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ABSTRACT 

 
Protein splicing is a self-catalyzed post-translational modification in which an intervening 
protein or intein excises itself out from a precursor protein, and ligates the flanking external 
proteins or exteins to produce a mature protein. We report the solution NMR structure of a 
136-residue DnaX mini-intein enzyme from the cyanobacterium Spirulina platensis. The 
protein adopts a well-defined globular structure, representing a canonical horseshoe-like disk-
shaped fold commonly found in the HINT (hedgehog intein)-type topology. Analytical 
ultracentrifugation and size-exclusion chromatography confirm the monomeric nature of the 
protein in solution. NMR-based backbone dynamics and hydrogen exchange experiments 
reveal conserved motions in both fast (ps-ns) and slow (ȝs-ms) timescales, which appear to 
be a characteristic of the intein fold. In cell splicing activity of Spl DnaX mini intein was 
determined by SDS PAGE and western blotting, and the enzyme was found to be highly active. 
Apart from splicing reaction, the precursor protein also undergoes catalytic cleavage at the N- 
and C-terminus of the intein enzyme. To determine the roles of the three catalytic residues in 
splicing and cleavage reactions, all possible alanine mutations of these residues were 
generated and functionally characterized. This study revealed cooperativity between these 
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catalytic residues, which suppresses the N- and C-terminal cleavage reactions and thus, 
enhances the yield of the spliced product. Overall, this study provides detailed structural, 
dynamic and functional characterization of a new intein enzyme and adds to the collection of 
these unique enzymes that have found tremendous applications in chemical biology and 
biotechnology. 
 
  
 
 
 

INTRODUCTION 

 
Protein splicing is a unique post-translational rearrangement that was discovered in the early 
1990s.1±3 This process involves self-excision of an internal protein sequence, called an intein 
(intervening protein), from a precursor protein, resulting in the ligation of the two flanking N- 
and C-exteins (external proteins) into a single polypeptide chain via a native peptide bond 
formation between them.4 Inteins have been identified in a number of unicellular organisms 
and occur in all three domains of life: bacteria, eukarya and archaea.5 Since their discovery, 
intein enzymes have found numerous applications in chemical biology, protein engineering, 
biomedicine and biotechnology.6,7 Indeed, these en]\mes have been termed as µNature¶s gift 
to protein chemists¶.8 Few examples of their applications are expressed protein ligation 
(EPL),9,10 conditional protein splicing (CPS),11,12 self-cleavage of affinity-tag for protein 
purification, site-specific chemical modification,13 segmental isotope labeling 14,15 and protein 
cyclization.16 Till date, more than 600 intein genes have been found and are deposited into 
the New England Biolabs Intein Database, InBase,17 but only a few have been thoroughly 
characterized. Since inteins have a wide range of applications in protein chemistry, it is 
important to characterize more intein sequences that may find novel applications.   
 
Protein splicing is an intramolecular reaction. Inteins are single turn-over enzymes and require 
neither cofactors nor energy sources. Based on their sequences and splicing mechanisms, 
inteins are grouped into three classes.18 For class 1 inteins, splicing is initiated by the N-
terminal Cys or Ser sidechain of the intein, which attacks the previous peptide bond resulting 
in a thioester/ester linkage at the N-terminal splice junction (Figure 1). In the second step, the 
N-extein is then transferred to the side chain of the first C-extein residue (Cys, Ser or Thr) by 
trans-(thio)esterification, resulting in a branched (thio)ester intermediate. In the third step, the 
sidechain of the C-terminal asparagine attacks the following peptide bond resulting in peptide 
bond cleavage and separates the ester-linked exteins from the intein. Finally, the ester linkage 
rearranges to an amide linkage and the succinimide ring at the intein¶s C-terminal end 
hydrolyzes to form Asn.19 This splicing reaction is catalyzed by a set of conserved active site 
residues of the intein enzyme.  
 
However, both class 2 and class 3 inteins lack the N-terminal Cys or Ser nucleophile, thus 
they are unable to form the linear thio-ester intermediate (Figure 1). In case of class 2 
inteins,20,21 the sidechain of the first C-extein residue directly attacks the N-terminal scissile 
bond, thereby omitting both the acyl rearrangement and trans-esterification reaction and 
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resulting in the formation of the branched intermediate as in class 1 inteins. Class 3 inteins 
contain a conserved Trp-Cys-Thr (WCT) triplet, whose Cys sidechain attacks the N-terminal 
scissile amide bond, resulting in a branched intermediate.18,22 In the second step, the N-extein 
is transferred from the sidechain of this Cys to the sidechain of first C-extein residue to form 
another branched intermediate, similar to class 1 and 2 inteins. Once the standard branched 
intermediate is formed, both the class 2 and class 3 inteins follow the same class 1 splicing 
pathway.6 
 
In this study, we have carried out structural and functional characterization of a new intein 
sequence using solution NMR spectroscopy and in cell splicing assay, respectively. The intein 
was derived from gamma and tau subunits of DNA polymerase III (DnaX) gene of a 
cyanobacterium Spirulina platensis, abbreviated as Spl DnaX intein.17 This intein contains 136 
residues and is classified as a mini-intein due to the absence of a homing endonuclease 
domain. We have solved the structure of Spl DnaX mini-intein by solution NMR spectroscopy. 
Similar to other intein structures,23±26 the global fold of Spl DnaX mini-intein comprises of 
several ᄡ-strands forming a horseshoe-like disk shaped fold commonly found in HINT 
(hedgehog/intein) domain superfamily. Furthermore, NMR-based hydrogen exchange 
experiments and fast ps-ns backbone amide dynamics reveal that the core of the intein 
enzyme is highly rigid. The splicing reaction, within the bacterial cell, was monitored by gel 
electrophoresis of the whole cell lysate and the splicing and cleavage products were detected 
by western blotting analysis. Based on the solved structure, the catalytically important residues 
were identified and their functional role in the catalytic mechanism was determined by site-
directed mutagenesis. Overall, in this study, we show that the Spl DnaX mini-intein has a well-
folded and rigid three-dimensional structure, is highly active and follows the class 1 splicing 
mechanism.   

