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Abstract; Intein-mediated protein splicing provides a
valuable tool for protein ligation. The amino acid sequences
of the flanking exteins serve as the intein’ s natural
substrates. Alterations to these extein sequences may cause
significant changes in splicing efficiency. To date, how
extein sequences at different positions (such as —1 and +2
positions) influence intein splicing activity remains to be
systematically investigated. To address this issue, an
mCherry-based fluorescence reporter system that links
fluorescence intensity to splicing activity was established for
high-throughput screening. A saturation mutagenesis
library targeting the —1 and +2 positions of the Cne Prp8
intein was constructed via homologous recombination. After
induction, 38 high-fluorescence clones were identified from
336 clones. Western blot analysis revealed that three
substrate combinations ( A/S, S/V, and R/S) achieved
splicing efficiencies above 80%, significantly higher than
that of the wild-type sequence. These findings not only
reveal amino acid preferences at key extein positions but also
provide valuable insights for the rational design of efficient
splicing systems, thereby advancing the application of
inteins in protein engineering.
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0 Introduction

Inteins are polypeptide sequences embedded within
precursor proteins that can excise themselves with high
precision through an autocatalytic process during protein
maturation. This reaction simultaneously ligates the
flanking extein sequences via a peptide bond, a process
known as protein splicing''’. Protein splicing proceeds
through a four-step cascade of reactions that do not
require any cofactors. The central mechanism involves
acyl transfer'>’. Due to their versatility as protein ligation
tools, inteins have been widely applied in various fields
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of protein engineering, including protein purification ™" ,

peptide  backbone  cyclization' "' | site-specific
labeling'®*", and biosensor construction'"".

Notably, the amino acid residues at the junction
between the intein and its adjacent exteins significantly
influence splicing activity. These adjacent exteins can
thus be regarded as substrates of inteins. Previous studies
have shown that native substrates are not necessarily
optimal for splicing'™"’. Intein substrate specificity and
the relationship between different types of adjacent exteins
and splicing efficiency are not well understood, and the
substrate preferences of most natural inteins have yet to be
systematically characterized. Investigating intein substrate
preferences not only broadens the application of inteins as
protein ligation tools but also enhances our understanding
of the structural and functional relationships within intein-
extein complexes, which holds both theoretical
significance and practical value.

The B -barrel structure of the red fluorescent protein
mCherry contains multiple loop regions that are relatively
tolerant to structural perturbations. Ren et al. '™
employed mCherry as a reporter protein to monitor intein
splicing activity. They inserted an intein in the loop
region between 38 and 89, enabling successful conversion
of intein splicing activity into a fluorescent signal. In this
study, the 142 —143 site of mCherry ( approaching the
B8 — B9 loop region) was selected as the insertion point.
Inserting an intein mutant with no splicing activity
resulted in no fluorescence, whereas insertion of a highly
active intein restored fluorescence. This successfully
coupled intein splicing activity with a fluorescent signal ,
establishing a reporter system based on mCherry.
Saturation mutagenesis was performed at the —1 and +2
extein positions flanking the Cne Prp8 mini-intein (CP-M) ,
resulting in a mutant library comprising 400 variants.
High-fluorescence clones were identified by using the
mCherry reporter system, and protein splicing was further
confirmed by Western blot analysis. Sanger sequencing
enabled rapid determination of the —1 and + 2 extein
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residues. These data revealed the relationship between
intein splicing activity and its substrates. Statistical
analysis of the substrate sequences allowed the
identification of extein preferences of the intein.

1 Materials and Methods

1.1 Construction of recombinant plasmids

The original sequence of the CP-M was obtained
from the InBase database ( https://inbase. ligsciss. com/
iwai/ ). The plasmids pMCP-M and pET-mCherry were
derived from previous work conducted in our
laboratory'**’. The recombinant plasmids pETmCherry-
CP-M ( expressing mCherry with CP-M insertion ) and
pETmCherry-CP-M-AA (expressing mCherry with CP-M
splicing-deficient intein mutant ( Cl1A/NI178A )
insertion ) , both carrying an N-terminal 6 x His tag, were
constructed using the NovoRec ® Plus One-Step PCR
Cloning Kit following the manufacturer > s standard
protocol. A saturation mutagenesis library targeting the
—1 and +2 extein positions of CP-M was constructed
using NNK degenerate primers''” .
1.2 Protein splicing analysis

