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Intermolecular disulﬁde bonds between unpaired cysteines retard the Cterminal trans-cleavage of Npu DnaE
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Npu DnaE is a naturally occurred split intein possessing robust trans-splicing activity and could be engineered to
perform rapid C-terminal cleavage module by a single mutation D118G. Unfortunately, however, for this
modiﬁed selfcleaving module, reducing agents were needed to trigger the rapid cleavage, which prevents the
utilization in puriﬁcation of disulﬁde bonds containing recombinant proteins. In this study, we demonstrated
that the unpaired cysteine residues in Npu DnaE tend to form disulﬁde bonds, and contributed to the reduction of
the cleavage under non-reducing conditions. This redox trap can be disrupted by site-directed mutation of these
unpaired cysteines. The results further indicated that the position 28 and 59 may play certain roles in the correct
folding of the active conformation.

1. Introduction
Inteins are self-catalytic enzymes that can excise themselves from
precursor proteins and concomitantly ligate the two exteins together
with a peptide bond [1–4]. Many inteins have been engineered to selfcleaving elements which could perform N/C cleavage under the control
of pH or reducing reagents. By combining these self-cleaving elements
with aﬃnity tags such as chitin-binding domain (CBD) [5], maltosebinding protein (MBP) [6], and elastin like protein (ELP) [7–9], a
number of self-cleaving puriﬁcation tags were developed. These intein
based self-cleaving puriﬁcation tags are invaluable to the puriﬁcation of
a variety recombinant protein as they can facilitate convenient aﬃnity
puriﬁcation and eﬃcient removal of puriﬁcation tags without expensive protease.
Intein based controllable C-terminal cleavage have been applied to
the tagless puriﬁcation of recombinant proteins, including therapeutic
proteins containing disulﬁde bonds [10]. Wu [11] used a self-cleaving
ΔI-CM for the tagless puriﬁcation of recombinant human antibody
fragments expressed in E. coli cells. The recombinant protein was secreted to the periplasmic space and correctly disulﬁde bonded, the tag
was completely removed by ΔI-CM. Shi [12] employed a novel soluble
tag Zbasic together with ΔI-CM to express and taglessly purify recombinant human interleukin-15. Human epidermal growth factor

(hEGF) was puriﬁed with correct disulﬁde bonds patterns by using Ssp
DnaB mini intein [13]. In most of these cases, the main drawback was
the uncontrollable premature cleavage of the cleaving intein during the
expression of the recombinant protein. One solution to alleviate the
premature cleavage is to use the split inteins [7,14,15], which are active only when the complementary two fragments associated.
An important recent advancement in intein based self-cleaving tag
has been the establishment of the split intein mediated ultra-rapid
puriﬁcation of tagless protein (SIRP). In this case, Npu DnaE, a naturally
occurred ultra-fast split intein, was engineered into a C-terminal cleavage element by introducing a single mutation D118 G, the resultant
could achieve ∼80% C-terminal cleavage within 3 h at room temperature [16]. This cleavage mutant was further developed into the
SIRP method by placing aﬃnity tags in the C-terminus rather than the
traditional N-terminus of the N segment. This system could perform
almost complete C-terminal cleavage within 30 min at room temperature in the presence of reducing agent, thus a promising tool for protein
puriﬁcation [17]. Although the SIRP system is highly eﬀective and inexpensive, the need of reducing agents as inducer makes it not ideal for
the puriﬁcation of proteins containing disulﬁde bonds, especially the
therapeutic proteins such as monoclonal antibodies (mAbs) and human
cytokines.
Unpaired cysteine residues present in an enzyme may be
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C-extein amino acids “CFN” was ampliﬁed with primers 9 and 10 and
then joined with eGFP gene (ampliﬁed with primers 11 and 12) via
overlap extension PCR and cloned into pET30a between NdeI and XhoI
sites, the D118 G mutation was then introduced by site directed mutagenesis using the primers 7 and 8 to give the construct C*-CFN-eGFP.
The C*-AFN-eGFP mutant was obtained by site-directed mutagenesis
from the construct C*-CFN-eGFP using primers 14 and 15. The contiguous Npu DnaE variants containing one or two amino acid substitutions and the native C-extein “CFN” (constructs 5–8) were obtained
by site-directed mutagenesis from the synthesized cis Npu DnaE construct using primer pairs 3/4, 5/6 and 7/8 and cloned into pET28a
between NdeI and NotI. All of the constructed plasmids were conﬁrmed
by sequencing.