 
 

MATERIALS AND METHODS 

Cloning, protein expression and purification 

The full-length (138 aa) wild type Spl DnaX mini intein from Spirulina platensis was cloned into 
pET28a(+) vector. The plasmid was transformed into Escherichia coli BL21(ȜDE3) strain. For 
15N labeled protein sample, 1 L of M9 minimal media was supplemented with 1g of 15NH4Cl 
and 5g of 12C6-glucose as the sole nitrogen and carbon source, respectively. The culture was 
grown at 37°C till the cell density reached OD600 of ~1.0. After induction with 0.5 mM IPTG for 
5 hours at 37°C, cells were harvested and lysed by sonication in a lysis buffer (100 mM Tris-
Cl, 200 mM NaCl, 10 mM Imidazole, pH 8.2). The wildtype intein cleaved off the N-terminal 
(His)6-tag, thus hampering affinity purification. Hence, after cell lysis, the lysate was 
centrifuged at 16,000g for 50 minutes to precipitate the cell debris. The supernatant was 
heated to 70°C for 15 minutes and centrifuged to precipitate unfolded protein aggregates. The 
resulting clarified supernatant was filtered and passed through an anion and cation exchange 
resins, respectively. Finally, size exclusion chromatography was performed to obtain highly 
pure intein protein. 
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For structural studies, a catalytically dead mutant intein was designed by mutating Cys1 and 
Cys(+1) to Ala. The resulting construct InteinC1A/C(+1)A (Table 1) was over-expressed in 1 litre 
of M9 minimal media supplemented with 1g of 15NH4Cl and 3g of 13C6-glucose and purified 
using a Ni-NTA column. The affinity tag was removed by the Thrombin CleanCleave Kit from 
Sigma-Aldrich. The protein was exchanged into the final buffer (20 mM sodium phosphate, 50 
mM NaCl, and pH 6.5). Protein concentration was determined by UV absorption using 
predicted molar absorptivit\ (İ280). The proteins were 0.6-0.7 mM with 7% lock D2O. For the 
long-term stabilit\ of the proteins, 0.8 mM PMSF, 2 ȝl protease inhibitor cocktail and 0.04% 
NaN3 were also added to the final sample. 

 

Analytical size exclusion chromatography (SEC) 

Purified InteinWT and InteinC1A/C(+1)A in a buffer containing 20 mM Tris (pH 7.5), 50 mM NaCl 
were subjected to pre-packed Biorad ENrichTM SEC 70 size exclusion column. Analytical SEC 
profiles were compared to probe any hydrodynamic shape difference between the two protein 
constructs.   

 

Analytical ultracentrifugation (AUC) 

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiment was performed on 
InteinWT and the double mutant InteinC1A/C(+1)A using a ProteomeLab XL-1 analytical 
ultracentrifuge (Beckman Coulter). Epon double-sector centrepieces were filled with 420 µl of 
the sample buffer (20 mM Tris, 50 mM NaCl, pH 7.5) and 400 µl of intein protein having an 
A280 value of 0.4±0.6, respectively in the two sectors. The samples were centrifuged at 40,000 
rpm at 20°C. Frames were collected until sedimentation was complete. Absorbance scans 
were taken at intervals of 3 minutes. Sample buffer density, viscosity and partial specific 
volume of the proteins were calculated by SEDNTERP,27 data analysis was performed by 
SEDFIT using c(S) distribution analysis,28 and figures were prepared using GUSSI.29 

 

NMR experiments and structure calculations 
NMR experiments were performed in a 600 MHz Bruker Avance III spectrometer equipped 
with a triple resonance cryogenic probe head. All studies were done at 303 K unless otherwise 
stated. For the backbone and sidechain assignment, the 15N, 13C double-labeled InteinC1A/C(+1)A 
protein sample was used. Backbone resonances were manually assigned in NMRFAM-
SPARKY 1.470 30 using 2D 15N-1H HSQC and 3D NMR experiments such as CBCA(CO)NH, 
CBCANH, HNCO, HN(CA)CO and HNCA. Sidechains were assigned using HBHA(CO)NH, 
H(CC)(CO)NH, (H)CC(CO)NH, HCCH-TOCSY and 15N-TOCSY experiments.31 These spectra 
were processed and analyzed using NMRPipe32 and Sparky,33 respectively. The secondary 
structure propensity of this protein was calculated from the backbone chemical shifts (1HN, 15N, 
13CĮ, 13Cȕ and 13CO) using the program MICS.34 For the structure calculation, a 15N-edited 
NOESY spectrum with a mixing time of 110 ms and a sensitive enhanced 13C-edited NOESY 
spectrum with a mixing time of 110 ms were recorded. 
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Chemical shift-based torsion angle restraints and NOE based distance restraints were used 
to calculate the three-dimensional structure of the intein. Initial steps of NOE assignment and 
fold calculation were performed with PONDEROSA.35 Xplor-NIH-based calculations36 
implemented in AUDANA37 were used for the subsequent steps in the PONDEROSA-C/S 
package.38 Structure calculations were carried out by submitting jobs to the Ponderosa web 
server.39 The final structures were calculated with explicit water refinement. Secondary 
structural boundaries were determined using DSSP40 and structures were generated with 
PyMOL (PyMOL molecular graphics system, version 2.0.4, Schrodinger, LLC, New York, NY, 
USA). Statistics for the 15 lowest energy conformers are summarized in Table 2. 
 

Backbone amide 15N relaxation 
Amide 15N relaxation (R1, R2 and steady-state heteronuclear NOE) experiments were 
performed at 303K for InteinC1A/C(+1)A protein as described previously.41,42 Briefly, R1 (50, 100, 
200, 300, 400, 500, 750, 1000 and 1200 ms) and R2 (20, 40, 60, 80, 100, 120, 140, 160, 180 
and 200 ms) spectra were collected in random order to minimize any systematic error. The 
peak intensities of each residue were fit to an exponential decay function [It = I0*exp(-t*Ri)], 
where It is the peak intensity, t is the relaxation delay, I0 is the initial intensity and Ri is either 
R1 or R2. Errors in the calculated rate constants were determined by Monte-Carlo simulation. 
The ratio of the peak heights for each residue in the NOE versus a reference spectrum 
determined the Heteronuclear {1H}-15N NOE. Uncertainties in the heteronuclear NOE were 
estimated by propagation of error using spectral noise using the formula:   
 
ǻNOE = [^(1/IREF) * įINOE}2 + {(-INOE / IREF

2) * įIREF}2]½  
 
where ǻNOE is the propagation of error in the heteronuclear NOE, INOE and IREF are the peak 
heights of the NOE and control reference spectrum, įINOE and įIREF are spectral noise of the 
NOE and control reference spectrum, respectively. The residue-specific order parameter (S2) 
was calculated using TENSOR2.43   
 

Hydrogen exchange experiments 

Amide proton-deuterium exchange rates were measured at 298 K and pH 6.5. The protein 
was lyophilized, dissolved into 100% D2O44 and a series of 15N-1H HSQC spectra were 
collected over a period of time to monitor the decay of the amide signals as the protium is 
exchanged by deuterium. The pseudo first-order rate constants for exchange, kex, were 
calculated using inhouse MATLAB codes by nonlinear least-squares fitting of the peak 

intensities, It (normalized by the number of transients) to the equation: It = (I0-I00) * exp(ʷkex * 

t) + I00, where t is the midpoint time of each spectrum, I0 is the initial peak intensity and I00 
accounts for the intensity coming from residual water.45,46 Error in kex was determined by Monte 
Carlo simulation. 

