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Abstract: An efficient self-cleavable purification tag could be a powerful tool for purifying recombi-
nant proteins and peptides without additional proteolytic processes using specific proteases. Thus,
the intein-mediated self-cleavage tag was developed and has been commercially available as the
IMPACT™ system. However, uncontrolled cleavages of the purification tag by the inteins in the
IMPACT™ system have been reported, thereby reducing final yields. Therefore, controlling the
protein-splicing activity of inteins has become critical. Here we utilized conditional protein splicing
by salt conditions. We developed the inducible intein-mediated self-cleaving tag (IIST) system
based on salt-inducible protein splicing of the MCM2 intein from the extremely halophilic archaeon,
Halorhabdus utahensis and applied it to small peptides. Moreover, we described a method for the
amidation using the same IIST system and demonstrated 15N-labeling of the C-terminal amide group
of a single domain antibody (VHH).

Keywords: halophilic intein; NMR; protein splicing; conditional protein splicing; C-terminal amida-
tion; isotopic labeling; peptide purification; purification tag; self-cleaving tag

1. Introduction

Many bioactive peptides, such as peptide hormones, antibacterial peptides, and
growth factors, are amidated at the C-terminus. The C-terminal amidation is often required
for their total activity or prolonged bioavailability [1,2]. Therefore, a method for the
amidation of bioactive peptides can be a valuable tool for pharmaceutical industries.
In particular, recombinant proteins and peptides from prokaryotes require additional
enzymatic modification steps for the C-terminal amidation [1,2]. Intein-mediated self-
cleavages have been applied for developing purification tags because self-cleavable tags
could eliminate proteolytic removal steps of purification tags [3–7]. The intein-mediated
purification with an affinity chitin-binding tag (IMPACT™) system has been commercially
available from New England Biolabs (Ipswich, USA). The IMPACT system exploits self-
and auto-catalytic inteins with Ala mutation at the last residue so that the protein splicing
is halted after the first N-S acyl shift (Figure 1a, (II)) [3–5]. The thioester intermediate
can be released by a thiol agent or hydrolysis [3–5]. The intein-mediated self-cleavage
tag approach using the IMPACT™ system was also applied to the carboxyl amidation
of peptides [8]. Ammonium ions function as nucleophiles to modify the α-thioester
group of the amides [8] (Figure 1a). Therefore, C-terminal amidation using the IMPACT™
system could be a convenient method for recombinant peptides [8]. However, the intein-
mediated approach using the IMPACT™ system or other inteins could be limited by the
C-terminal amino-acid type of the target protein/peptide because premature cleavages
could occur before purification steps [4,5,8,9]. Premature cleavage can be a non-negligible
drawback, reducing total yields [4,9]. Therefore, several split intein purification tags have
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been developed for inactivating intein activity, thereby overcoming this problem [10,11].
We took a different approach by developing a salt-inducible-intein system, in which the
salinity condition could control cleavage/protein-splicing reactions, thereby suppressing
premature cleavages completely (Figure 1b) [12]. Many inteins from extremely halophilic
archaea are seemingly incapable of protein splicing under low salinity [12–14]. Conditional
protein splicing (CPS) by adjusting salt conditions could be a method controlling protein-
splicing/cleavage reactions without any background activities observed for other CPS
strategies [12,14,15]. Thus, salt-inducible inteins could efficiently circumvent the premature
cleavage problem observed in the IMPACT™ system without splitting inteins for the
inactivation. CPS by salts was indeed successfully demonstrated for protein ligation by
protein trans-splicing [12,16].
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Figure 1. Schematic comparison between the two different purification systems (a) The IMPACT™
system from New England Biolabs for protein purification. The N-terminal fusion protein from a
crude cell extract is purified by a chitin affinity column (I). The first N-S acyl migration of the fusion
protein autocatalytically occurs and halts as the thioester intermediate due to the Ala mutation (II).
The intein fusion protein is then induced to undergo on-column self-cleavage (arrow) by a reducing
reagent such as dithiothreitol (DTT). The target protein is released from the column and eluted as a
pure protein (III) [3,5]. The C-terminal amidation was achieved by adding DTT/ammonium ion (IV) [8].
The thioester intermediate after the first N-S acyl step could be immediately hydrolyzed, resulting in
premature cleavage (a broken red arrow). (b) The salt-inducible intein system was developed for protein
purification and amidation. The N-terminal fusion protein from a crude cell extract is purified using
an affinity tag by a chitin affinity column or immobilized metal affinity chromatography (IMAC) (I).
A high salt concentration of 3-4 M NaCl induces a strictly halophilic intein folding (II), and the intein
undergoes an N-S acyl shift (III) [12]. The Ala mutation halts the thioester intermediate after the first
N-S acyl step, cleaving through a reducing agent (IV). A high concentration of ammonium ions induces
C-terminal amidation under a reducing condition using DTT (V).