problematic, as they may improperly form disulﬁde bonds leading to
misfolding and subsequently the decrease in activity. Therefore, it is
desirable to decrease the number of unpaired cysteines either by substitution or deleting. However, the unpaired cysteines may contribute
to the folding or activity to the enzyme, thus the substitution or deletion
may aﬀect the activity of enzymes. Therefore it is necessary to investigate the involvement of the unpaired cysteine in the formation of
undesired disulﬁde bonds and its role in the folding and activity to the
enzyme, prior to the development of the cysteine-deﬁcient mutants.
Here in this report, we probed the role of the unpaired cysteine
residues in Npu DnaE to the thiol enhancing eﬀect to the C-terminal
cleavage. By site directed mutagenesis of the unpaired cysteine residues
in Npu DnaE, we demonstrated that disulﬁde bonds tend to form between these unpaired cysteines and thus retarding the C-cleavage, this
redox trap can be disrupted by substitution of these unpaired cysteines.
Additionally, these results indicated the Cys28 and Cys59 may play
certain roles in forming correct conformation. Our results have useful
implications for designing of thiol-independent C-cleavage DnaE inteins
and for understanding the structural and dynamical traits of DnaE inteins.

2.3. Protein expression and puriﬁcation
All recombinant protein expressions were carried out by E. coli BL21
(DE3). Single colonies bearing appropriate plasmids were picked and
cultured in 5 mL liquid LB supplemented with 50 μg/mL kanamycin
overnight at 37⁰C. Then the culture was inoculate into 500 mL LB
containing the same antibiotics and cultured at 37 °C until the OD600
reached 0.6. Protein expression was then induced by addition of
0.5 mM IPTG at 25 °C for 20 h. After expression, cells were pelleted by
centrifugation and stored at −80 °C for later use.
All Npu DnaE-N constructs and Npu DnaE contiguous constructs
contain a 6-His tag at the N-terminal while all Npu DnaE C-eGFP constructs have the 6-His tag attached at the C-terminal. For recombinant
protein puriﬁcation, pelleted cells were re-suspended in Buﬀer A
(20 mM Tris−HCI, 150 mM NaCl, pH7.6) and lysed by passing through
the AH1500 high-pressure homogenizer (ATS). The suspension was
centrifuged at 16,000g for 30 min at 4 °C to remove the insoluble cell
debris. The clear lysate was then loaded onto Nickel column by gravity
(GE Healthcare), and washed extensively with Buﬀer A supplemented
with 50 mM imidazole, and then the recombinant proteins were eluted
with Buﬀer A containing 150 mM imidazole. The fractions containing
intein precursors were pooled and exchanged against cleavage buﬀer
(20 mM Tris−HCI, 150 mM NaCl, 2 mM EDTA, pH7.6) by dialysis.

