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Abstract— This paper reports the design of a thermostable temperature-activated mini-intein based on the 

full-length intein DnaE1 from Thermus thermophilus HB27 (TthDnaE1). We performed rational design of 

three mini-inteins TthDnaE1 Δ272, Δ280, and Δ287 through deletion mutations in the full-length intein se-

quence. Two mini-inteins (Δ272 and Δ280) were capable of efficient protein splicing at temperatures above 

50°C. The most active mini-intein with the Δ280 deletion was selected as a platform for further design of a 

self-cleaving carrier of affinity tags through single-point mutagenesis. Three mutations – C1A, D405G, and 

the combined C1A/D405G – were introduced to inhibit N-terminal extein cleavage and extein ligation. As a 

result, the mini-intein Δ280 with double mutation C1A/D405G displayed the highest efficiency of C-terminal 

extein cleavage with temperature optimum around 60°C. Thus, we constructed thermostable temperature-ac-

tivated mini-intein capable of efficient protein splicing or cleavage of the C-terminal extein. The engineered 

TthDnaE1 Δ280 C1A/D405G mini-intein can serve as a basis for the development of new expression system 

for intein-mediated production of pharmaceutically relevant recombinant proteins and peptides. 
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INTRODUCTION

Development of highly efficient methods for 
producing pharmaceutically relevant recombinant 
peptides and proteins is a key challenge of medical 
biotechnology. Production of these compounds in 
prokaryotic expression system meets several difficul-
ties. First, translation in prokaryotes introduces an 
N-terminal formylmethionine residue, which often 
needs to be removed to obtain a biologically active 
molecule [1]. Second, the target product may under-
go intracellular proteolysis in  vivo. This phenomenon 
is often observed during peptide production [2].

One of the solutions to overcome these issues in-
volves the production of target peptides as a structur-
al part of hybrid proteins followed by their release 
through cleavage [3]. Conventionally cleavage of hy-
brid proteins is carried out using site-specific prote-
ases such as TEV protease, SUMO protease, enteroki-
nase, or factor Xa. However, this approach has some 
drawbacks: the need to use costly enzymes, limited 
efficiency of cleavage, laborious optimization of the 
proteolysis conditions, and the need to separate the 
unnecessary part of the cleaved hybrid protein [3].

One of the promising alternatives is the con-
struction of self-cleaving hybrid proteins based on 
inteins [4, 5]. In this approach the phenomenon of 
protein splicing is utilized. Protein splicing is a post
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translational process involving autocatalytic exci-
sion of an internal part of the precursor protein 
(intein) with simultaneous ligation of the flanking 
regions (exteins)  [6]. Point mutations may block ex-
tein cleavage and ligation resulting in mutant forms 
of inteins that function as autocatalytically cleaving 
proteins carrying affinity tags. This approach proved 
beneficial. First, it allows to simplify the isolation and 
purification of the hybrid protein. Second, it reduces 
costs by eliminating the need for using proteases.

Despite these advantages, intein-mediated iso-
lation methods face limitations. A common issue is 
premature intracellular cleavage of the hybrid protein 
[7-9]. There is also a risk that the efficiency of hy-
brid protein cleavage may be insufficient [10]. Isoelec-
tric point of a hybrid protein may coincide with the 
pH range optimal for intein activity thus initiating 
irreversible aggregation [11]. To address these lim-
itations, it could be useful to expand the repertoire 
of expression constructs based on new inteins.

Conditionally-controlled protein splicing/cleavage 
of exteins has been a focal point in recent intein re-
search. Of special interest in this respect are those 
inteins that are thermoactivated and thermostable. 
Enzymatic activity of these inteins could be con-
trolled by temperature. This approach includes the 
synthesis of an inactive intein-containing fusion pro-
tein and further enzyme activation via structure res-
toration. For instance, Shen et  al. used thermostable 
and thermoactivated intein to regulate the activity of 
a xylanase for lignocellulose biomass processing [12]. 
Wang et al. employed a thermoregulated intein to con-
trol the activity of a thermostable DNA polymerase 
from Pseudomonas fluorescens, potentially enhancing 
PCR techniques [13].

In this study we suggest a new application of ther-
mal activation and thermostability in inteins for use 
in purification of recombinant proteins and peptides. 
High activation temperature of intein may prevent 
premature in vivo cleavage. Furthermore, thermal sta-
bility enables initial purification via temperature-me-
diated precipitation of ballast proteins.