In this work, we developed a novel salt-cleavable tag, termed the Inducible intein-
mediated self-cleaving tag (IIST), derived from MCM2 intein from the extremely halophilic
archaeon, Halorhabdus utahensis (HutMCM2 intein). We also demonstrated the amidation
of a VHH domain using the IIST system by incorporating 15N atoms at the C-terminus
of the 15N-labeled ammonium salts supplied for inducing the cleavage. Finally, we also
exemplified the applications of the IIST system with small peptides.
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2. Results
2.1. Design of the Minimized HutMCM2 Intein

We previously reported protein purification using salt-inducible inteins from ex-
tremely halophilic organisms [12]. We first analyzed the salt-dependent protein-splicing
mechanism of the MCM2 intein from Halorhabdus utahensis (HutMCM2) by NMR spec-
troscopy. The [1H,15N]-HSQC spectrum of the C1A variant of the HutMCM2 intein without
any salt showed highly degenerated peaks around 8.5 p.p.m. at the 1H frequency, indicat-
ing that the HutMCM2 intein is highly disordered without any defined three-dimensional
structure (Figure 2a). In contrast, the [1H,15N]-HSQC spectrum in the presence of 3.4 M
NaCl showed well-dispersed signals indicating a well-defined three-dimensional structure
(Figure 2b). These NMR spectra revealed that the HutMCM2 intein was inactive due to
the absence of an active three-dimensional structure, which could be induced by a high
salt concentration such as 3 M NaCl. Thus, premature cleavages of the HutMCM2 intein
could be effectively suppressed by the lack of active conformations without lowering
the expression temperature used for the IMPACT™ system [3,4]. The HutMCM2 intein
consists of 186 residues, which is relatively large compared with other mini-inteins such as
a cis-splicing variant of NpuDnaE intein bearing only 136 residues [17]. Because a smaller
purification tag is usually preferable for higher yields due to the relative molecular mass,
we decided to minimize the HutMCM2 intein. Based on the backbone resonance assign-
ments of the C1A variant of the HutMCM2 intein (unpublished), we deleted 20 residues
corresponding to a presumable loop region of the HutMCM2 intein judging from the
degenerated NMR signals (Figure 2c). To check the salt-dependency of the minimized
HutMCM2 intein (HutMCM2∆20), we recorded the [1H,15N]-HSQC spectrum of the C1A
variant of the HutMCM2∆20 intein in the presence of a high salt concentration, which
was very similar to the one from the original C1A variant of the HutMCM2 intein with
well-dispersed peaks (Figure 2d). This data indicated that the 20-residue deletion did not
affect the folding of the HutMCM2∆20 intein in the presence of a high salt concentration.
These NMR data were in line with the splicing activity of the HutMCM2∆20 intein under
3 M NaCl (Figure 2e). Thus, we used the HutMCM2∆20 intein to develop a salt-cleavable
intein-mediated purification system.