Amide proton±proton exchange rates were measured at pH 6.5 and 7.5 by the CLEANEX-PM 
method47,48 at 303 K. At each pH, a series of spectra with 10, 20, 30, 40, 50, 60 and 80 ms 
transfer periods and a reference spectrum using a recycle delay of 12.0 sec were collected. 
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The pseudo first-order rate constants for chemical exchange, kex, were calculated by nonlinear 
least-squares fitting of the peak intensities versus transfer time using inhouse MATLAB codes. 
A scaling factor of 0.7 was used to correct for the steady-state water magnetization.  

The protection factors (PFs) for each amide proton were calculated as the ratio of the predicted 
intrinsic exchange rate constant (kint) for an unstructured polypeptide with the same amino 
acid sequence versus the experimentally calculated exchange rate constant (kex). The kint 
values were calculated using the program Sphere.49 Here an EX2 mechanism is assumed, 
where the exchange rate constants (kex) have a first-order dependence on sample pH and 
temperature. Also, the protein stability is assumed to be independent of pH and temperature.    

 

Splicing activity assay of wildtype and mutant inteins 

The 5¶ and 3¶ ends of Spl DnaX mini-intein gene were stitched by PCR with ubiquitin gene (N-
extein) and a homeodomain gene (C-extein) of HOX proteins, respectively. This was cloned 
into pET28a(+) vector resulting in N-terminal His6-tag. Additionally, a 3X-Flag tag was also 
added to the C-terminus of this construct. Several point mutations were introduced in the intein 
by inverse PCR based site-directed mutagenesis. These plasmids containing His6-UBQ-
Intein-HD-Flag3 were transformed into E. coli BL21(ȜDE3) cells and grown in LB media 
supplemented with 70 µg/ml kanamycin at 37°C until the cell density reached OD600 of ~0.6-
0.7. Protein expression was induced by 1 mM IPTG. Different time points were collected up to 
1-hour post-induction. Collected cells were harvested by centrifugation and lysed with 1X 
SDS-PAGE loading dye containing 20% BME. The samples were boiled at 100°C for ~10 
minutes, centrifuged and the supernatant from the lysate were run on a 12% SDS-PAGE.  
 
For Western blot analysis, the gels were blotted onto PVDF (polyvinylidene difluoride) 
membrane with a pore size of 0.45 µm at 20 Volts for 20 mins. The blots were incubated for 1 
hour in 5% non-fat dry milk powder solution in 1X TBST (tris-buffered saline with tween 20) at 
25°C to remove any nonspecific binding and then with 1:5000 dilution of His6-tag and Flag-tag 
mouse monoclonal antibody, separately, in 1X TBST for 16 hours at 4°C. The blots were 
washed with TBST three times at 10 mins interval, incubated with 1:10000 dilution of goat anti-
mouse antibody for 1 hour at 25°C, and then washed again with TBST three times at 10 mins 
interval. The blots were developed for 5 min with chemiluminescent substrate Luminol for 
horseradish peroxidase (HRP). Comparison with the protein marker allowed identification of 
bands from each product. The band intensities were determined using the software ImageJ 
(US National Institutes of Health). The yields of the splicing and the cleavage products were 
normalized and summarized in Table 3. All the experiments were performed triplicates. 

 

RESULTS 

The Spl DnaX mini intein is catalytically active 

To determine whether the Spl DnaX mini intein is catalytically active a His6-UBQ-Intein-HD-
Flag3 protein construct (Figure 2A) consisting of Spl DnaX mini-intein (INT) with ubiquitin 
(UBQ) and homeodomain (HD) as the N-extein and C-extein, respectively, was designed and 
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expressed in E. coli. After induction, cells were collected at different time points, lysed and 
analyzed by SDS-PAGE followed by western blotting (Figure 2B). The 37.6 kDa precursor 
protein was not detected at any time, indicating rapid catalysis of the splicing reaction by the 
intein enzyme immediately upon synthesis in the cell. The ligated product (His6-UBQ-HD-
Flag3, 21.9 kDa) along with the excised intein (INT, 15.7 kDa) were detected, confirming that 
the Spl DnaX intein is catalytically active. The precursor protein also undergoes side reactions 
where cleavage occurs at the N-terminus or the C-terminus of the intein (Figure 2A). C-
terminal cleavage products, i.e. His6-UBQ-INT (26.6 kDa) and HD-Flag3 (11 kDa), were 
detected by western blotting (Figure 2B). One of the N-terminal cleavage product, i.e. His6-
UBQ (10.9 kDa) was also detected. Based on the relative band intensities of the spliced 
product and the side reaction products, the splicing efficiency of Spl DnaX mini-intein was 
~60%. 
 

The Spl DnaX mini intein is a monomer in solution 

As the Spl DnaX mini-intein is highly active, the N-terminal His6-tag gets cleaved within the 
cell, thus hampering affinity purification of the protein and resulting in poor yield of the purified 
protein. Hence, the residues C1 and C(+1) were mutated to alanines to enable high quality 
purification with good yield, which is necessary for structural studies. 
 
Both InteinWT and InteinC1A/C(+1)A were obtained in high purity (Figure 3A) and were further 
characterized by analytical size exclusion chromatography (SEC) and analytical 
ultracentrifugation (AUC). The SEC profiles confirm high purity and monomeric state of both 
proteins (Figure 3B). The InteinWT and InteinC1A/C(+1)A elute at 12.49 ml and 12.37 ml, 
respectively. The InteinC1A/C(+1)A has 5 extra residues in the N-terminus compared to InteinWT 
(Table 1), which most likely results in the slightly different elution volumes. 
 