It is necessary to consider the domain organisa-
tion of inteins during the development of intein-based 
biotechnological tools. Inteins are generally classi-
fied as either full-length or mini-inteins. Full-length 
inteins consist of two domains. The HINT-domain 
(Hedgehog-Intein) responsible for protein splicing 
is formed by the intein's N- and C-terminal regions 
(designated HgN and HgC). The second domain with 
endonuclease activity is located in the middle part 
of intein, thus splitting the HINT-domain in two 
parts. The  structure of mini-inteins includes only the 
HINT-domain, while the endonuclease domain is ab-
sent. Mini-inteins can be either natural or artificial. 
Small size of mini-inteins is advantageous, as well as 

lack of endonuclease domain, which may negative-
ly affect solubility of the hybrid protein. Artificial 
mini-inteins derived from the DnaB of Synechocys-

tis  sp. and RecA of Mycobacterium tuberculosis have 
been shown to be the most useful tools for isolation 
and purification of proteins and peptides [14-19].

This study aims at the development of expression 
system for isolation of pharmaceutically relevant pep-
tides and proteins based on the thermoactivated and 
thermostable DnaE1 intein of Thermus thermophilus 
(TthDnaE1). Shen et al. have shown that TthDnaE1 is a 
thermostable full-length intein capable of performing 
protein splicing at 60°C [12]. The goal of this study is 
the rational design of modified mini-inteins based on 
TthDnaE1 through deletion of endonuclease domain 
and introducing point mutations at catalytic residues, 
as well as evaluation of their practical applicability.

MATERIALS AND METHODS

Generation of strains producing recombinant 

mini-inteins. To construct genes of artificial mini-in-
teins, two fragments of the dnaE gene were PCR-am-
plified using chromosomal DNA of Thermus ther-

mophilus strain HB27 as a template. One fragment 
encoded N-terminal (upstream of the deletion) region 
of the intein. The other fragment encoded C-terminal 
sequence downstream of the deletion. Primers for the 
N-terminal fragment included recognition sites for 
the restriction endonucleases NdeI and Esp3I, while 
primers for the C-terminal fragment included Esp3I 
and Bpu1102I sites. Amplification was carried out us-
ing Q5 High-Fidelity DNA Polymerase (New England 
Biolabs, USA). Products of amplification were digested 
with Esp3I restriction endonuclease and ligated with 
the help of a bacteriophage T4 ligase (Thermo Fisher 
Scientific, USA). The ligated fragment was amplified 
and cloned into a pET16b vector at recognition sites 
of the restriction endonucleases NdeI and Bpu1102I. 
The resulting sequences of mini-inteins were verified 
by Sanger sequencing (Evrogen, Russia).

Producer strains were obtained by transforming 
engineered plasmids into E.  coli NiCo21 (DE3) cells 
(New England Biolabs, USA). Cultivation was per-
formed in LB medium (10  g/l trypton, 5  g/l yeast ex-
tract, 10  g/l NaCl) supplemented with 100  µg/ml am-
picillin. Cell cultures were grown in a thermostated 
shaker Certomat SII (Sartorius Stedim Biotech, Germa-
ny) at 37°C and 180  rpm until optical density OD600 0.8 
followed by addition of IPTG to final concentration 
0.4  mM and further incubation for 4  h at 37°C. All tar-
get proteins were expressed in a soluble form.

Isolation and purification of recombinant mini- 

inteins. Cell biomass was resuspended at a ratio 
1  :  10 (w/v) in buffer  A (50  mM  Tris-HCl, 200  mM  NaCl, 
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5  mM  EDTA (Merck Millipore, Germany), 1  mM  PMSF 
(Sigma-Aldrich, USA), pH  8.0) and disrupted using an 
ultrasonic disintegrator VCX  130 (Sonics Materials, 
USA). Ammonium sulfate (Panreac, Spain) was added 
to the cell supernatant to 20% saturation, followed by 
centrifugation for 20  min at 10,000g. Precipitate con-
taining ballast proteins was discarded. To precipitate 
the target proteins, ammonium sulfate was added to 
the prepared supernatant to 40% saturation. The re-
sulting pellet was resuspended in buffer  B (50  mM 
Tris-HCl, 200  mM  NaCl, pH  8.0) and clarified by cen-
trifugation. The clarified solution was loaded onto 
a XK16/20 column packed with Chelating Sepharose 
Fast Flow resin (Cytiva, USA). The column was washed 
with buffer  C (50  mM  Tris-HCl, 200  mM  NaCl, 50  mM 
imidazole, pH  8.0) to elute non-target proteins. In the 
second stage a target protein was eluted with buffer  D 
(50  mM  Tris-HCl, 200  mM  NaCl, 250  mM  imidazole, 
pH  8.0). EDTA was added to the eluted fraction to fi-
nal concentration 5  mM.