2.2. Purification and the C-Terminal Amidation of a Single Domain Antibody (VHH) with IIST

Next, we tested purification and amidation using a small model protein, a single
VH-like domain (VHH) (a single domain antibody, or a nanobody) from llama [18,19].
The VHH domain against the human chorionic gonadotropin hormone (hCG) alpha sub-
unit (VHH-H14) was fused at the N-terminus of the codon-optimized HutMCM2∆20 intein
with a three-residue linker (GSR), followed by a chitin-binding domain (CBD) and an
octahistidine tag (Figure 3a). We used an octahistidine-tag because halophilic proteins like
HutMCM2 intein are very acidic, reducing the binding to an IMAC column [20–22]. We
also included a CBD domain as an alternative binding domain because a poly-histidine tag
might contaminate heavy metals in the final product, making it less favorable with biophar-
maceuticals. The total length of IIST using the HutMCM2∆20 intein was still 237 residues.
We also incorporated MalE signal peptide because a signal peptide is frequently required
to produce correctly folded VHH in E. coli. The tagged protein was expressed in E. coli and
purified using immobilized metal affinity chromatography (IMAC). First, we cleaved the
C-terminally tagged VHH-H14 under various conditions (Figure 3b). A reducing agent such
as TCEP or DTT was required for cleavage with 2 M NaCl. For the amidation using IIST, the
elution fraction from the first IMAC was concentrated and diluted into a final concentration
of 1 M (15NH4)2SO4, 2 M NaCl, 50 mM sodium phosphate, and 50 mM DTT, at pH 7.0, and
incubated overnight. The cleaved and modified VHH-H14 was collected as flow-through
fractions from the IMAC and concentrated (Figure 3c). Unlike cleavage by a reducing agent,
we observed two bands for VHH-H14 (Figure 3c). This observation suggests that about 50%
of VHH was amidated. This estimation is in line with the previous report in which 3 M
(NH4)2CO3 was required for achieving >90% amidation [8]. The 15N-labeled ammonium
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carbonate would be more suitable for the selective 15N-labeling of the C-terminal amide
group because ammonium sulfate is commonly used for precipitating proteins.
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Figure 2. Minimization of the HutMCM2 intein based on NMR analysis (a) The [1H, 15N]-HSQC spectrum of the HutMCM2
intein without any salt and (b) with 3.4 M NaCl. (c) A sequence alignment of the wild-type HutMCM2 and synthetic
HutMCM2∆20 inteins. (d) The [1H, 15N]-HSQC spectrum of the HutMCM2∆20 intein in the presence of 3.4 M NaCl.
(e) SDS-PAGE analysis of the cis-splicing of the HutMCM2∆20 intein. The B1 domain of IgG binding protein A (GB1) was used
as the N- and C-exteins. The precursor protein (H6-GB1-HutMCM2∆20-GB1) produces the N-terminally his-tagged two GB1
(H6-GB1-GB1) and the excised HutMCM2∆20 intein upon protein splicing. Lane 1, total cell lysate after protein expression;
lane 2, elution from IMAC; lane 3, after incubation in the presence of 2 M NaCl.
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Figure 3. Purification and amidation of a model protein VHH-H14 using IIST. (a) The schematic
structure of the fusion protein containing VHH-H14 with IIST for purification and amidation.
(b) SDS-PAGE analysis of cleavages of the tagged protein under various conditions. (c) SDS-PAGE
analysis of the amidation/cleavage and purification of VHH-H14. M stands for molecular weight
markers. Lane 1, elution fraction from IMAC; lane 2, after incubation in the presence of the salt
mixture; lane 3, the flow-through fraction from IMAC after salt incubation. (d) The [1H, 15N]-HSQC
spectra of the cleaved and purified VHH-H14 after salt incubation using 15N-labeled ammonium
sulfate during the cleavage reaction. The dotted line connects two protons attached one 15N atom in
the C-terminal amide group.

Since the theoretical mass difference between the C-terminal carboxyl and amide
groups is only 1 Dalton, we used NMR spectroscopy to illustrate the amidation by introduc-
ing a 15N atom at the C-terminal amide group of the provided ammonium salts (Figure 3d).
The [1H,15N]-HSQC spectrum of the cleaved VHH-H14 using IIST in the presence of 15N-
labeled ammonium sulfate showed only two correlation peaks between two amide protons
and one 15N atom, confirming that the amidation was introduced from the supplied 15N
ammonium sulfate (Figure 3d). Furthermore, isotope shifts for the 15N atom due to 10%
D2O in the solution were visible as additional small peaks (Figure 3d).

2.3. Comparison of Cleavage Conditions with a Model Protein, GFP

A high salt concentration of 3–4 M NaCl for conditional protein splicing might not
be ideal for many target proteins. Therefore, we were also interested in lowering the salt
concentration for the inducible-intein cleavage. We tested various cleavage conditions
using a model target protein, a green fluorescent protein (GFP) (Figure 4a) [12]. We
observed similar cleavage efficiencies for 2–4 M NaCl using the model protein (Figure 4b,c).
Interestingly, we noticed that sodium phosphate requires less concentrations than sodium
chloride for the cleavage. 0.5 M sodium phosphate (NaPi) reached >50% cleavage after 20-h
incubation (Figure 4c). The NMR study indicated the equilibrium between the folded and
unfolded states of the HutMCM2 intein, of which population could be shifted by varying
the salt concentration. To stabilize the active folded state of the HutMCM2 intein, we tested
a stabilizing co-solvent of sucrose instead of salts [23]. Indeed, 0.5–1 M sucrose, which is
known to stabilize proteins by preferential hydration [23], increased the cleavage efficiency
together with other salts such as 0.5 M sodium phosphate (Figure 4d). This observation
suggests that other co-solvents stabilizing the active protein structure could also induce
self-cleavages by the HutMCM2 intein instead of a high concentration of salts.