From sedimentation velocity experiment in AUC, the Stokes radius of 2.14 nm and 2.21 nm, 
sedimentation coefficient (Sw) of 1.776 S and 1.819 S and frictional ratio (f/f0) of 1.26 and 1.28 
were determined for InteinWT and InteinC1A/C(+1)A, respectively (Figure 3C and 3D). The Sw 
values correlates to molecular weights of 16.9 kDa and 17.7 kDa for InteinWT and 
InteinC1A/C(+1)A, respectively, which closely matches with the expected molecular weights for 
the proteins. Additionally, the frictional ratio of ~1.3 strongly suggests that both are globular 
proteins.50 The continuous c(s) distribution model for fitted data clearly indicates the presence 
of a monomeric protein as the dominant species in solution (Figure 3D). Overall, the SEC and 
AUC studies show that InteinWT and InteinC1A/C(+1)A have similar hydrodynamic properties, 
indicating no perturbation due to mutation. 

 

Solution NMR structure of Spl DnaX mini intein 

The structure of InteinC1A/C(+1)A in solution was determined at pH 6.5 by NMR spectroscopy. 
The 15N-1H HSQC spectrum of InteinC1A/C(+1)A (Figure 4A) showed well-dispersed peaks 
indicating the presence of a properly folded domain. The 15N-1H HSQC spectrum was 
assigned using standard 15N/13C/1H heteronuclear NMR experiments. InteinC1A/C(+1)A contains 
141 residues (Table 1). Nearly complete assignments of the backbone (99.85%) and the 
sidechain (98%) chemical shifts (except the aromatic atoms) were obtained. The 
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diastereotopic methyl groups present in leucines and valines were assigned by fractional 
(10%) 13C-labeled sample.51 Using the backbone 1HN, 15N, 13CĮ, 13Cȕ and 13CO chemical shifts, 
secondary structure propensity was calculated by the program MICS.34 It shows the presence 
of thirteen beta strands along with two helices for InteinC1A/C(+1)A (Figure 4B). InteinC1A/C(+1)A has 
two cysteine residues C25 and C65 with 13Cȕ chemical shifts of 31.07 and 34.05 ppm, 
respectively. This indicates that C25 and C65 do not form a disulfide linkage between them.52 
Similarly, based on Cȕ and Cࢽ chemical shifts,53 all three proline residues in the protein were 
found to have trans-peptide bonds.  

Distance and dihedral angle restraints were used to calculate the initial structures of the 
protein. Once consistent folded structures were obtained, hydrogen bond restraints, based on 
hydrogen exchange experiments, were also added. In the final step 100 structures were 
calculated, from which the statistics of the top 15 are summarized in Table 2. On average, 
17.5 restraints were obtained for each residue. Backbone ĭ and Ȍ torsion angles of 97.1% 
residues are in favored regions of the Ramachandran plot.54 None of the residues are in 
disallowed regions. These structures align with a root-mean-square deviation (RMSD) of 0.53 
Å for all heavy atoms and 0.27 Å for backbone atoms across all ordered residues (Table 2). 
The regions with the highest degree of flexibility are located at the elongated loop between 
ȕ10 and ȕ11 strands (Figure 5). NMR assignment data has been deposited in the 
BioMagResBank (BMRB 50361), and the structural coordinates have been deposited in the 
Protein Data Bank (PDB 7CFV).  

 

Amide hydrogen exchange reveals a highly stable core of Spl DnaX mini intein 

Residue-wise stability of Spl DnaX mini intein was determined by NMR-based hydrogen 
exchange (HX) experiments. Using complementary protium-deuterium HX (pH 6.5) and 
protium-protium CLEANEX-PM (pH 6.5 and 7.5) experiments, the protection factors (PFs) for 
the backbone amide protons were calculated (Figure 6). HX measurements of InteinC1A/C(+1)A 
revealed a wide range of stability throughout the protein. Several amides did not display any 
significant decrease in peak intensity over a period of ~110 days, the course of the experiment. 
These amides have been assigned a PF of >108 (Figure 6, grey bars). Their high protection 
indicates that most likely these amides exchange via a global unfolding pathway. These 
amides are located mostl\ in the ȕ-strands and form the rigid hydrophobic core of the enzyme. 
Residues in the 310 helix (PF ~ 107), Į-helix (PF ~ 103 to 106), ȕ1 strand (PF a 106 to 107), and 
the turn between ȕ1 and ȕ2 (PF a 106 to 107) have intermediate stability indicating sub-global 
fluctuations. In contrast, amides in most loops have low stability (PF ~ 10 to 104) and most 
likely exchange via local conformational fluctuations. Particularly, the residues in the loop 
between ȕ10 and ȕ11 have ver\ low stabilit\ (PF < 10). This is consistent with its solvent 
exposed structure (Figure 5C).  
 
 

15N relaxation measurements reveal fast dynamics of the Spl DnaX mini intein 

Amide 15N relaxation (R1, R2 and steady-state heteronuclear NOE) experiments were collected 
at 30C for InteinC1A/C(+1)A (Figure 7). For almost all residues, the heteronuclear {1H}-15N NOE 
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values are in the range of 0.55 to 0.88 (Figure 7A), indicating the presence of a well-folded 
structure.42 The residues in the loop between ȕ10 and ȕ11 have low ^1H}-15N NOE values, 
consistent with their low protection factors, and indicate local flexibility. The sidechain Nİ1-Hİ1 
of all six tryptophans have {1H}-15N NOE values above 0.7, indicating that these sidechains 
have highly restricted mobility (Figure 7A). This is consistent with their buried conformation in 
the intein structure. Similarly, out of six arginine residues, the sidechain Nİ-Hİ of Arg17 and 
Arg73 have {1H}-15N NOE values of 0.75 and 0.6, respectively, indicating the rigid nature of 
these long arginine sidechains (Figure 7A). The Arg17 and Arg73 sidechains are within 4 Å 
distance of Asp6 and Glu33 sidechains, respectively. Salt-bridge interactions with 
neighbouring negatively charged residues explains the rigidity of these arginine sidechains. 
These interactions should also contribute to the stability of the intein structure.55,56  

Transverse relaxation rate constants (R2) have a value of ~15 s-1 for most of the residues 
(Figure 7B). Some residues have significantly higher R2 values indicating the presence of 
slower microsecond-millisecond timescale motions. Most of these residues are present in the 
loop regions; Ile94 and Asp95 are present in the loop between ȕ10 and ȕ11 strands, His125 
and Asn126 are present in the loop between ȕ11 and ȕ12 strands, and His69 is present in the 
conserved TXXH motif between ȕ7 and ȕ8 strands. Interestingl\, the residues Thr53 and 
Trp54, which are present at the center of the ȕ6-strand, also have high R2 values. The 
longitudinal relaxation rate constants (R1) has much less variation with an average value of 
~1.4 s-1 (Figure 7C). The residue-specific order parameter (S2), which gives a measure of the 
residue-wise rigidity of the protein, was calculated using TENSOR2.43 Most of the residues, 
including the N and C termini, exhibit high order parameters. The average order parameter of 
the protein is 0.97 ± 0.03 (Figure 7D). Using the R2/R1 ratio, the isotropic tumbling correlation 
time, τc, for InteinC1A/C(+1)A was calculated to be 9.84 ± 0.03 ns. This is consistent with the 

molecular mass of the protein and confirms its monomeric state. 