Fractions containing the target protein were 
pooled and concentrated to 5  ±  1  mg/ml using a YM-10 
membrane (Merck Millipore). The final purification 
step involved gel-filtration chromatography on a 
HiLoad 16/60 Superdex  75  pg column (Cytiva) in buf-
fer  E (1  mM  NaH2PO4, 20  mM  Na2HPO4, 200  mM NaCl, 
5  mM  EDTA, pH  8.0). Fractions containing a target pro-
tein were combined.

Evaluation of mini-intein protein splicing effi-

ciency. Efficiency of protein splicing was investigated 

in a pH range from 6.0 to 9.0 at 60°C. For this pur-
pose, purified mini-intein samples were diluted with 
buffer E to final concentration of 0.3  mg/ml, and pH 
was adjusted. Temperature dependence of splicing 
was evaluated at pH  6.0 after 14-h incubation in the 
temperature range from 20 to 80°C. Splicing efficiency 
was assessed by electrophoretic analysis.

Analytical methods. Protein concentrations were 
determined using the Bradford protein assay  [20]. 
Electrophoretic analysis was carried out according to 
the Laemmli technique in a 15%  SDS-PAGE  [21]. Den-
sitometric analysis of gels was performed in three 
replicates to calculate average splicing efficiencies. 
To  obtain electropherograms with enhanced resolu-
tion in the peptide range of molecular mass, a Tris-tri-
cine buffer system was used for electrophoresis in 
a  10%  SDS-PAGE [22].

RESULTS

Rational design of thermostable mini-inteins. 
The key point in rational design of mini-inteins is 
identification of a boundary between the endonucle-
ase domain and HINT-domain in the full-length intein. 
The structure of TthDnaE1 [including natural exteins 
each containing 5 amino acid residues (aa)] was 
modeled using AlphaFold  3. Superposition of the ob-
tained model with the structure of the artificial mini- 
intein SspDnaB (PDB  ID: 1MI8) enabled identification 

Fig. 1. Comparison of the structures of TthDnaE1 and artificial mini-intein SspDnaB. N- and C-terminal regions of the poly-
peptide chain forming HINT-domain are shown in green and orange, respectively. β-Strands formed by amino acid residues 
G87-V92 and L388-L406 are shown in blue and red, respectively.
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Fig. 2. Structure models of mini-inteins TthDnaE1 Δ272  (a), Δ280  (b), and Δ287  (c).

of the HINT-domain in TthDnaE1 (Fig. 1). We illustrat-
ed the similarity between the structure of the HINT- 
domain in the TthDnaE1 model and crystal structure 
of SspDnaB: root mean square deviation of the co-
ordinates of carbon atoms in the peptide backbone 
was around 0.7  Å. β-Strands formed by the amino 
acid residues G87-V92 and L388-L406 were the struc-
tural elements closest to the TthDnaE1 endonuclease 
domain.

First, we analyzed the previously reported ex-
amples of rational design of mini-inteins. There are 
at least 11 examples of full-length inteins for which 
removal of the endonuclease domain without loss 
of splicing activity was shown: MtuRecA, SspDnaB, 
NpuDnaB, RmaDnaB, SspDnaX, SspGyrB, TerThyX, 
TerRIR1, SceVma, Pi-PFUI, and PhoVMA  [15, 23-26]. 
One intein of particular interest was DnaE2 of Tri-

chodesmium erythraeum (TerDnaE2). Removal of the 
endonuclease domain from this intein resulted in 
the significant decrease in splicing efficiency [25,  27]. 
Nevertheless, this intein is interesting since it is an 
ortholog of TthDnaE1.