2.4. Applications of IIST with Small Peptides

Next, we tested the IIST system for the purification of small peptides. For this purpose,
we selected several bioactive peptides with less than 50 residues, to which carboxyl-terminal
amidation could be beneficial. We chose human growth hormone-releasing factor (hGHRF,
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44 amino acids) [24], sarcotoxin IA (39 amino acids) [25], exenatide (glucagon-like peptide-
1 receptor agonist, 39 amino acids) [26], and ω-conotoxin MVIIC (26 amino acids) [27]
(Figure 5a). The yields were between ca. 5–20 mg/L for these peptides after the first IMAC
purification (Figure 5b). The worst yield of ca. 5 mg/L was obtained for sarcotoxin IA,
possibly due to the antibacterial activity. Sarcotoxin IA fusion was mostly degraded during
the salt incubation. We obtained ca. 16 mg/L for hGHRF-IIST after the first IMAC. Despite
the absence of a high salinity condition, we still observed presumable premature cleavage,
thereby significantly reducing the yield (Figure 5c). The cleaved hGHRF was hardly visible
on the tricine SDS-PAGE. The yield for ω-conotoxin MVIIC-IIST was estimated to be
ca. 11 mg/L. The induced cleavage forω-conotoxin MVIIC-IIST was the worst of about
30% because of the amino-acid type at the cleavage site (Figure 5d). Therefore, we did
not characterize these peptides any further. Unlike other peptides, we obtained about
20 mg/L of the tagged exenatide before removing IIST, corresponding to the maximum
theoretical yield of about 3 mg/L. We cleaved the tagged exenatide with 0.5 M NaCl, 0.5 M
sodium phosphate, pH 7, and 0.5 mM TCEP for 2-day incubation, followed by column
chromatography using chitin resins to remove IIST (Figure 5e). Interestingly, the higher
concentration of 2 M NaCl showed worse cleavage than the 0.5 M NaCl for exenatide-IIST.
Despite the long incubation with the optimized salt condition, the cleavage of the tag was
incomplete, suggesting that the junction amino-acid type of “Ser” might influence cleavage
efficiency as reported for the IMPACT™ system (Figure 5e) [5,28,29].
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construct using GFP with IIST. Only three amino-acid residues between GFP and IIST are shown at
the junction. An inverse triangle indicates the cleavage site. (b) SDS-PAGE analysis of cleavages of
GFP with IIST under 2 M NaCl using different cleavage conditions. M stands for molecular weight
markers. Lanes 0 h, 4 h, and E stand for before induction, 4 h after protein expression, and the
elution fraction from IMAC, respectively. “-“, TCEP, NH3(OH)Cl, and DTT indicate no additive,
0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 100 mM hydroxylamine, and 50 mM DTT, respectively.
(c) A plot of cleavage efficiencies under various conditions using GFP-IIST. (d) A plot shows the
additive effects of the co-solvents.

2.5. Optimization of IIST

The yields per liter using the first version of IIST were not as high as we anticipated.
Therefore, we decided to remove the CBD, although a poly-histidine tag might not be
suitable to produce biopharmaceuticals. The removal of CBD reduced the size of IIST to
187 residues (Figure 6a). We could typically obtain about 50 mg/L for the fusion protein
bearing a glucagon-like peptide-1 (GLP-1) analog (31 amino acids) and about 52 mg/L for
ω-conotoxin MVIIC-IIST construct. The yield was more than twice that of the original IIST
(Figure 6b). However, the salt-cleavage ofω-conotoxin MVIIC-IIST was inefficient at <25%,
presumably due to the Cys residue ofω-conotoxin MVIIC at the cleavage site. Thus, we
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could not observe enough ω-conotoxin MVIIC on the tricine SDS-PAGE. Therefore, we
used a GLP-1 analog instead of the original exenatide because Arg residue immediately
upstream of IIST could be used. The HutMCM2 intein has the wild-type Arg at the so-called
-1 position [12,16]. The protein-splicing activity of the HutMCM2 intein was the best when
the -1 position was Arg in the model system [29]. We estimated the cleavage efficiency
of the GLP-1 analog to be >80% after 18 h (Figure 6b). We obtained ca. 3–4 mg/L after
removing IIST, which was about 40–50% of the theoretical maximum yield (Figure 6c).
We tested the amidation of a GLP-1 analog in 10 mM TCEP, 50 mM sodium phosphate,
pH 7, 1 M (NH4)2SO4, and 2 M NaCl at 25 ◦C for 20 h and analyzed the purified peptide
after the second IMAC using reverse-phase liquid chromatography and MALDI-TOF mass
spectrometry (Supplemental Figures S1 and S2).
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Figure 5. Applications of IIST to small peptides. (a) Schematic drawings of fusion constructs with various peptides. Inverse
triangles indicate the cleavage sites. (b) SDS-PAGE analysis of protein expression and purification with exenatide, sarcotoxin
IA, hGHRF, andω-conotoxin MVIIC. M stands for molecular weight markers. 0 h, 1 h, 4 h, and E stand for samples at 0 h,
1 h, 4 h after protein expression, and elution from IMAC, respectively. Unlabeled arrows indicate bands for fused precursor
proteins below the 45-kDa marker. (c) Salt-cleavage of hGHRF-IIST. The purified hGHRF-IIST (precursor) by IMAC was
incubated in the salt solution (50 mM DTT, 2 M NaCl) overnight (ca. 18 h). (d) Salt-cleavage ofω-conotoxin MVIIC-IIST. The
purifiedω-conotoxin MVIIC-IIST (precursor) was cleaved in the salt solution (10 mM DTT, 0.5 M sodium phosphate, 0.5 M
NaCl). 0 h and “o.n.” indicate the samples before incubation and after 20-h incubation, respectively. (e) Tricine-SDS-PAGE
analysis of the purification and cleavage of the tagged exenatide. M stands for molecular weight markers. “2 d” indicates
samples after a 2-day cleavage reaction. F1, F2, F3, and F4 indicate the flow-through fractions from the chitin-beads column.
B stands for the bound fraction to chitin beads. 20% Tricine-SDS-PAGE was used to visualize exenatide [30].
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Figure 6. Expression and purification of a GLP-1 analog andω-conotoxin MVIIC using the smaller
IIST (a) A schematic drawing of the fusion constructs bearing a GLP-1 analog or ω-conotoxin MVIIC.
Inverse triangles indicate the cleavage sites. (b) Salt-cleavage ofω-conotoxin MVIIC with the smaller
IIST. 0 h and “o.n.” indicate the samples before the salt addition or after 15-h incubation in the
salt solution (2 M NaCl, 50 mM DTT, 50 mM Tris-HCl, pH 7). LM and FT indicate low molecular
weight markers and the flow-through fraction from the second IMAC, respectively. (c) Expression,
purification, and cleavage of a GLP-1 analog with IIST. M stands for molecular weight markers.
Lanes 0 h, 4 h, and E stand for samples at 0 h and 4 h after the protein expression and elution from
the first IMAC, respectively. C and FT stand for the samples taken from the cleavage reaction and
the flow-through fraction from the second IMAC, respectively. The samples were analyzed by 20%
tricine-SDS-PAGE and stained with Coomassie brilliant blue. Tricine-SDS-PAGE analysis of the
purified peptide from the second IMAC [30]. LM and FT indicate low molecular weight markers
and the flow-through fraction from the second IMAC, respectively. Unlabeled arrows indicate the
expected positions for the bands of the peptides.