 

Identification of the active-site residues and their roles in catalysis 

The three-dimensional structure of Spl DnaX mini-intein and previous work on other intein 
enzymes19,57±61 suggested that the residues Cys1, Asn136 and Cys(+1) should be directly 
involved in the catalysis of the splicing reaction (Figure 1). To determine their catalytic roles, 
a series of mutations were designed where these three residues were mutated to alanines in 
all possible combinations of single, double and triple mutations (Table 1). The double and 
triple mutants were designed to study whether the catalytic functions of these active-site 
residues were coupled to each other. The effect of these mutations on the in cell splicing after 
one hour of induction was monitored by SDS-PAGE. The splicing as well as the N- and C-
terminal cleavage products were specifically detected by Western blot using antibody against 
His6-tag and are summarized in Table 3.  

None of the mutants resulted in the spliced product, which indicates that these residues are 
indispensable for the protein splicing reaction catalyzed by Spl DnaX mini-intein (Figure 8). 
Substitution of Cys1 by Ala completely blocked the splicing and N-terminal cleavage reactions 
in all four C1A mutants. The C-terminal cleavage products, His6-UBQ-INT (26.6 kDa) and HD-
Flag3 (11 kDa), were detected for UBQ-INTC1A-HD and UBQ-INTC1A/C(+1)A-HD. Thus, Cys1 is 
necessary for the initial nucleophilic attack to the preceding peptide bond and formation of the 
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linear thioester intermediate (Figure 1, step 1). The Cys(+1) to Ala mutation  (UBQ-INTC(+1)A-
HD) prevents the splicing reaction but results in the cleavage at both N- and C-terminal of the 
intein enzyme. Thus, Cys(+1) is necessary for the formation of the branched thioester 
intermediate (Figure 1, step 2). 

Mutation of Asn136 to Ala prevented the splicing and C-terminal cleavage reactions in all four 
N136A mutants. However, the N-terminal cleavage product His6-UBQ was observed for UBQ-
INTN136A-HD and UBQ-INTN136A/C(+1)A-HD (Figure 8). Thus, the C-terminal cleavage reaction is 
catalyzed by Asn136 (Figure 1, step 3). The triple mutant UBQ-INTC1A/N136A/C(+1)A-HD yielded 
the stable precursor protein with molecular weight of 37.6 kDa which neither spliced, nor 
cleaved at the two termini. Thus, Cys1, Asn136 and Cys(+1) are the active-site residues, which 
are directly involved in the catalysis of the splicing reaction. 

 

DISCUSSIONS 

Spl DnaX mini-intein has a conserved HINT domain structure 

The Spl DnaX mini-intein is one of the smallest intein enzymes (136 residues) characterized 
so far (Table S1). Its sequence was compared with other inteins, whose structure has been 
determined (Figure S1), and the highest sequence identity of 32% was obtained with Ssp 
DnaB (Table S1). Although sequence identity is low, Spl DnaX mini-intein has very good 
structural homology with other inteins (Table S1). The Spl DnaX mini-intein comprises of 13 
ȕ-strands, one Į-helix, and one 310-helix, which are arranged in a compact horseshoe-like 
disk-shaped fold commonly found in HINT (hedgehog/intein) domain superfamily (Figure 5). 
The 310-helical turn was confirmed by observing a potential hydrogen bonding distance of ~2.4 Å in all the models between the carbonyl oxygen of Ala81 and amide proton of Ile84, thus, 
involving 10 backbone atoms in a turn. In inteins, the endonuclease domain is typically 
inserted within the HINT fold between ȕ10 and ȕ11 strands. In Spl DnaX mini-intein, the 
endonuclease domain is replaced b\ an e[tended loop between ȕ10 and ȕ11 strands. This 
loop does not affect the overall HINT fold of the Spl DnaX mini-intein. Thus, the structure of 
Spl DnaX mini-intein resembles very well with other intein structures.62±67 
 

Based on the solved structure of Spl DnaX mini-intein and the sequence alignment with other 
inteins (Figure S1), we have identified four conserved blocks of residues i.e. block A, B, F and 
G, which are characteristic of all inteins (Perler 2002).17 Block A begins with the conserved 
Cys nucleophile (C1) and consists of 13 residues. Usually 60-100 residues from the N-
terminus, Block B is present and contains a conserved TXXH motif. Residues T66 and H69 
form this motif in Spl DnaX mini-intein. Blocks C, D, E and H are usually present in the homing 
endonuclease domain and hence, not observed in Spl DnaX mini-intein. Block F contains a 
conserved Asp and a conserved HNF motif which are D118 and H125-N126-F127 in Spl DnaX 
mini-intein. Lastly, Block G ends with a conserved HNC motif, which are residues H135-N136-
C(+1) in Spl DnaX mini-intein. 
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In Spl DnaX mini-intein the ȕ-strands ȕ6(43-59) and ȕ11(100-122) form a long, curving 
antiparallel ȕ-sheet, typical of intein enzymes. Extreme curvature of these strands puts high 
strain on this structure, which is most likel\ relieved b\ d\namic motions. In the strand ȕ6, the 
backbone amides of the residues Thr53 and Trp54 exhibit motions in the slow millisecond-
microsecond timescale, characteristic of conformational exchange.68 On the other hand, 
Gl\112 in the ȕ11 strand e[hibits faster motion in the picosecond-nanosecond timescale 
resulting in an order parameter of 0.62 (Figure 7D). Similarly, from the hydrogen exchange 
e[periments, the several residues in the ȕ6 and ȕ11 strands have relatively less protection 
factors from the rest of the protein (Figure 6). Similar dynamic motion and low protection 
factors in the corresponding ȕ-strands have also been observed for Mtu RecA69 and Pab 
PolII70 inteins. Moreover, few loop residues in Spl DnaX mini-intein such as His69, present in 
the conserved TXXH motif, Ile94 and Asp95, present in the loop between ȕ10 and ȕ11, His125 
and Asn126, present in the loop between ȕ11 and ȕ12, have significantl\ higher R2 relaxation 
rate constants (Figure 7B). This indicates slow microsecond-millisecond timescale motion 
resulting from conformational exchange. Similar dynamic motions in the corresponding 
regions have been observed for Mja KlbA,71 Npu DnaE,64 Pho RadA 72 and Mtu RecA69 inteins. 
Thus, these dynamic motions appear to be a conserved feature of the intein structure. 