Amino acid sequences of the TthDnaE1 and of the 
abovementioned inteins were compared using multiple 
sequence alignment with the Clustal Omega (Fig. S1 in 
the Online Resource  1)  [28]. The obtained alignment 
was used to generate a phylogenetic tree (Fig. S2 in in 
the Online Resource  1) using Mega program (UPGMA 
method)  [29]. The inteins DnaB of Synechocystis  sp. 
(SspDnaB), Nostoc punctiforme (NpuDnaB), and Rhodo-

thermus marinus (RmaDnaB) were shown to be the 
closest relatives to the investigated intein. Hence, in 
order to select deletions, it is most feasible to compare 
the intein investigated in our study with these inteins. 
It should be also mentioned that among those the 
SspDnaB intein is especially notable due to its wide 
application for intein-mediated isolation of proteins 
and peptides [6, 14-17].

We decided to select three deletions, which 
could theoretically result in formation of loops by 
the remaining residues of endonuclease domain with 
length difference of approximately 8  aa. We consid-

ered deletion variants that are homologous to those 
that resulted in active artificial mini-inteins derived 
from DnaB. Three deletions in TthDnaE1 correspond 
to this criterium, which are termed according to the 
number of deleted residues: Δ272, Δ280, and Δ287. 
The mini-intein TthDnaE1 obtained as a result of 
the Δ272 deletion includes N- and C-terminal frag-
ments of the amino acid sequence homologous to 
the fragments of polypeptide chain of the SspDnaB 
mini-intein (Table  S1 in in the Online Resource 1). The 
variants containing deletions Δ280 and Δ287 include 
the fragments homologous to the N- and C-terminal 
fragments of the two artificial mini-inteins NpuDnaB 
(Table  S1 in the Online Resource  1). The structures of 
the suggested mini-inteins [with natural exteins each 
containing 5 amino acid residues (aa)] were gener-
ated with AlphaFold  3.0  [30]. It was shown that the 
structure of HINT-domain in all three mini-inteins is 
identical, while the remaining residues of the endonu-
clease domain form disordered loop HgN-X-HgC with 
size of 23, 15, and 8  aa in the TthDnaE1 Δ272, Δ280, 
and Δ287, respectively (Fig. 2; see also domain scheme 
in Fig.  S3 in the Online Resource  1).

Structural stability of the HINT-domain of the 
artificial mini-inteins was investigated in  silico 
through molecular dynamics simulations (MD) with 
Gromacs  2024 and the Amber ff99SB-ILDN force field 
(detailed description of the used MD methods is pre-
sented in the Online Resource  1) [31,  32]. Each mod-
el was placed into rhombic dodecahedron unit cells 
filled with tip3p water molecules and Na+ and Cl− ions 
to neutralize charge. After equilibration at 60°C and 
pressure 1  Bar by modeling in the NVT- and NPT-en-
sembles, productive MD simulation with duration of 
500  ns was performed.

To examine stability of the structures of the mini 
inteins during MD simulation we calculated Root 
Mean Square Deviation (RMSD), Root Mean Square 
Fluctuation (RMSF) of the atomic positions of the 
peptide backbone and the radius of gyration of the 
protein molecules. It should be mentioned that struc-
ture instability is expected for the exteins and loops 
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connecting HgN and HgC. In this regard, the RMSD 
values and radius of gyration were calculated not 
only for the entire protein molecule, but also for the 
HINT-domain separately. The obtained results are 
presented in Fig.  S4 in the Online Resource  1.

Analysis of the RMSD values and radius of gyra-
tion indicated high stability of the HINT-domain in 
all three mini-inteins in the course of MD simulation. 
The  profile of RMSF values indicates that exteins and 
HgN-X-HgC loop are the sites of instability in the poly-
peptide chain. Furthermore, the HgN-X-HgC loop in 
the mini-intein Δ280 was significantly more dynamic 
in comparison with two other variants.

One other factor that should be considered in the 
design of mini-inteins is the effect of the HgN-X-HgC 
loop on the protein solubility. This loop can include 
fragments of the polypeptide chain that forms the core 
of the endonuclease domain globule in the full-length 
intein. In this case hydrophobicity of amino acid res-
idues of the unordered loop could negatively affect 
the protein solubility.

Therefore, we analyzed the potential effects of the 
sequence and spatial structure of the designed mini- 
inteins on solubility of the proteins using CamSol  2.0 
web server [33]. The approach of the prediction of 
such effects of the fragments of polypeptide chain is 
based on: 1)  analysis of amino acid sequence based 
on physicochemical properties of amino acid residues; 
2)  correction of the obtained results considering pro-
tein spatial structure. Structure models of the sug-
gested mini-inteins were analyzed using CamSol  2.0. 
It was shown that the loops HgN-X-HgC do not contain 
amino acid residues which could affect solubility neg-
atively (Fig.  S5 in the Online Resource  1, a-c).