2. Materials and methods
2.1. Bacterial strains and reagents
E. coli strains DH5α and BL21 (DE3) (TransGen Biotech, Beijing,
China) were used for general cloning and recombinant protein expression respectively. Restriction enzymes were from Takara (Dalian,
China). Site-directed mutagenesis kit was from Vazyme (Nanjing,
China). Ni sepharose 6 fast ﬂow (GE Healthcare, NJ, USA) were used to
purify the His-tagged recombinant protein. Chemical reagents were
purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). Gene encoding the cis Npu DnaE was synthesized by GenScript
Inc (Nanjing, China).
2.2. Plasmid construction
The protein constructs and numberings are shown in Table 1. Sequences of primers used in plasmid construction were listed in Table 2.
Primers 1 and 2 were used to amplify the Npu DnaE N gene with the
mutation of C1A from the synthesized cis Npu DnaE construct, the PCR
products were then digested by NdeI and NotI and inserted into pET28a
to yield the construct 1. The constructs of N segment bearing C28S,
C59S and C28S/C59S mutations were generated by site-directed mutagenesis using construct 1 as template, with primer pairs 3/4 and 5/6.
The gene encoding the Npu DnaE C segment extended with three native

2.4. In vitro C-terminal cleavage experiments
Puriﬁed N segments and C precursors were mixed in an equal molar
ratio and incubated at a speciﬁed temperature, with or without reducing agents. For the characterization of the cleavage kinetics, aliquots
were removed from the reaction at diﬀerent time points after the initiation of the reaction and immediately quenched by boiling with SDSPAGE sampler buﬀer at 95 °C for 10 min. Samples were analyzed on
12% SDS-PAGE gels and stained with Coomassie brilliant blue. The
scanned image was analyzed by ImageJ for quantiﬁcation and the
percentage of cleavage was estimated from the molar ratio of the
cleavage product and the original precursor. All experiments were
performed in triplicates.

Table 1
Protein constructs used in this study.
Construct

Short name

Protein sequence

Molecular weight
(kDa)

1
2
3
4

NC1A
NC1A/C28S
NC1A/C59S
NC1A/C28S/C59S

6xH-Npu
6xH-Npu
6xH-Npu
6xH-Npu

12.6
12.6
12.6
12.6

DnaE
DnaE
DnaE
DnaE

NC1A
NC1A/C28S
NC1A/C59S
NC1A/C28S/

2.5. Molecular dynamics simulations
The structure of trans-splicing Npu DnaE intein (PDB: 4LX3) was
downloaded from RCSB. Cys28 and Cys59 were substituted by Ser residues in PyMOL 1.5.03 and the mutated structure was named as
‘Ser28, 59’. The simulated structures were solvated in a TIP3P water
box with a margin of at least 10 Å, and then sodium and chloride ions
were added to the system up to a concentration of 0.10 M. AMBER
ﬀ12SB force ﬁeld was used to perform eﬃcient simulations with a
constant pressure of 1 atm and a temperature of 298 K. The time step
was 2 fs with an SHAKE constraint on all bonds with hydrogen atoms.
Long-range electrostatic interactions were calculated with the Particle
Mesh Ewald method in Amber 14. The MD runs were performed after
6000 steps of minimization, 50 ps heating, and 100 ps equilibration at

C59S

5
6

NC1A-C*
NC1A/C28S-C*

7

NC1A/C59S-C*

8
9

NC1A/C28S/
C59S-C*
C*-CFN-eGFP

10

C*-AFN-eGFP

6xH-Npu DnaE NC1A -CD118G
6xH-Npu DnaE NC1A/C28S
-CD118G
6xH-Npu DnaE NC1A/C59S
-CD118G
6xH-Npu DnaE NC1A/C28S/
C59S-CD118G
Npu DnaE CD118G-CFNeGFP-6xH
Npu DnaE CD118G-AFNeGFP-6xH

16.7
16.7
16.7
16.7
35.0
35.0
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Table 2
Primers used in this study.
Number

Name

5’-3’ SEQUENCE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

NpuN(C1 A)-F
NpuN-R
C28S-F
C28S-R
C59S-F
C59S-R
D118G-F
D118G-R
NpuC-F
NpuC(eGFP)-R
eGFP-F
eGFP-R
NpuC-R
C + 1 A-F
C + 1 A-R