 

Mechanism of splicing reaction mediated by Spl DnaX mini-intein 

Based on their reaction mechanisms (Figure 1), intein enzymes have been categorized into 
three classes.18 The Spl DnaX mini-intein has four cysteines Cys1, Cys25, Cys65 and Cys(+1). 
Mutation of Cys1 and Cys(+1), alone or in combination, completely abolished the splicing 
reaction (Figure 8). Thus, the two terminal cysteines, and not the intermediary Cys25 and 
Cys65, are involved in catalyzing the splicing reaction, confirming that Spl DnaX mini-intein 
belongs to Type I class of inteins.18 Moreover, unlike the class 3 inteins which have a 
conserved Cys present in the Block F position,18 the presence of the intermediary Cys65 in 
the Block B and no characteristic Cys in the Block F of Spl DnaX mini-intein (Figure S1) further 
confirms its class 1 nature. The Cys1 to Ala mutation in all four mutants prevented the 
nucleophilic attack of the thiol group of Cys1 to the carbonyl group of the previous peptide 
bond between Glu(-1) and Cys1 and thus, blocked the N-S acyl rearrangement, which 
prevents the formation of the linear thioester intermediate (Figure 1A, step 1). Attack on the 
linear thioester intermediate by the Cys(+1) thiol results in the formation of the branched 
thioester intermediate and subsequently the spliced product (Figure 1A, step 2). Hydrolysis of 
the thioester intermediates results in N-terminal cleavage. Hence, Cys1 to Ala mutation 
prevented both the splicing and N-terminal cleavage reactions (Table 3).  
 
The Cys(+1) thiol attacks the linear thioester intermediate resulting in the formation of the 
branched intermediate (Figure 1, step 2). Both UBQ-INTN136A-HD and UBQ-INTN136A/C(+1)A-HD 
mutants are incapable of splicing and C-terminal cleavage reactions due to the absence of 
Asn136. However, UBQ-INTN136A-HD can form both linear and branched intermediates 
whereas UBQ-INTN136A/C(+1)A-HD can form only the linear intermediate. Hydrolysis of these 
intermediates results in the N-terminal cleavage products. As UBQ-INTN136A-HD can form both 
intermediates, it results in a higher amount of N-terminal cleavage product relative to UBQ-
INTN136A/C(+1)A-HD (Table 3). Consistent with this, the UBQ-INTC(+1)A-HD mutant undergoes 
relatively less N-terminal cleavage compared to UBQ-INTN136A-HD (Table 3). 
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The Asn136 to Ala mutation prevents the splicing and C-terminal cleavage reactions, 
indicating that Asn136 is necessary for C-terminal cleavage step (Figure 1A, step 3). 
Interestingly, the C-terminal cleavage product is consistently low in the UBQ-INTC(+1)A-HD and 
UBQ-INTC1A/C(+1)A-HD mutants compared to UBQ-INTC1A-HD mutant (Table 3). This indicates 
that Cys(+1) most likely facilitates the Asn cyclization and subsequent C-terminal cleavage 
(Figure 1A, step 3). Collectively, these mutagenesis experiments define the roles of the three 
conserved splice junction residues. 
 
Furthermore, alignment of the Spl DnaX intein structure (Table 3) and sequence (Figure S1) 
with other inteins helped in the identification of more residues that may facilitate the catalysis 
of the splicing reaction. Thr66, which belongs to the TXXH motif in block B, is in close contact 
with the N-terminal scissile peptide bond and most likely helps in the N-S acyl rearrangement 
reaction.73 His69, also part of the TXXH motif, facilitates the nucleophilic attack by C1, possibly 
by distorting the preceding peptide bond.74 Asp118 facilitates the nucleophilic attack by Cys1 
by lowering the activation energy and stabilizing the negative charge of Cys1 sidechain.75 
Asp118 also helps in the trans-esterification reaction by accepting a proton from the Cys(+1) 
sidechain.76 His125 activates the Asn136 sidechain for nucleophilic attack.62 His135 and 
Asp118 form part of an oxyanion hole and stabilize the tetrahedral intermediate, necessary for 
C-terminal asparagine cyclization.62 
 

Competition between splicing and cleavage reactions in Spl DnaX mini-intein 
Apart from the splicing reaction, inteins also undergo N- and C-terminal cleavage reactions. 
Since inteins are single turnover enzymes, these reactions decrease the overall yield of the 
spliced product. We designed all possible alanine mutations of the active site residues C1, 
N136 and C(+1) of Spl DnaX intein and functionally characterized them. These studies also 
provided important insights into the competition between the splicing and the cleavage 
reactions and the underlying roles of the active site residues. 
 
Splicing occurred only in the wildtype enzyme and requires all three active site residues. 
Among the cleavage reactions, the C-terminal cleavage is highly efficient as evident from the 
single mutants (Table 3). For the N-terminal cleavage incompetent mutant UBQ-INTC1A-HD, 
90% C-terminal cleavage was detected, whereas for the C-terminal cleavage incompetent 
mutant UBQ-INTN136A-HD only 7.5% N-terminal cleavage was detected. Thus, it appears that 
the N- and C-terminal cleavage reactions can proceed independently in Spl DnaX intein 
mutants. This is consistent with similar observations for Ssp DnaB intein.62 It is important to 
note that according to the class 1 reaction mechanism (Figure 1), the C-terminal cleavage 
should occur after the N-terminal nucleophilic attack and the formation of the branched 
intermediate in order to form the spliced product. A precursor protein undergoing C-terminal 
cleavage before branched intermediate formation will not produce the spliced product. Hence, 
the suppression of premature C-terminal cleavage is necessary for a successful splicing 
reaction. In the wildtype Spl DnaX intein, the spliced product is indeed the major product 
(~60%). Interestingly, the N- and C-terminal cleavage products are almost equal (~20%) for 
the wildtype intein. This indicates that either cysteines C1 and C(+1) suppress the reactivity 
of N136 or N136 enhances the reactivity of the cysteines in the wild type intein and thus, favour 
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the formation of the spliced product. Overall, this highlights the interdependencies of the 
catalytic residues in driving the splicing reaction. 
 