Besides the design of mini-inteins, another im-
portant challenge is the selection of the lengths of 
the extein fragments extein for further investigation 
of protein splicing in  vitro. Intein activity could be 
significantly affected by the amino acid sequence of 
an extein. That is why it is reasonable to investigate 
protein splicing with natural exteins. On the other 
hand, use of inteins for protein purification is espe-
cially relevant in the case of peptides with unordered 
structure. Therefore, we decided to investigate protein 
splicing by using hybrid constructs containing mini-in-
teins with fragments of natural exteins up to 20  aa 
in length.

Certain fragments of natural exteins could par-
ticipate in formation of the globule of natural DnaE 
protein. Presence of hydrophobic sites may negatively 
affect solubility. To resolve this issue the size of extein 
fragments was optimized with the help CamSol  2.0 web 
server. Structure model of the full-length intein with 
fragments of natural exteins with length of 20  aa was 
obtained by using of neural network AlphaFold  3.0. 
Analysis of the obtained model with the help of 

CamSol  2.0 showed that the exteins larger than 10  aa 
at the N-end could significantly reduce the protein sol-
ubility (Fig.  S5 in the Online Resource  1,  d).

The final step of the design was selection of point 
mutations in order to change the intein capability of 
protein splicing. The sequence of TthDnaE1 was com-
pared with the sequence of MtuRecA intein, for which 
key amino acids participating in protein splicing have 
been determined (based on the previously performed 
alignment of amino acid sequences)  [23]. This allowed 
to identify homologous residues in TthDnaE1: Cys1, 
Asp405, His422, and Asn423. Positions of these resi-
dues in the model structure of TthDnaE1 Δ280 intein 
are shown in Fig.  S6 in in the Online Resource  1.

Protein splicing occurs due to rearrangement with 
participation of hydroxyl/thiol groups of the first ami-
no acid of intein and the first amino acid of the C-end 
of extein (in the case of TthDnaE1 these are Cys1 and 
Ser+1). The Cys1Ala mutation disables cleavage of the 
N-terminal extein. It was shown that the highly con-
served Asp residue is significant for protein splicing 
(Asp405 in TthDnaE1)  [23]. Substitution of this Asp 
residue with Gly was shown to significantly accelerate 
the cleavage of C-terminal extein. Hence, the D405G 
mutation is practical for the TthDnaE1 both as a sin-
gle mutation and in combination with C1A. Two last 
residues in the intein (His422, Asn423 in TthDnaE1) 
participate in the cleavage of the C-terminal extein. 
Mutations in these positions are not practical because 
cleavage of the C-terminal extein is most significant 
for the development of the approach to intein-medi-
ated isolation and purification of proteins.

Hence, modeling of the protein spatial struc-
ture with the help AlphaFold  3.0, MD simulations in 
Gromacs, and predicting effects of amino acid on the 
protein solubility allowed us to perform rational de-
sign of three mini-inteins: TthDnaE1 Δ272, Δ280, and 
Δ287. Analysis of functional amino acids in the intein 
allowed us to select the C1A, D405G, and C1A/D405G 
mutations that prevent cleavage of the N-terminal ex-
tein.

Preparation and investigation of properties 

of artificial mini-inteins. Expression constructs en-
coding mini-inteins TthDnaE1 Δ272, Δ280, and Δ287 
flanked with the fragments of natural exteins (N-ex-
tein with length 10  aa and C-extein with length 16  aa) 
and N-terminal affinity tag 6x-His were created, and 
the corresponding E.  coli producer strains were gen-
erated. Recombinant proteins were isolated using a 
two-stage protocol including purification via affinity 
and gel-filtration chromatography.

Temperature and pH dependence of splicing effi-
ciency (range 20-80°C at pH  6.0; range 6.0-9.0 at 60°C, 
respectively) was evaluated based on the results of 
incubation of the reaction mixtures for 14  h. Four 
possible products were expected (in accordance with 
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Fig. 3. Electrophoretic analysis of the products of splicing 
of hybrid proteins containing mini-intein TthDnaE1 with 
Δ272, Δ280, and Δ287 deletions (15% SDS-PAAG). Designa-
tions: EIE, non-cleaved mini-intein; EI, residual protein 
without C-terminal exteins; IE, residual protein without 
N-terminal extein; I, mini-intein without exteins; EE, product 
of ligation of exteins.

the calculated molecular mass, from smallest to larg-
est): 1)  product of extein ligation (designated as EE; 
6.2  kDa); 2)  mini-intein without exteins (product  I; 
16.4  kDa for Δ272, 15.5  kDa for Δ280); 3)  residual pro-
tein without N- terminal extein (product IE; 18.3  kDa 
for Δ272, 17.5  kDa for Δ280); 4)  residual protein with-
out C-terminal extein (product EI; 20.5  kDa for Δ272, 
19.7  kDa for Δ280).