Recombinant plasmids were chemically transformed
into Escherichia coli (E. coli) BL21 (DE3) competent
cells. A single colony was inoculated into 1 mL Luria-
Bertani (LB ) broth containing 100 pg/mL ampicillin
and grown to mid-log phase ( with an optical density at
600 nm of about 0.6). Protein expression was induced
by adding isopropyl B-D-1- thiogalactopyranoside (IPTG)
to a final concentration of 0.3 mmol/L, followed by
incubation at 25 C for 16 h. Cells were harvested by
centrifugation and lysed by boiling in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis ( SDS-PAGE )
loading buffer at 100 C for 10 min. The lysates were
then analyzed by electrophoresis on a 15% SDS-PAGE
gel. Western blot analysis was performed using an anti-
His antibody and the WesternBreeze™ detection Kkit,
following the manufacturer’ s standard protocol.
1.3 Measurement of fluorescence intensity

A 200 pL aliquot of the induced bacterial culture
was subjected to red fluorescence detection, which was
measured using a SpectraMax iD3 microplate reader with
excitation at 577 nm and emission at 617 nm. Each
sample was measured in triplicate. To calculate the
normalized fluorescence intensity , background
fluorescence ( Mock control ) was subtracted from each
sample’ s raw fluorescence. The normalized fluorescence
intensity was then calculated as

F sample F
Fuurm = D

FBL21 -F

D ’

600

LB LB

600

where F, . represents the normalized fluorescence
intensity, which refers to the fluorescence intensity per
E. colicell; F,, represents the fluorescence intensity of

the induced bacterial culture ( experimental sample ) ;

Fy,,, represents the fluorescence intensity of the BL21
strain ( Mock control ) ; F,, represents the fluorescence
intensity of the LB broth; D, represents the optical
density at 600 nm.
1.4 Prediction and simulation of protein structure
The three-dimensional structure of the target protein
was predicted using AlphaFold3, a deep learning-based
algorithm developed by DeepMind. The full-length
amino acid sequence was input into the AlphaFold3
pipeline, and the predicted protein structure was
generated using default parameters. The model with the
highest predicted local distance difference test ( pLDDT)
score was downloaded in protein data bank ( PDB)
format and simulated using PyMOL software. Structural
alignment was conducted using the “align” command to
compare the model with homologous proteins from the
PDB.

2 Results and Discussion

2.1 Construction of fluorescent protein reporter
system

To evaluate the substrate specificity of intein, we
inserted intein into a fluorescent protein to construct a
fluorescence-based reporter system. The selected insertion
site was required to meet two criteria; 1) the addition of
three exogenous amino acids must not impair
fluorescence ; 2) the insertion of a splicing-inactive intein
must abolish fluorescence. The red fluorescent protein
mCherry features a unique (3 -barrel structure and flexible
loop regions, making it an ideal scaffold for foreign
protein  insertion without disrupting its overall
conformation'*™ . We constructed the fluorescent
reporter system by inserting the CP-M intein, along with
its native —1, +1, and +2 extein residues, between the
residues 142 and 143 of mCherry (approaching the 88 — 89
loop region). In this system, successful protein splicing
results in the excision of the intein, restoring the intact
mCherry protein and generating detectable red
fluorescence, and the —1, +1, and +2 extein residues
remain within the interior of the mCherry protein.
Conversely, if splicing is inhibited, the intein remains
embedded in mCherry, causing steric hindrance that
suppresses fluorescence ( Fig.1 (a)). As shown in
Fig. 1(a), the mCherry protein is split by the CP-M into
an N-terminal fragment ( mCherry, ) and a C-terminal
fragment (mCherry, ), where the flanking extein residues
A, S, and G correspond to positions —1, +1, and +2,
respectively. This fluorescence-based reporter system
links intein splicing activity to a fluorescence signal,
offering a rapid and visual strategy for evaluating splicing
efficiency.

To verify the direct correlation between mCherry
fluorescence and intein splicing activity, we constructed a
splicing-deficient intein mutant ( CIA/N178A ) as a
negative control. This mutant is incapable of catalyzing
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the protein splicing reaction, and the retained intein
disrupts the mCherry conformation, resulting in a non-
fluorescent precursor protein. The fluorescence intensity
of wild-type mCherry protein reaches 4.7 x 107, the
splicing mutant ( mCherry-CP-M ) exhibits strong red
fluorescence as well (9.1 x 10°), whereas the non-
splicing AA mutant ( mCherry-CP-M-AA ) displays no
detectable fluorescence ( Fig.1(b)). SDS-PAGE and

-1 +1+2

Western blot analysis reveal the spliced mCherry product
(relative molecular mass M, =30 200) and excised intein
(M,=20900) in mCherry-CP-M, whereas mCherry-CP-
M-AA only exhibits the unspliced precursor ( M, =
51 100) ( Figs. 1 (c) and 1 (d)). These results
demonstrate that intein splicing activity is directly coupled
to fluorescence output, confirming the reliability of the
fluorescent protein-based reporter system.
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M-—marker; 1—non-induced mCherry-CP-M; 2—non-induced mCherry-CP-M-AA; 3—wild type mCherry;
4—mCherry-CP-M; 5—mCherry-CP-M-AA.
Fig. 1 Establishment of fluorescent reporter protein system: (a) schematic diagram of fluorescent reporter system; (b) fluorescence
intensity comparison; (c¢) protein splicing in E. coli by SDS-PAGE; (d) Western blot analysis ( Anti-His)