CONCLUSIONS 

In summary, we have determined the solution NMR structure of a new mini-intein enzyme 
from the cyanobacterium Spirulina platensis. We show that the Spl DnaX mini-intein is 
monomeric in solution and has a typical HINT domain fold. We also characterized the 
dynamics of the protein and found conserved motions in the protein. NMR-based hydrogen 
exchange experiments revealed the presence of a highly stable core in the Spl DnaX mini-
intein. In cell splicing assays demonstrated that Spl DnaX mini-intein is a highly active enzyme. 
We further investigated the functional roles of the catalytic residues by designing combinatorial 
alanine mutations, which showed their combined effects in suppressing N- and C-terminal 
cleavage reactions and enhancing the splicing product. Thus, we report the detailed 
characterization of a new intein enzyme, which can be used for various intein-based 
applications. 
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TABLES 

Table 1 List of Spl DnaX mini-intein constructs 
 

Name of construct Description 

InteinWT Residues before Cys1 and after Asn136 are spontaneously cleaved off 
due to its enzymatic action. Total residues: 136 

InteinC1A/C(+1)A Both Cys1 and Cys(+1) are mutated to Ala. The residues GSHM prior to 
Glu(-1) are left after thrombin cleavage. Total residues: 141 

UBQ-INTWT-HD Fusion of N- and C-terminus of Spl DnaX intein protein with Ubiquitin (N-
extein) and HD (C-extein) protein, respectively. The N-terminus has His6 
tag and C-terminus has 3X-Flag tag. 

UBQ-INTC1A-HD Contains mutation of Cys1 to alanine in UBQ-INT-HD construct. 

UBQ-INTN136A-HD Contains mutation of Asn136 to alanine in UBQ-INT-HD construct. 

UBQ-INTC(+1)A-HD Contains mutation of Cys(+1) to alanine in UBQ-INT-HD construct. 

UBQ-INTC1A/N136A-HD Contains mutations of Cys1 and Asn136 to alanines in UBQ-INT-HD 
construct. 

UBQ-INTC1A/C(+1)A-HD Contains mutations of Cys1 and Cys(+1) to alanines in UBQ-INT-HD 
construct. 

UBQ-INTN136A/C(+1)A-HD Contains mutations of Asn136 and Cys(+1) to alanines in UBQ-INT-HD 
construct. 

UBQ-INTC1A/N136A/C(+1)A-HD Contains mutations of Cys1, Asn136 and Cys(+1) to alanines in UBQ-
INT-HD construct.  
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Table 2 Experimental data and statistics for the solution NMR structure 

calculation of Spl DnaX mini-intein ensembles 

 

Parameters Value 

(a) NMR distance and dihedral restraints 

Distance restraints 

Total number of NOE 2108 

Short-range (ꓲi-jꓲ <= 1) 984 

Medium-range (1 < ꓲi-jꓲ < 5) 220 

Long-range (ꓲi-jꓲ >= 5) 904 

Hydrogen bond restraints 56 

Dihedral angle restraints 

Total 238 

Phi (ĳ) 117 

Psi (ȥ) 121 

Total number of restricting constraints 2402 

(b) Average RMSD (Å) against the lowest-energy conformer for ordered residuesa 

Backbone atoms (N, CĮ, C, O) 0.277 

All heavy atoms 0.528 

(c) RMSD from ideal geometry 

For bond lengths (Å) 0.015 

For bond angles (°) 1.4 

(d) Violations 

Distance constraints (>0.5 Å) 0 

Dihedral angle constraints (>5°) 0 

Van der Waals constraints (>0.2 Å) 0 

(e) Ramachandran plot statistics (%) from PROCHECK for selected residuesb 

Residues in most favoured regions 90.3 

Residues in additionally allowed regions 9.5 

Residues in generously allowed regions 0.2 

Residues in disallowed regions 0 
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(f) Ramachandran Plot statistics (%) from MolProbity for selected residuesb 

Residues in most favourable regions 97.1 

Residues in additionally allowed regions 2.9 

Residues in disallowed regions 0 

(g) Structure quality factors Raw score Z-scorec 

Verify3D 0.16 -4.82 

ProsaII 0.42 -0.95 

MolProbity Clashscore 26.67 -3.05 

 
aOrdered CYRANGE residues: 1-137. 
bSelected residues: 2-66, 69-136. 
cWith respect to mean and SD for a set of 252 X-ray structures < 500 residues, of resolution <= 1.80 
Å, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better' score. 
Structure quality was evaluated using PSVS 1.5.77 

 

Table 3 Relative quantification of the splicing and cleavage products of the 

wildtype and mutant Spl DnaX intein 

 

Name of Construct N-terminal 
Cleavage 

C-terminal 
Cleavage 

Spliced 
Product 

Precursor 
protein 

UBQ-INTWT-HD 21.6% 19.8% 58.6% ND 

UBQ-INTC1A-HD ND 90.5% ND 9.5% 

UBQ-INTN136A-HD 7.5% ND ND 92.5% 

UBQ-INTC(+1)A-HD 0.5% 67.8% ND 31.7% 

UBQ-INTC1A/N136A-HD ND ND ND 100% 

UBQ-INTC1A/C(+1)A-HD ND 70.2% ND 29.8% 

UBQ-INTN136A/C(+1)A-HD 0.2% ND ND 99.8% 

UBQ-INTC1A/N136A/C(+1)A-HD ND ND ND 100% 

 
ND is not detected. 
Quantification of the bands is based on anti-His6 western blot images at 60 minutes after induction. 

 
 

Page 21 of 32 RSC Chemical Biology



20 

FIGURES 

 
 

 

Figure 1 Catalytic mechanisms of splicing reactions by three different classes 

of inteins 

Class 1 protein splicing pathway consists of four nucleophilic rearrangement reactions 
resulting in the spliced product (VII). The class 2 and class 3 inteins lack the N-terminal 
nucleophile. The first C-extein residue of class 2 inteins directly attacks the peptide bond at 
the N-terminal splice junction, resulting in the formation of the standard branched intermediate 
(III). In class 3 inteins, the sidechain nucleophile of Cys in the WCT triplet attacks the N-
terminal peptide bond to form a branched intermediate (VIII). The N-extein is then transferred 
to the sidechain of the first C-extein residue resulting in the formation of the same branched 
intermediate (III) as in class 1 and 2 inteins. Once the standard branched intermediate is 
formed, the remaining steps are the same in all three classes of inteins. The precursor protein, 
linear ester intermediate, cyclized intein and ester-linked exteins are shown as I, II, IV and V, 
respectivel\. µX¶ represents the sulfur or oxygen atom in the sidechain of Cys, Ser or Thr. 
Tetrahedral intermediates are not shown here. 
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Figure 2 Spl DnaX mini intein is catalytically active 