3. Discussion

An efficient purification method for recombinant peptides and proteins is highly
desirable. Notably, many bioactive peptides are amidated at the carboxyl ends for their
complete activities. Therefore, we developed the IIST system utilizing the salt-dependent
HutMCM2 intein. Importantly, IIST can be cleaved off by a high salt concentration under
a reducing condition without any proteolytic enzyme. The salt concentration could be
reduced to 0.5 M sodium phosphate when co-solvent such as sucrose was used. The
HutMCM2 intein is unfolded and inactive without any salts as evidenced with the NMR
spectra, thereby suppressing undesired cleavages before the purification steps, unlike the
inteins used in the IMPACT™ system [5]. The equilibrium between the unfolded and
folded states of the HutMCM2 intein can be controlled by adjusting the salt concentration.
We demonstrated that co-solvent sucrose stabilizing the folded state could also induce the
cleavage reaction, suggesting that other co-solvents known for stabilizing protein structures
might also be used for cleaving IIST without any salts [31].

As previously demonstrated with the IMPACT™ system [8], ammonium ions could
function as nucleophiles to cleave the thioester intermediate, resulting in amidation
(Figure 1). Therefore, the IIST system could also be applicable for the C-terminal ami-
dation of N-terminally fused targets by adding a high concentration of ammonium salts
during the cleavage reaction [8]. We visualized the amidation in the HSQC spectrum using
15N-labeled ammonium sulfate. Other 15N-labeled ammonium salts such as ammonium
carbonate might be optimal for using a higher concentration of ammonium salts and could
result in a higher amidation [8]. 15N-labeling at the C-terminal ends of proteins and pep-
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tides using the IIST system could provide a new tool for various NMR studies, such as
monitoring structural changes near the C-terminus of proteins.

We tested the IIST system with several peptides. Their yields were disappointingly
modest for the tagged proteins (5–20 mg/L). Shortening the IIST by removing CBD in-
creased the yield twice or more. After optimizing the IIST, the best yield (ca. 3–4 mg/L) was
obtained for the GLP-1 analog after removing IIST. Even though the IIST system generally
does not suffer from the premature cleavages observed with the IMPACT™ system, we
experienced poor cleavages of IIST for some peptides. This observation indicated that the
amino-acid type upstream of the IIST could affect the cleavage efficiency, similar to protein
splicing [3–5,28,29].