2.2 Saturation mutation analysis of adjacent exteins

Given the high conservation of the +1 extein position
and its critical role in intein splicing activity, we selected
the flanking —1 and +2 extein positions as mutagenesis
sites. Using NNK degenerate primers, we performed
saturation mutagenesis at the —1 and +2 extein positions
of the CP-M intein, generating a mutant library covering
all 400 possible amino acid combinations. We evaluated
the quality and completeness of the mutant library using
next-generation sequencing ( NGS). The NGS analysis
showed an average sequencing depth of 45 049 at the
mutated sites, with a 100% mutation rate and 99. 68%
library coverage. The codon mutation frequencies at the
—1 extein position were as follows; first base—T
(38.5%), G (32.9%), C (16.7%), A (11.9%);
second base—T (43.8%), G (26.0%), A (15.6%) ,
C (14.6%) ; third base—T (50.2%), G (49.8%). At
the +2 extein position, codon mutation frequencies were
as follows: first base—A (28.2%), T (27.1%), C
(24.1%), G (20.6% ) ; second base—T (33.8%), A
(31.1%), C (21.0%), G (14.1%) ; third base—T
(53.4%), G (46.6%). These results confirm the

successful construction of a comprehensive saturation
mutagenesis library of the CP-M flanking exteins,
encompassing all 400 possible amino acid combinations at
the —1 and +2 extein positions.
2.3 Screening intein splicing mutants using mCherry
reporter system

Library plasmids were transformed into E. coli BL21
(DE3) competent cells, and protein expression was
induced for subsequent screening. By using the mCherry
reporter system, the red fluorescence intensity of each
clone was calculated. We observed significant variations in
fluorescence intensity among individual clones, ranging
from a maximum of 5.7 x 10° to a minimum of 1. 3 x 10"
Native extein clones ( with —1 and +2 residues of A and
G) exhibited a red fluorescence intensity of 1.5 x 10°.
Clones with fluorescence intensity exceeding 1 x 10° were
defined as high-fluorescence clones. From a total of 336
clones, 38 high-fluorescence and six low-fluorescence
clones were selected for SDS-PAGE (Fig.2 (a)) and
Western blot analysis (Fig.2(b)). The —1 and +2 amino
acid combinations corresponding to each mutant clone were
labeled above the lanes.
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Fig.2 Identification of mutant clones; (a) SDS-PAGE; (b) Western blot analysis ( Anti-His)

SDS-PAGE and Western blot analysis reveal that
most high-fluorescence clones contain both the precursor
protein (M, =51 200) and the mCherry protein (M, =
30 200) produced by protein splicing. Some clones
exhibit false positives due to frameshifts or deletions,
while low-fluorescence clones primarily retain the
precursor form. The native — 1 and + 2 substrate
combination for CP-M is A and G, yielding a splicing
efficiency of 71. 9%. Compared to the native substrate
clone, some mutant clones exhibit significantly enhanced
splicing efficiency, while the majority show reduced
efficiency. Additionally, a few mutant clones display
C-terminal cleavage (M, =40 600) as a side reaction.
Clones corresponding to — 1 and + 2 substrate
combinations with splicing efficiency exceeding 60% are
categorized as high-splicing efficiency clones; the
remaining are designated as low-splicing efficiency
clones. Figure 3 illustrates the correlation between
fluorescence intensity and splicing efficiency for each
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clone. Nine substrate combinations display splicing
efficiency exceeding 60% , with three combinations
(A/S, S/V, R/S) exhibiting efficiencies over 80% ,
significantly  higher than the native substrate
(Fig. 3(a)). All nine mutant clones with high splicing
efficiency exhibit fluorescence intensities exceeding
1 x 10°, belonging to the category of high fluorescence
clones. This result indicates a positive correlation
between splicing activity and fluorescence intensity,
highlighting the coupling between the two processes.
While some low-splicing  efficiency  substrate
combinations reach up to 50% splicing efficiency, most
other combinations exhibit efficiencies below 40% ,
representing a significant reduction compared to the
native substrate ( Fig.3 (b)). Notably, some low-
splicing substrate combinations result in increased
fluorescence intensity, which is likely attributable to
higher protein expression levels in the corresponding
mutant clones.
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Fig.3 Comparison of fluorescence intensity and splicing efficiency of mutant clones: (a) high

(b) low splicing efficiency mutant clones

2.4 Cne Prp8 substrate preference analysis

This study partially screened the — 1 and + 2
substrates of CP-M using a fluorescent protein reporter
system, yielding 32 substrate combinations. Among
these, the A/S, S/V, and R/S substrate combinations

(b)

splicing efficiency mutant clones;

significantly enhanced protein splicing efficiency to over
80% (Fig.3(a)). To further investigate their splicing
mechanisms, these three substrates were subjected to
structural prediction and simulation using AlphaFold and
PyMOL software. The results are presented in Fig. 4.