AAACATATGGCATTAAGCTATGAAACG
AAAGCGGCCGCTCAATTCGGCAAATTATC
CGCATCGAAAGCACTGTTTATAGCGTTGATAATAATGGAAATATTTATAC
ATAAACAGTGCTTTCGATGCGCTTTTCTACAATTTTACCAATCGGTAATA
TTTGAGTATAGCTTGGAAGATGGTTCATTGATTCGGGCAACAAAAGACCA
ATCTTCCAAGCTATACTCAAACACCTCTTGTTCTCCGCGATCGTGCCATT
AATGTCTATGGAATTGGAGTTGAGCGCGACCATAATTTTGCA
AACTCCAATTCCATAGACATTTTGTTTGCCTAAATATTTACG
AAA CATATG ATGATCAAAATAGCCACACGTAAATAT
CAGCTCCTCGCCCTTGCTCATGCTTCCATTGAAACAATTAGAAGC
GCTTCTAATTGTTTCAATGGAAGCATGAGCAAGGGCGAGGAGCTG
AAA CTCGAG CTTGTACAGCTCGTCCATGCCGAGAGT
AAAGCGGCCGCTCAATTGAAACAATTAGAAGCTATGAAGCCATT
GCTTCTAATGCTTTCAATATGAGCAAGGGCGAGGAGCTGTTC
CATATTGAAAGCATTAGAAGCTATGAAGCCATTTTTGAGTGC

segment, a series of Npu DnaE contiguous variants were constructed.
For the variants containing cysteines in N segment (constructs 5–7),
besides the expected 17 kDa monomer band, bands moved slightly
faster than the monomer were also observed, which disappeared in the
reducing SDS-PAGE (Fig. 1B). This may due to the intramolecular disulﬁde bonds formed between C + 1 and C28/C59 which resulting a
tighter conformation with a faster migration rate. Several additional
bands could be observed and were speculated as the diﬀerent types of
the disulﬁde bond linked oligomer, as they disappeared on the reducing
SDS-PAGE. Only monomer and dimer could be found in NC1A/C28S/C59SC* (Fig. 1B). These results indicate that, the Cys28, Cys59 and Cys+1
may facilitate the formation of intermolecular disulﬁde bonded NeN
homodimer and NeC heterodimer (Fig. 1D).

298 K. Cpptraj of AMBER was used to analyze trajectories [18]. The
RMSD (root mean squared deviation) and RMSF (root mean square
ﬂuctuations) analysis of the dynamic trajectories was obtained using
starting crystal structures as the reference. Both MD simulations were
accelerated with the CUDA version of PMEMD in GPU cores of NVIDIA®
Tesla K20 [19].