The results of electrophoretic analysis of the 
mini-inteins splicing products after incubation at 60°C 
for 14  h at pH  6.0 are presented in Fig. 3. Cleavage of 
the proteins with deletion Δ272 and Δ280 (EIE bands) 
resulted in formation of side products in addition to 
the main products (EE and I).

The TthDnaE1 Δ280 intein was found to be the 
most active: almost complete cleavage of the corre-
sponding hybrid protein was observed after incuba-
tion. The Δ272 deletion variant exhibited significantly 
lower activity, accompanied by high level of proteol-
ysis of both hybrid protein and of the cleavage prod-
ucts observed. The variant Δ287 showed no detectable 
splicing activity.

These results confirm the success of the rational 
design approach, yielding a mini-intein variant (Δ280) 
capable of efficient, temperature-dependent protein 
splicing. This construct was therefore selected for fur-
ther development of the self-cleaving carrier protein.

Next, site-directed mutagenesis of the gene of 
mini-intein TthDnaE1 Δ280 was performed to intro-
duce point mutations C1A, D405G, and C1A/D405G. 
The resulting hybrid proteins were expressed using 
the same method as for wild type constructs. Splicing 
activity of the modified mini-inteins was examined 
according to the abovementioned protocol.

Comparison of the products of cleavage of the 
hybrid proteins based on the generated mini-intein 
Δ280 and on its mutant variants C1A, D405G, and C1A/
D405G is presented in Fig.  4. Introduction of all three 
mutations resulted in significant changes in compo-
sition and relative abundance of the formed splicing 
products.

Splicing efficiency in all three mutant con-
structs was strongly dependent on both tempera-
ture and pH (Fig.  5). Optimal range of pH (6.0-6.5) 
for cleaving was determined for all tested variants. 

Fig. 4. Electrophoretic analysis of the products of splicing of hybrid proteins based on the mini-intein TthDnaE1 Δ280 
without mutations and with point substitutions C1A, D405G, and C1A/D405G. a)  15% SDS-PAAG; b)  10% tricine SDS-PAAG. 
Designations are the same as in Fig.  3; EN, N-terminal extein; EC, C-terminal extein.
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Fig. 5. Products of cleavage of the hybrid proteins based on the TthDnaE1 Δ280 mini-intein (a,  b) and its mutant forms 
C1A (c, d), D405G (e,  f ), and C1A/D405G (g, h) depending on the incubation conditions. a, c, e, g) Content of products formed 
at pH 6.0 and temperature in the range 20-80°C; b, d, f, h) at 60°C and pH in the range 6.0-9.0. Initial hybrid protein marked 
with white color, product I – with light gray, EI product – with dark gray. The data are obtained using densitometry of the 
15% SDS+PAAGs. C, control, hybrid protein before incubation.

Increasing the incubation temperature enhanced effi-
ciency of cleavage significantly: hybrid protein based 
on the mini-intein TthDnaE1 Δ280 exhibited 79% 
(at  60°C and pH  6.0) versus 27% (at 20°C). Similar 
results were obtained for the mutant forms. When 
incubated at 70°C and pH  6.0-6.5, the cleavage effi-
ciency increased notably: from 4% to 31% for the 

C1A mutant, from 5% to 42% for the D405G mutant, 
from 11% to 54% for the C1A/D405G mutant. Optimal 
incubation time of 14  h was selected based on the 
data of the cleavage kinetics. After 14-h incubation 
accumulation of the products slows down; moreover, 
prolonged incubation may lead to proteolytic degrada-
tion of the products (Fig.  S7 in the Online Resource 1).
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All expected cleavage products were detected for 
protein carrying D405G mutation: cleavage of both ex-
teins and cleavage of C- or N-terminal extein separate-
ly (product EN, 4.2  kDa; formation of the EC product 
was detected while increasing the gel load). At the 
same time no extein ligation was observed. Cleavage 
of the C- and N-terminal exteins was confirmed by 
electrophoretic analysis in the Tris-tricine buffer sys-
tem (Fig.  5b). Hence, the D405G mutation significant-
ly increases efficiency of cleavage of the C-terminal 
extein and blocks ligation of exteins.