Red—mCherry; cyan—CP-M; orange——1 substrate; green—+1 substrate; magenta—+2 substrate; yellow—hydrogen bond.
Fig. 4 Prediction and simulation results of substrate structure; (a) A/S substrate combination; (b) S/V substrate combination;

(c¢) R/S substrate combination

Based on the high splicing efficiencies and structural
predictions for the A/S, S/V, and R/S substrate
combinations, it is hypothesized that CP-M exhibits
substrate preferences for serine, arginine, alanine, and
valine. As a nonpolar amino acid with a small side
chain, A 1is less prone to steric hindrance. The
electrostatic interference caused by A is also negligible on
intein. Structural predictions indicate that A at the —1
position does not form hydrogen bonds with other amino
acids, thereby having minimal impact on intein splicing
efficiency ( Fig.4 (a)). In addition to the native
substrate combination A/G, the combinations A/S,
A/E, and A/R also support efficient protein splicing
(Fig.3(a) ), suggesting that when A is present at the —1
position , the +2 position can be occupied by G, S, E, or
R. The —1 position S may form hydrogen bonds with an
internal intein histidine, thereby facilitating acyl
rearrangement during protein splicing and enhancing the
stability of the linear ester intermediate ( PolB16 OarG
intein )'*"'.  Additionally,  AlphaFold structural
predictions of CP-M suggest that the —1 position S may
also form hydrogen bonds with asparagine and isoleucine,

which are located on both sides of histidine (Fig. 4(b)).
R, carrying a positive charge and possessing a long side
chain, is predicted by structural analysis to form
hydrogen bonds with the +1 position S when at the —1
position ( Fig. 4 (¢)). This interaction may affect the
stability of the intein active site and introduce significant
steric hindrance''®’. However, when R is present at the
—1 position, CP-M still exhibits relatively high splicing
efficiency, suggesting a degree of tolerance to — 1
position substrate. When at the + 2 position, S, a
nucleophilic residue, may undergo its hydroxyl group
attacking the ester bond between the intein C-terminus
and the downstream extein, leading to intein cleavage
(PolB16 OarG intein) ‘*", which is also detected in the
Western blot analysis of CP-M intein with G/S
combination but not in the other +2 S combinations.
Structural predictions of CP-M indicate that the + 2
position S forms hydrogen bonds with conserved lysine
within the intein, which is hypothesized to enhance the
stability of the splicing reaction intermediate (Fig.4(a)).
Structural predictions for V indicate that it does not form
hydrogen bonds with conserved amino acids within the
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intein ( Fig.4 (b)). Although V is uncharged, its
relatively large side chain may introduce significant steric
hindrance, potentially reducing splicing activity'.
However, when V is located at the +2 position, CP-M
still exhibits efficient protein splicing, suggesting a
certain level of substrate tolerance at this position.

In this study, three — 1 and + 2 substrate
combinations, A/S, S/V, and R/S, were identified to
elevate CP-M splicing efficiency above 80%. Under these
substrate conditions, protein splicing occurred with high
efficiency. These findings provide theoretical guidance
for selecting insertion sites when applying CP-M to
heterologous proteins, thereby enhancing its splicing
activity, reducing constraints in heterologous systems,
and expanding its applicability as a protein ligation tool.

3 Conclusions

In this study, we developed a fluorescent protein
reporter system that successfully coupled intein splicing
activity with a fluorescent signal. This system offers a
rapid and visual tool for investigating intein splicing.
Using degenerate primers, we constructed a saturation
mutagenesis library of the —1 and +2 extein positions for
CP-M intein. After induction, protein splicing for each
substrate combination was validated by fluorescence
intensity data and Western blot analysis. From this, we
identified 32 substrate combinations, including nine with
high splicing efficiency. Notably, the A/S, S/V, and
R/S substrate combinations exhibited splicing efficiency
above 80%, significantly outperforming the native
substrate. These results further support the theory that an
intein’ s native substrate may not always be its optimal
splicing substrate, providing valuable guidance for
selecting insertion sites when applying CP-M intein in
heterologous proteins.
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