3. Results
3.1. Generation and puriﬁcation of Npu DnaE variants
Recently, it was reported that a single mutation D118 G could fully
abolish the trans-splicing activity and confer an elevated C-terminal
cleavage activity to the Npu DnaE intein. However the reaction was still
thiol-dependent, making it unsuitable for the puriﬁcation of proteins
containing disulﬁde bonds. According to the primary sequence of the
Npu DnaE, there exist 4 cysteines. Among which, Cys1 and Cys+1 were
required for the splicing activity but not essential for C-terminal cleavage, while the Cys28 and Cys59 were located in the Npu DnaE N
segment. To investigate the potential inﬂuence of the cysteines on the
thiol-enhancing eﬀect of the D118 G cleavage mutant, various fusion
proteins were prepared as listed in Table 1. For the Npu DnaE N variants, a plasmid derived N-terminal hexahistidine was included for
puriﬁcation. For the Npu DnaE C variants, the enhanced green ﬂuorescent protein (eGFP) was used as the C-extein, and a hexahistidine tag
was attached at the C-terminal for puriﬁcation. The native ﬂanking
residue “CFN” downstream the Npu DnaE C was kept for the construct
C*-CFN-eGFP, while in the construct C*-AFN-eGFP it was replaced to
“AFN”. For the contiguous Npu DnaE constructs, the native extein
“CFN” was kept and a hexahistidine tag was placed at the N terminal.
All Npu DnaE N and C variants as well as Npu DnaE contiguous constructs could be expressed in soluble form in E. coli BL21 (DE3) and
puriﬁed via Ni sepharose aﬃnity chromatography. For all the four Npu
DnaE N segment variants (construct 1–4), the SDS-PAGE analysis
showed that a 13 kDa band could be observed (Fig. 1A), which met the
theoretical molecular mass of the Npu DnaE N segment monomer. For
the construct NC1A, NC1A/C28S and NC1A/C59S that contained cysteine
residues, additional bands could be seen between 25 kDa and 35 kDa
under non-reducing conditions. These bands disappeared as the 13 kDa
monomer band became stronger under reducing conditions, which indicates these additional bands were the dimer of each Npu DnaE N
variants. There were no bands other than the monomer observed in
NC1A/C28S/C59S under non-reducing conditions (Fig. 1A). For the Npu
DnaE C-eGFP fusions, monomer as well as dimer of C*-CFN-eGFP could
be observed in the non-reducing SDS-PAGE, while the construct C*AFN-eGFP was in monomer form only (Fig. 1C). To investigate the
potential interaction between Cys+1 and cysteines residues in the N

3.2. Inﬂuence of cysteines on C-terminal cleavage
It was previously reported that the reaction between Npu DnaE N
(C1 A) and Npu DnaE C (D118 G) was thiol-activated but not thiol-dependent [16], therefore, we ﬁrst test if thiol could enhance the Cterminal cleavage. Puriﬁed NC1A and C*-CFN-eGFP were mixed at an
equimolar in the cleavage buﬀer, in the presence or absence of 2 mM
DTT and incubate at 22 °C for 12 h. The SDS-PAGE showed that the Cterminal cleavage reaction could occur in the absence of DTT but with a
low yield and rate and the addition of DTT greatly enhanced the reaction (Fig. 2A, Lane 1 compared with Lane5), which was consistent
with previous reports [16]. To test if the cysteines in the Npu DnaE and
its ﬂanking C-extein were involved in the redox trap of the C-terminal
cleavage, puriﬁed N and C variants were subjected to cleavage experiments, either with or without DTT. For the reaction between the
cysteines containing N segment and C*-CFN-eGFP, the addition of DTT
obviously promote the generation of the cleavage product compared
with the reaction without DTT (Fig. 2A), indicating that the cysteines
may hamper the cleavage reaction by forming disulﬁde bonds and this
redox trap could be disrupted by the addition of DTT. Notably, in the
reaction between NC1A/C28S/C59S and C*-CFN-eGFP, addition of DTT
resulted more C-terminal cleavage than the reaction without DTT
(Fig. 2A, Lane 4 compared with Lane 8). This enhancing eﬀect of DTT
may due to the breaking of the disulﬁde bonds between two C*-CFNeGFP, as dimers could also be observed during the expression (Fig. 1C).
To exclude the inﬂuence of Cys+1, another set of cleavage was carried
out with the C*-AFN-eGFP. Similar to C*-CFN-eGFP, the reaction of C*AFN-eGFP with N variants containing cysteines were boosted by DTT,
while caused no diﬀerence to the reaction with NC1A/C28S/C59S. The
cleavage product yield of reaction between NC1A/C28S/C59S and C*-AFNeGFP in the absence of DTT was comparable to the reactions supplemented with DTT (Fig. 2B, Lane 12 compared with Lane 16). These
results indicate that the cysteine residues were involved in the redox
8
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Fig. 1. SDS-PAGE analysis of proteins puriﬁed from E. coli BL21 (DE3) to exam the involvement of unpaired Npu DnaE Cys residues in disulﬁde bond formation,
under reducing or non-reducing conditions. (A) N segment variants, (B) Variants of Npu DnaE in contiguous form, with the +1 residue kept as Cys, (C) C segment
variants, (D) Schematic depicting the formation of disulﬁde bonds between unpaired cysteines. Mutations to each unpaired Cys residue were indicated above the
lanes.