(A) Schematic representation of intein construct is shown where Spl DnaX mini-intein (INT) is 
fused with ubiquitin (UBQ) and homeodomain (HD) as N-extein and C-extein, respectively. 
The N- and C-terminus have His6 and 3X-Flag tags, respectively. Positions of the three 
catalytically important residues Cys1, Asn136 and Cys(+1) are shown. The spliced products 
and cleavage products due to side reactions are also indicated with their respective molecular 
weights. (B) After induction, the E. coli cells were harvested at different times, as indicated, 
and analyzed by 12% SDS-PAGE. Each sample was run in triplicate and analyzed by 
coomassie blue staining, anti-His6 and anti-Flag western blots. The splicing and cleavage 
reaction products are indicated by arrows. 
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Figure 3 Expression and purification of Spl DnaX mini intein 
(A) 12% SDS-PAGE of InteinWT (top) and InteinC1A/C(+1)A (bottom) show high protein purity. (B) 
Analytical SEC profile shows that both InteinWT (top) and InteinC1A/C(+1)A (bottom) eluted almost 
at the same volume. The dotted line is for protein standards. (C) SV-AUC statistical analysis 
of InteinWT (top) and InteinC1A/C(+1)A (bottom) is shown. The upper panel in the figures shows 
the overlay of the experimental values (circle), and the fitted curve (solid line) with RMSD value 
of 0.007 for both constructs. The lower panel shows the corresponding residuals of the fitted 
data. (D) AUC distance distribution c(S) versus sedimentation coefficient (S) plot for InteinWT 
(top) and InteinC1A/C(+1)A (bottom) generated a single sharp peak indicating a monodispersed 
and homogeneous protein sample. 
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Figure 4 Backbone assignment and secondary structure prediction of Spl DnaX 

mini intein 

(A) 15N-1H HSQC spectrum of InteinC1A/C(+1)A with the backbone assignments is shown. The 
inset shows the labelled peaks in the central crowded region of the spectrum. Sidechain 
resonances of Asn and Gln are connected with horizontal lines. (B) The secondary structure 
propensities of InteinC1A/C(+1)A is plotted for each residue. The propensity of the strand and 
helices are in orange and maroon, respectively. The resulting secondary structure is shown 
on the top with strands as arrows and helices as cylinders. The numbering starts with the N-
extein residue Glu(-1) as 1. 
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Figure 5 Structural ensembles of Spl DnaX mini intein 

(A) The secondary structure topology map of Spl DnaX mini-intein is shown. (B) An ensemble 
showing C-alpha trace of 15 energy-minimized conformers representing the three-dimensional 
structure of Spl DnaX mini-intein, with a backbone atom RMSD of 0.27 Å. Regions of 
secondary structure are labeled. The N- and C-termini are indicated. (C) Ribbon 
representation of the lowest energy conformer of Spl DnaX mini-intein is shown. 
 
 

Page 26 of 32RSC Chemical Biology



25 

 

Figure 6 Amide HX studies show that Spl DnaX mini intein has a very stable core 

Backbone amide HX studies demonstrate a wide range of stability. The slowest exchanging 
amides, which show no appreciable decay over a period of 110 days, are assigned a protection 
factor (PF) of 108 and colored in grey. The residues whose PFs were measured are shown in 
black. The missing bars correspond to prolines or residues that do not fit well. The secondary 
structure is shown on the top with arrows and cylinders for strands and helices, respectively. 
The numbering starts with the N-extein residue Glu(-1) as 1.  
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Figure 7 Fast nanosecond to picosecond timescale mobility of amides in Spl 

DnaX mini intein 

(A) Heteronuclear {1H}-15N NOE, (B) transverse relaxation rate constants (R2), (C) longitudinal 
relaxation rate constants (R1) and (D) order parameter (S2) values are plotted for each residue. 
The {1H}-15N NOE values of tryptophan (filled circle) and arginine (open circle) sidechains are 
also indicated. The secondary structure is shown on the top with arrows and cylinders for 
strands and helices, respectively. The numbering starts with the N-extein residue Glu(-1) as 
1. 
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Figure 8 Comparative assay of Spl DnaX intein mutants 

Left: 12% SDS-PAGE analysis of the wild type and mutants of Spl DnaX mini-intein. The cells 
of all the constructs were harvested at 1-hour post-induction. Right: Western blot using anti-
His6 antibody showing the spliced and side reaction cleavage products, as indicated by arrows. 
The asterisks denote the non-specific degradation products.    
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Supplementary table S1 Comparison of Spl DnaX mini-intein with other intein 

structures using the DALI server  

Intein 
Sequence 
Identity (%) 

PDB Codes Residues Z-scorea RMSDb (Å) 

Ssp DnaB 

32 1MI8 141 18.9 1.9 

30 6FRE 154 18.2 2.1 

31 6FRH 160 17.9 2.2 

Npu DnaB 31 4O1R 142 18.8 2.0 

Npu DnaE 27 4KL5 140 16.2 2.1 

Ssp DnaE 
24 1ZD7 159 16.2 2.0 

25 1ZDE 160 16.0 2.2 

gp41-1 
29 6RIZ 127 16.6 2.0 

30 6QAZ 128 16.0 2.2 

Mtu RecA 

22 3IFJ 138 19.5 1.7 

22 2IMZ 143 19.3 1.9 

21 3IGD 131 19.2 1.8 

21 2IN9 139 19.1 1.8 

21 2IN8  139 19.1 1.8 

21 2IN0 139 19.1 1.8 

21 2L8L 139 17.5 2.0 

Drosophila 
hedgehog 

16 1AT0 145 17.2 2.2 

16 6TYY 146 16.9 2.2 

 
aZ-scores1 are computed by mean and standard deviation of pairwise structural comparison 
scores for proteins < 400 residues; Z-scores above 8 indicates very good structural 
superimpositions with probable homology between the two structures, whereas Z-scores 
above 20 means the two structures are definitely homologous. 
 
bRMSD is calculated as the average deviation in distance between aligned alpha carbons in 
structural superimposition. 
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Supplementary figure S1 Structure-based sequence alignment of the Spl DnaX 

mini intein with other inteins  

The sequence alignments were generated using Clustal Omega program2 PDB accession 
codes are listed in brackets after each intein. In the sequence alignment, the conserved 
residues are shown in red and the mutated residues are highlighted in gray. The secondary 
structure of Spl DnaX mini-intein is shown at the top. The strands and helices are shown as 
arrows and cylinders, respectively. Residues in the four blocks A, B, F and G, are underlined. 
Hyphens (-) indicate gaps in the alignment.    
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