Moreover, the optimized IIST is still as large as 20-kDa, although the 20-residue
deletion contributed a ca. 10% reduction to the molecular mass of IIST. The 10% smaller
size for IIST could improve the final theoretical yield by a few percent depending on the
target size. A 5-kDa peptide would theoretically result in only up to 20% of the total
yield with a 20-kDa IIST, even at 100% cleavage efficiency. Therefore, the initial yield of a
tagged protein dominantly determines the final yield after removing IIST, considering the
observed initial yields (5–20 mg/L). When we removed CBD from IIST, 50 mg/L of the
tagged protein was achieved for a GLP-1 analog, resulting in a final yield of 3–4 mg/L. The
critical limiting steps of the IIST system might be the optimization of the protein expression
and cleavage conditions. We also noticed that the yield and the optimal salt condition for
cleavages depended on the target peptide. The prior information on cleavage efficiencies
for the 20 different amino-acid types of HutMCM2 intein at the cleavage junction might be
advantageous for applying the IIST system [29].

One way to make the IIST system more robust might be applying a smaller, more
robust intein in the IIST system because of the molecular mass effect. For example, the
theoretical yield with a 10-kDa IIST, instead of a 20-kDa IIST, would improve by 13% for a
5-kDa peptide. Several inteins are indeed smaller than 130 residues among >1500 identified
inteins, although they are probably not strictly halophilic inteins [32]. Thus, the biochem-
ical characterization of inteins from various halophilic organisms might contribute to
developing a smaller and better self-cleaving tag for biotechnological applications.

4. Materials and Methods
4.1. Constructions of Plasmids for Protein Expression

The full-length HutMCM2 intein with C1A mutation used for NMR studies was
cloned into a vector pHYRSF53 [33] between the BamHI and HindIII sites by amplifying
the gene from Halorhabdus utahensis genomic DNA using the two oligonucleotides I135: 5′-
TCGGATCCATGCGGGCCGTTACTGGGGATACTC and I379: 5′-GTAAAGCTTAATTATG
GACGACCATTCCG, resulting in the plasmid pSCFRSF125 [12,33]. Plasmid pJODuet142
bearing the cis-splicing precursor containing the HutMCM2∆20 intein with two GB1s as
exteins (H6-GB1-HutMCM2∆20-GB1), was constructed from pSADuet616 by inverse PCR
using two oligonucleotides, I528: 5′-GTCCCGGAAGGCCCGGCGGAATCCGGACTCG
and I529: 5′-CGGATTCCGCCGGGCCTTCCGGGACGAAAAC [12]. The HutMCM2∆20

intein with the C1A mutation for the NMR studies was derived from pJODuet142 using two
primers of I135 and I379, resulting in pBHRSF128. The genes for the anti-human chorionic
gonadotropin hormone (hCG) alpha subunit VHH single-domain antibody (VHH-H14)
with the MalE signal peptide [18,19] and the codon-optimized HutMCM2∆20 intein with
AA mutations together with the C-terminally octahistidine-tagged chitin-binding domain
(CBD) were chemically synthesized and purchased from Integrated DNA Technologies,
BVBA (Leuven, Belgium) as the plasmids pIDTSMART-KAN-GeneSyn15 and pIDTSMART-
KAN-GeneSyn13, respectively. The two genes were ligated into a pRSF vector, resulting
in pBHRSF99. This plasmid was used to produce VHH-H14 with an IIST. The gene of the
codon-optimized HutMCM2∆20 intein with CBD from pIDTSMART-KAN-GeneSyn13 was
also cloned into a pET vector (pET-GFP LIC cloning vector (2GFP-T), addgene plasmid
#29716) using the two restriction sites SspI and HindIII, resulting in pBH(etGFP)Syn13.
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The synthetic gene for the codon-optimized HutMCM2∆20 intein contained an unexpected
mutation of T174S.

The fusion protein gene bearing GFP was cut from the plasmid, pBH(etGFP)Syn13, and
cloned into pRSF-1b between NcoI and HindIII sites. The N-terminal His-tag was genetically
removed from the plasmid by PCR using two oligonucleotides I759: 5′-TAAGGAGATATAC
CATGGCTTCTTCTGTGAGCAAGG and I760: 5′-CCTTGCTCACAGAAGAAGCCATGGT
ATATCTCCTTA, resulting in pBHRSF142. This construct was used as GFP-IIST. For hGHRF
andω-conotoxin MVIIC, the genes of hGHRF andω-conotoxin MVIIC were chemically syn-
thesized and purchased as pIDTSMART-KAN-GeneSyn16 from Integrated DNA Technolo-
gies, BVBA (Leuven, Belgium) and cloned into pBH(etGFP)Syn13 using NdeI and SpeI re-
striction sites, resulting in pBH(et)93 and pBH(et)94, respectively. For the expression of sar-
cotoxin IA and exenatide, the genes of sarcotoxin IA and exenatide were chemically synthe-
sized and purchased as pIDTSMART-KAN_geneSyn24 and pIDTSMART-KAN_GeneSyn22
from the same provider. These genes were cloned between the NdeI and SpeI sites of
pBHRSF99, resulting in pLKRSF2 and pSARSF828, respectively. The shorter GLP-1 ana-
log fusion protein was derived from pSARSF828 using two oligonucleotides I919: 5′-
TGYGTTACTGGAGATACAC, I920, and 5′-GTGTATCTCCAGTAACACAGCGGCCATTTT
TAAGCCACTC, resulting in pSARSF840. The coding region for CBD in pSARSF840 was re-
moved by PCR using two oligonucleotides I791: 5′-AGCTCGACAAATCCTGGTGGTCACC
ATCATCATCATCATC, and I792: 5′-GATGATGATGATGGTGACCACCAGGATTTGTCGA
GCTCG, resulting in pSARSF847. Forω-conotoxin MVIIC with the shorter IIST, the gene
forω-conotoxin MVIIC from pBH(et)94 was cloned into pSARSF847 using NdeI and SpeI
sites, resulting in pSARSF851.