The amount of cleavage products as well as the reaction rate increased
as the temperature increased. The reaction rate remained unaﬀected in
the absence of DTT at speciﬁed temperature. The highest cleavage efﬁciency was observed at 37⁰C, with about 50% cleavage achieved in 5 h
(Fig. 3C), which is lower than that of the reaction between NC1A and C*CFN-eGFP supplemented with DTT (with ∼80% cleavage in 3 h). Taken
together, these results demonstrated that the cysteine residues in Npu
DnaE were not required for the C-terminal cleavage, and the removal of
these cysteines did not aﬀect the cleavage eﬃciency. The independence
of reducing agent indicates the potential application in the puriﬁcation
of disulﬁde containing protein as a self-cleaving tag.
3.4. Cys-Ser mutations decrease intein’s catalytic conformation dynamics
In order to understand the diﬀerences of intein’s activity caused by
Cys-Ser mutations, we performed two 100 ns molecular dynamics simulations as described in Materials and Methods. As can be seen in
Fig. 5, the Cys-Ser mutations not only caused the dynamics changes
near mutated residues, they also led to large perturbation of protein
dynamics throughout intein, especially around B-strand 108–125,
which sits beneath the active site. It is interesting to see the sharp decreased dynamics of reside 109–113 and slightly increased ﬂuctuation
of residues 115–125. Moreover, the β-sheets around reside 52–54 and
109–113 were corrupted due to the mutation related perturbation.
Previously, it was also illustrated that the protein dynamics diﬀerentiate intein’s activity [20]. Our current experimental and computational results further support the correlation of intein’s activity and its
conformational dynamics.

Fig. 2. Inﬂuence of the unpaired Cys residues in Npu DnaE to the in vitro Cterminal cleavage. After puriﬁcation, N segments variants (constructs 1–4) were
separately mixed either with C*-CFN-eGFP (construct 9) (A) or C*-AFN-eGFP
(construct 10) (B) at an equimolar and incubated at 22 °C for 12 h in the presence or absence of 2 mM DTT. “+” denotes the unidentiﬁed band. The reactions were then analyzed by reducing SDS-PAGE. Mutations to each unpaired
Cys residue were indicated above the lanes.

trap of the C-terminal cleavage reaction, and the cysteine-free Npu
DnaE N and C precursors could facilitate the cleavage reaction.
3.3. Time dependent analysis of in vitro C-cleavage reaction

4. Discussion

We have constructed the cysteine-free C-terminal cleavage mutant
and demonstrated that the mutant could perform the cleavage in the
absence of reducing agent. To further test whether the cleavage of cysteine-free mutant could be boosted by reducing agent, we then tested
the C-terminal cleavage kinetics of the cysteine-free intein pairs at
diﬀerent temperatures in the presence or absence of DTT (Fig. 3A, B).

In this report, it has been demonstrated that in Npu DnaE, the unpaired non-catalytic cysteine residues tend to form redox trap to the Cterminal cleavage, and mutation of these unpaired cysteine disrupted
this retardation.
9
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Fig. 3. Inﬂuence of the reducing agent DTT to the C-terminal cleavage kinetics of the Cysteine-free Npu DnaE cleavage variants. (A) and (B): SDS-PAGE analysis of the
reaction between C1 A/C28S/C59S (construct 4) and C*-AFN-eGFP (construct 10) in the presence or absence of DTT at 37 °C. (C) Time course of the appearance of
the AFN-eGPF at speciﬁed temperatures. The error bar represents the SD from three independent experiments.

