvoVMA∆21 
intein (pJORSF73) were performed in the same way except for 
pJORSF73, which was additionally co-transformed with 
pRARE plasmid. pCARSF02 or pHYRSF175 was transformed 
into E. coli ER2566 strain. The transformed cells were grown at 
37 °C in LB-media supplemented with appropriate antibiotics. 
At OD600 = ~0.6, the cell culture was induced for three hours 
with a final concentration of 0.5 mM IPTG. For NMR studies, 
the constructs in pHYRSF175 and pJORSF73 were expressed 
for 5 hours in stable isotope-labeled medium using M9-medium 
supplemented with 15NH4Cl as sole nitrogen. The harvested cell 
pellet was resuspended with buffer A and flash-frozen for 
storage at –80 °C. The frozen cell pellets were lysed by French 
Press or ultrasonication and purified as described previously 
using HisTrapFF column (5 mL) (GE Healthcare)50. After the 
removal of H6-Smt3 tag, NpuDnaB∆290 intein, TvoVMA intein, 
and TvoVMA∆21 intein were dialyzed against MQ grade water 
at 10 °C. The proteins were concentrated using Vivaspin 20 
centrifugal filter device (GE Healthcare, MWCO 5,000). 

NMR spectroscopy 

[1H, 15N]-TROSY HSQC spectra of 0.4 mM TvoVMA intein in 
10 mM sodium phosphate buffer (pH 6) at 307 K and 0.5 mM 
TvoVMA∆21 intein in 20 mM sodium phosphate buffer (pH 7) 
at 298 K were recorded on a Varian INOVA 600 MHz or 800 
MHz spectrometers equipped with cryogenic probe head. 

Protein crystallization 

The final protein concentrations of 63 mg/mL for NpuDnaB∆290 
intein and 45 mg/mL for TvoVMA∆21 intein were used for 
protein crystallization. Crystallization conditions were screened 
at 293 K using Index HT screen (Hampton Research) by sitting 
drop vapour diffusion in a 96 well plate (Innovadyne SD-2), 
with a 80 µL reservoir solution and protein drops of 100 nL 
mixed with 100 nL reservoir solution. Crystallization hit of 
NpuDnaB∆290 intein in 0.1 M Bis-Tris, pH 5.5, and 3.0 M NaCl 
was repeated with manually set up drops. Crystals for 
diffraction data collection were prepared using sitting drop 
vapour diffusion with 300 µL reservoir solution and 1 µL 
protein drops mixed with 1 µL reservoir solution. From the 
crystallization condition a crystal was picked and cryo-
protected with a 20% glycerol solution mixed in mother liquid 
before vitrification. Crystallization conditions for TvoVMA∆21 
intein were optimized by grid screen from the initial hits and by 
adjusting the protein concentration to 20 mg/mL. The best 
diffraction crystal was collected from a drop grown in 0.1 M 
HEPES (pH 7.0) and 25% MPD using sitting drop vapour 
diffusion with 500 µL reservoir solution and 0.5 µL protein 
drops mixed with 0.5 µL reservoir solution. 
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Data processing and structure refinement 

Diffraction data for the crystal of NpuDnaB∆290 intein were 
collected in a single pass on beamline ID14-1 at 
ESRF/Grenoble and were subsequently indexed, integrated, and 
scaled to 1.40 Å resolution using the program HKL300052, with 
crystal parameters and data processing statistics listed in Table 
1. The estimated Matthews coefficient is 3.64 Å3Da-1, 
corresponding to 66.2% solvent content53. The structure was 
solved by molecular replacement using SspDnaB∆275 intein 
(1MI8) as a starting model, resulting in a fully interpretable 
electron density map. Further refinement was performed with 
Refmac554 and Phenix55, using all data between 29.6 and 1.40 
Å, after setting aside 2.1% of randomly selected reflections 
(~1000 total) for calculation of Rfree

56. Manual corrections were 
performed with COOT57. Isotropic individual temperature 
factors were refined, with the TLS parameters added in the final 
stages of refinement (Table 1). 
Diffraction data for the crystal of TvoVMA∆21 intein were 
collected in a single pass on beamline I04 at the Diamond 
synchrotron and were subsequently indexed, integrated, and 
scaled to 2.70 Å resolution using the program HKL300052 
(Table 1). Although the nominal resolution of measured data 
was higher, diffraction beyond that limit was not retained due 
to generally weak scattering from the only suitable crystal. 
While the asymmetric unit could easily accommodate up to 
four molecules of TvoVMA∆21 intein, only two are actually 
present, explaining the relatively weak diffraction. The 
estimated Matthews coefficient53 is 4.4 Å3Da-1, corresponding 
to 72.1% solvent content. The structure was solved by 
molecular replacement using as a starting model the coordinates 
of the Mycobacterium tuberculosis recA mini-intein (2IN0; 
20% sequence identity)58, identified with the program 
BALBES59. Structure solution utilized the program MOLREP60 
implemented in HKL3000. However, solution was possible 
only after trimming the side chains in the starting model with 
the program CHAINSAW61 or by using a polyalanine model, 
whereas no solution could be obtained with either unmodified 
2IN0 coordinates, or with any modification of the coordinates 
of the minimized RadA intein from Pyrococcus horikoshii 
(4E2U)36, closer in its amino acid sequence (32% identity) to 
the target intein. The unique solution was automatically rebuilt 
with BUCCANEER62 and refined with Refmac554 within 
HKL300052. Further refinement was performed with Phenix55, 
using all data between 46.0 and 2.7 Å, after setting aside 5.1% 
of randomly selected reflections (~900 total) for calculation of 
Rfree

56. Isotropic individual temperature factors were refined, 
with the TLS parameters added in the final stages of refinement 
(Table 1). 
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