Cleavage of only C-terminal extein (yielding prod-
ucts EI and EC) was observed for C1A and C1A/D405G 
variants. Hence, this mutation resulted in the desir-
able effect  – prevention of cleavage of the N-terminal 
extein. Notably, the hybrid protein with double muta-
tion exhibited the highest cleavage efficiency.

DISCUSSION

In this study, we successfully performed the ra-
tional design of the thermoactivated mini-intein based 
on the full-length DnaE1 intein from Thermus ther-

moplilus.
An approach that includes amino acid sequence 

analysis, structure modeling with AlphaFold 3.0 and 
MD simulations allowed us to select three deletion 
variants (Δ272, Δ280, and Δ287) for removal of the en-
donuclease domain from the initial TthDnaE1 intein. 
Experimental investigation of the engineered mini- 
inteins showed that the medium-sized deletion was 
the least disruptive for protein splicing  – the TthD-
naE1 Δ280 mini-intein exhibited the highest activity. 
The reasons behind the reduced activity of the Δ272 
and Δ287 mini-inteins require further investigation. 
It  should be mentioned that AlphaFold structure mod-
eling and MD simulation in Gromacs are not ab  initio 
approaches. It is possible that the negative effects of 
the Δ272 and Δ287 deletions could be explained by 
their effects exactly on the processes of folding of mini- 
inteins, which are challenging to predict.

Next, we have investigated the effects of point 
mutations at the key positions responsible for pro-
tein splicing. Two targets were selected for mutagen-
esis: Cys1 and Asp405. The ability of cleavage of the 
N-terminal extein was blocked by the C1A mutation. 
The single D405G mutation resulted in prevention of 
ligation of the cleaved exteins. The obtained results 
indicate significance of the Cys1 and Asp405 residues 
for different stages of protein splicing.

The capability of C-terminal extein cleavage is 
valuable for the intein-mediated isolation of proteins 
and peptides. All other activities of intein may result 
in formation of non-desired side products. The C1A/
D405G mini-intein variant demonstrated the desirable 

result: the only product was C-terminal extein while 
side products formation was not observed. Hence, it 
was shown that the mini-intein TthDnaE1 Δ280 C1A/
D405G is capable of effective cleavage of the C-ter-
minal extein, and constitutes a promising object for 
further studies.

It was shown that temperature optimum of the 
mini-intein engineered in this study is in the range 
of 60-70°C. Therefore, the efficiency of the cleavage of 
the C-terminal extein is reduced at lower temperatures 
(20-40°C), which corresponds to the standard cultiva-
tion temperatures of the E.  coli producer strains. This 
feature could be useful to overcome the premature 
intracellular cleavage of hybrid proteins.

The design of an expression system based on the 
TthDnaE1 Δ280 C1A/D405G mini-intein and demon-
stration of its applicability for production of a num-
ber of model peptides seems to be a logical next step 
of the study.

CONCLUSIONS

Development of new approaches for the isolation 
and purification of recombinant proteins and pep-
tides is one of the key challenges of biotechnology. 
Construction of hybrid proteins that include the target 
peptide sequence provides a solution for many techno-
logical problems characteristic to prokaryotic systems 
such as presence of N-terminal formylmethionine or 
intracellular degradation. Inteins were successfully 
proven themselves to be useful as affinity tag carri-
ers and simultaneously autocatalytic proteases. Design 
of novel inteins exhibiting new methods of control of 
protein splicing and cleavage of exteins helps to solve 
the key challenges of this technology.

In this study we engineered a thermostable and 
thermoactivated mini-inteins based on the full-length 
DnaE1 intein from Thermus thermophilus HB27. 
Properties of such inteins have some significant ad-
vantages for their use in intein-mediated protein pu-
rification. High temperature optimum for the cleav-
age of exteins could prevent cleavage of this hybrid 
protein in  vivo at temperatures optimal for cultiva-
tion of mesophilic producer strains. In future studies 
we plan to develop an expression system using the 
TthDnaE1 Δ280 mini-intein with double mutation C1A/
D405G and test this system for the production of phar-
maceutically significant peptides.
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