complexes formed during segment preparation or fragment association.
To test this hypothesis, we ﬁrst investigated the involvement of the
unpaired cysteines in the redox trap. For the native N segment, there
are two unpaired cysteine residues, the Cys28 and Cys59, thus raising
the chance of forming diﬀerent types of internal or intramolecular
disulﬁde bonds. As expected, dimers were observed in the expression of
NC1A/C28S and NC1A/C59S. These dimers were speculated as disulﬁde
linked homodimers, as there was only one Cys in each intein monomer.
These homodimers were further conﬁrmed by the expression of NC1A/
C28S/C59S, which contained no cysteine residues and only monomer
could be found on non-reducing SDS-PAGE. For the expression of NC1A,
only monomer and dimer could be seen under oxidized condition. No

Redox traps have been shown to suppress protein splicing with
other inteins, either naturally occurred [21–23] or artiﬁcially engineered [24–28], by blocking catalytic cysteine residues with disulﬁde
bonds. These redox traps could be utilized to fulﬁll intein based conditional splicing or cleavage. Npu DnaE, whose splicing activity was
strictly thiol-dependent, was engineered into a C-terminal cleaving
module. Although the catalytic cysteine residues, which may contribute
to the redox trap, were mutated to confer the rapid C-terminal cleavage,
the cleavage still exhibited as DTT dependent. It limited the utilization
of this rapid C-terminal cleavage module in the puriﬁcation of disulﬁde
containing proteins. We proposed that the retardation under non-reducing conditions may due to the disulﬁde bridged dimer or oligomer

Fig. 4. Presentation of the location of the Cys28 and Cys59. (A) Multiple sequences alignment of split DnaE inteins primary sequences. (B) The crystal trans-structure
of Npu DnaE intein (PDB: 4LX3) highlighting catalytic residues (sticks, marked with a dashed ellipse) and unpaired Cys28 and Cys59 (spheres).
10
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Fig. 5. Molecular dynamics simulation of trans-splicing Npu DnaE inteins. Structures of wild-type (A) and Cys-Ser mutated (B) molecules of Npu DnaE intein were
simulated. The residues perturbed by the mutation were pointed out and marked in red color. (C) RMSF of the backbone Cα atoms for each amino acid in the
simulated wild-type (WT) and mutated (Ser28, 59) inteins (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article).

signiﬁcant diﬀerence in the migration rate of monomer could be observed whether on reducing or non-reducing SDS-PAGE, thus excluding
the possibility of the internal disulﬁde bonds formed between Cys28
and Cys59. For the expression of Npu DnaE C segments, homodimers
could be seen in construct C*-CFN-eGFP, which bearing the native Cextein “CFN”, while the replacement of the Cys+1 with Ala resulted
monomer only, indicating the C-extein containing unpaired cysteines
may form disulﬁde bond bridged dimer or oligomer which may trap the
cleavage. This speculation was further supported by the cleavage reaction between the cysteine-free NC1A/C28S/C59S and C*-CFN-eGFP, as
the addition of DTT enhanced the C-terminal cleavage. It was predicted
that, due to the close proximity, Cys+1 was ready to form intramolecular disulﬁde bonds with Cys1 when the two complementary
segments associated, preventing further splicing reaction [22]. However, our results indicated that Cys+1 has chance to form internal
disulﬁde bonds with Cys28 or Cys59 when the Npu DnaE was expressed
in contiguous form. The assembly of Npu DnaE was reported to follow
the "Capture and Collapse" mechanism, in which the association between the NpuN and NpuC was triggered by the electrostatic interaction
between the disorder NpuC and NpuN2 (amino acid 51–102) [29]. This
mechanism suggests that, upon the association there are chances for the
split intein to form misfolded conformation which may lead to the retardation of splicing or cleavage. Additionally, these disulﬁde bonds
were ready to form, as it formed when expressed in the reducing E. coli
Bl21 (DE3) cells.
We next test whether the presence of the disulﬁde bonded homodimers aﬀects the C-terminal cleavage of Npu DnaE. Our results showed
that DTT could augment the cleavage when cysteine presented in Npu
DnaE but had no enhancing eﬀect to the reaction between NC1A/C28S/