4.2. Protein Expression and Purification

All fusion proteins were produced in E. coli strain T7 Express (New England Biolabs)
using one of the above plasmids. For 100% [13C,15N]-labeled samples, HutMCM2 and
HutMCM2∆20 inteins with the C1A mutation were produced as H6-SUMO fusion proteins
in M9 medium supplemented with 15NH4Cl and 13C6-glucose as the sole nitrogen and
carbon sources, respectively [33]. The transformed cells were grown at 37 ◦C and induced
with a final concentration of 1 mM isopropyl-β-D-thiogalactoside (IPTG) for 4 h. The
labeled proteins were purified using a 5 mL HisTrap HP column (GE Healthcare Life
Sciences) as previously described, including removing the N-terminal SUMO domain [33].
The protein was dialyzed against deionized water and concentrated using Macrosep®

Advance Centrifugal Devices with 5K MWCO (PALL Corporation, New York, NY, USA).
3.4 mM and 2.4 mM solutions of the HutMCM2∆20 (C1A) and HutMCM2 (C1A) inteins in
3.1 M and 3.4 M NaCl solution, respectively, were used for NMR.

Peptides with the IIST were expressed in 2-L LB media supplemented with 25 µg/ mL
kanamycin (for pSARSF847, pLKRSF2, pSARSF828, and pSARSF851) or 100 µg/mL ampi-
cillin (for pBH(et)83 and pBH(et)84). The cultures were induced with a final concentration
of 1 mM isopropyl-β-D-thiogalactoside (IPTG) for 4 h or overnight (ca 18 h) at 25 ◦C when
OD600 reached 0.6. The induced cells were harvested by centrifugation at 4700× g for
10 min, 4 ◦C and lysed in 20 mL buffer A (50 mM sodium phosphate, pH 8.0, 300 mM
NaCl) using an EmulsiFlex-C3 homogenizer (Avestin Inc, Ottawa, Canada) at 15,000 psi,
4 ◦C for 10 min. Lysates were cleared by centrifugation at 38,000× g at 4 ◦C for 60 min.
The fusion proteins were purified using a 5 mL HisTrap HP column (GE Healthcare Life
Sciences). The elution fractions with the fusion protein were dialyzed against deionized
water and concentrated using a Macrosep® Advance Centrifugal Devices 3K MWCO (PALL
Corporation, New York, NY, USA).

A large-scale cleavage of a GLP-1 analog with IIST was performed with 0.5 mM
solution of the fusion protein, 5 mM TCEP, 50 mM Tris-HCl, pH 7, and 3 M NaCl in a
total volume of 2 mL at room temperature for 18 h and used for quantification of the
yield. In addition, a large-scale amidation of the GLP-1 analog with IIST was carried out
with 0.25 mM of the tagged protein, 10 mM TCEP, 50 mM sodium phosphate, pH 7, 1 M
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(NH4)2SO4, and 2 M NaCl in a total volume of 1.4 mL at 25 ◦C for 20 h. For the comparison
with the amidation of the GLP-1 analog using IIST, the cleavage reaction was performed
with 0.2 mM fusion protein, 10 mM TCEP, 50 mM sodium phosphate, pH 8, and 3 M NaCl
in a total volume of 0.9 mL at 25 ◦C for 20 h. Each incubated reaction mixture was loaded
on a HisTrap column after three-fold dilution with buffer A, containing 30 mM imidazole.
Flow-through fractions from the column were collected and lyophilized. The lyophilized
sample was further analyzed and purified by reverse-phase liquid chromatography using a
SOURCE 15RPC ST 4.6/100 column (GE Healthcare, USA) with a linear gradient of 30–80%
from a water/0.05% TFA to an acetonitrile/0.05% TFA (Supplemental Figure S1). The
dominant peak was subjected to MALDI-TOF mass spectrometry (Supplemental Figure S2).
A large-scale cleavage of ω-conotoxin MVIIC-IIST was performed with 0.3 mM protein
solution, 2 M NaCl, 50 mM DTT, 50 mM Tris-HCl, pH 7 in a total volume of 2 mL at 25 ◦C
for 15 h.