C59S and C*-AFN-eGFP, the cysteine-free pairs. Furthermore, cleavage
kinetics study of the reaction of NC1A/C28S/C59S with C*-AFN-eGFP
showed no diﬀerence either in the presence or absence of DTT, indicating the redox trap of cleavage could be disrupted by substitution of
these unpaired cysteines, with cleavage kinetics unaﬀected.
Eliminating the unpaired cysteines could disrupt the redox-trap,
thus avoiding reducing agents that may aﬀect the POI. But on the other
hand, lacking of this redox-trap will also lead the reaction uncontrolled,
making the cleavage mutant not suitable in protein puriﬁcation, especially in the case of on-column cleavage. To address this, other
switchers should be employed together to confer the controllability to
the thiol-independent Npu DnaE cleavage variant. For example, ELP
(Elastin-like polypeptides) could be fused to the cleavage module to
perform the column-free puriﬁcation through ITC (Inverse transition
cycling). Also, Zn2+ ions could be supplemented to suppress the Cterminal cleavage, and this suppression could be removed by adding
EDTA.
It is also notable that the double mutation of Cys28 and Cys59 to
serine leads to a reduction of cleavage both in rate and overall yield.
This is interesting since according to the mechanism of intein splicing
reaction, these two cysteine residues are not catalytic and structurally
far away from catalytic site (Fig. 4B). It was also reported that mutation
of these two cysteine residues to serine cause no negative eﬀect to the
expression [30]. This reduction in cleavage activity may due to the
diﬀerence between serine and cysteine. Although serine is similar to
cysteine in structure and size, they are chemically diﬀerent in side
chain, and cysteine is relatively more hydrophobic than serine. Substitution of these two cysteines with serine may cause subtle conformational changes or global conformational dynamics perturbations
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that further aﬀect the cleavage. The MD simulation further supported
this speculation. In another word, these results indicate that both of
these two positions may participate in intein fold stability or dynamics.
Mutations distant from catalytic sites aﬀecting intein activity was also
observed with other intein and was described as “ripple eﬀect” previously [31]. For example, in the Mtu RecA mini intein, mutation V67 L
was reported minimally aﬀect the crystal structure [32] but enhance
the splicing by improving the stabilization of the conformation [33]. In
the fast split DnaE inteins, several residues distant from the splicing
sites contribute to the global stabilization or the correct orientation of
the catalytic residues [34]. A variant of Npu DnaE engineered to recognize the noncanonical SGV extein accumulated several distal mutations [35]. Our ﬁndings also demonstrated another example of the
“ripple eﬀect”. However, the rationale of the inﬂuence from Cys28 and
Cys59 to the cleavage activity of Npu DnaE remains elusive and systematic substitutions are necessary to identify optimized amino acids to
these positions to restore full cleavage activity.
Although only Npu DnaE was studied in this report, the involvement
of the unpaired non-catalytic cysteine residue in the redox trap is most
likely common in split DnaE inteins, as the multiple sequence alignment
of DnaE inteins showed that Cys28 was highly conserved (Fig. 4A).

[8]
[9]
[10]
[11]

[12]

[13]

[14]
[15]
[16]

[17]
[18]

5. Conclusions

[19]

In summary, we have demonstrated that in Npu DnaE the unpaired
cysteines mediated the formation of intermolecular disulﬁde bonds
between intein segments and further retard the cleavage. This redox
trap could be avoided by eliminating these unpaired cysteines. Our
results also indicate that the Cys28 and Cys59 may participate in the
formation of correct conformation of Npu DnaE. Elimination of DTT as a
cleavage inducer would unambiguously broaden the compatibility to
target proteins containing disulﬁde bonds.
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