4.3. Purification and the C-Terminal Amidation of VHH-H14

E. coli T7 Express cells transformed with pBHRSF99 bearing VHH-H14 and IIST were
grown in 2-L LB-media supplemented with kanamycin (25 µg/mL) until the OD600 reached
0.6 at 30 ◦C. The cells were induced with a final concentration of 0.5 mM IPTG and
continued overnight. The cells harvested by centrifugation at 6700× g for 10 min were
resuspended in buffer A (50 mM sodium phosphate, 300 mM NaCl, pH 8.0). After cell lysis
using EmulsiFlex C-5 Homogenizer (Avestin Inc, Ontario, Canada), the soluble fraction
was cleared by centrifugation at 38,500× g at 4 ◦C for one hour. The filtered sample using a
0.45 µm filter was loaded on a 5 mL HisTrap HP column (GE Healthcare Life Sciences, USA),
which was washed with 50 mM imidazole in buffer A and eluted with 250 mM imidazole.
The elution fractions containing VHH-H14 with IIST were pooled and dialyzed against
MilliQ water at 10 ◦C, then concentrated using a Vivaspin Turbo 15 (Sartorius) centrifugal
concentrator with a molecular weight cut-off (MWCO) of 5000. A final concentration of
80 µM VHH-H14-IIST was incubated in Amidation buffer (1 M (15NH4)2SO4, 2 M NaCl,
50 mM sodium phosphate, 50 mM DTT, pH 7.0) at 25 ◦C for 20 h. The precipitation that
appeared during the reaction was removed by centrifugation at 15,000× g for 5 min. The
solution for the soluble fraction was exchanged with buffer A with PD-10 column (GE
Healthcare Life Sciences, USA) and then loaded on a 5-mL HisTrap HP column for the
second IMAC. The flow-through fractions were collected and analyzed. The sample was
concentrated. The buffer solution was changed to 20 mM sodium phosphate, pH 6.0, using
a Vivaspin Turbo 15 (Sartorius) centrifugal concentrator with a MWCO of 3000. A final
concentration of 0.5 mM VHH-H14 was transferred into a Shigemi microcell (SHIGEMI
CO, Tokyo, Japan). A 230 µL solution containing 23 µL D2O (Aldrich, 435767-25G) of
0.5 mM 15N-labeled VHH-H14 in 20 mM potassium phosphate, pH 6.0, was used for the
NMR measurements.

4.4. NMR Spectroscopy

[1H, 15N]-HSQC spectra were recorded at 303 K on a Bruker Avance III HD 850 MHz
spectrometer with a 5 mm cryoprobe head (Bruker Corp., Billerica, MA, USA). The NMR
spectra were processed with TopSpin 3.2 and presented using CcpNmr 2.4.1 [34].

5. Patents

PCT/FI2016/050277 was filed from work reported in this article.

Supplementary Materials: The following are available online, Figure S1: HPLC chromatograph of
the flow-through fraction of the cleaved GLP-1 analog using RPC15 column, Figure S2: MALDI-TOF
mass-spectrometry analysis of the major peak from HPLC.

Author Contributions: Conceptualization, H.I.; methodology, H.I. and A.S.A.; validation, A.S.A.
and H.I.; formal analysis, A.S.A. and H.I.; investigation, A.S.A. and H.I.; writing—original draft
preparation, H.I.; writing—review and editing, A.S.A. and H.I.; visualization, A.S.A. and H.I.;



Molecules 2021, 26, 5948 12 of 13

supervision, H.I.; project administration, H.I.; funding acquisition, H.I. Both authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded in part by TEKES (project # 1311/31/2014), the Academy of Finland
(decision numbers: 131413, 137995, 277335), TaNeDS Europe 2017 grant program, and Novo Nordisk
Foundation (NNF17OC0027550). HiLIFE-INFRA supported the NMR facility and the Proteomics
Unit at the Institute of Biotechnology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We thank B. Haas, L. Knaapi, and S. Jääskeläinen for technical help in protein
and plasmid preparations. We also thank A. Ciragan for her help measuring NMR spectra and J.S.
Oeemig for initial experiments on the engineered inteins. The Proteomics Unit at the Institute of
Biotechnology is acknowledged for its mass spectrometry service.

Conflicts of Interest: In part, this project was supported by the TaNeDS Europe 2017 grant program
from Daiichi-Sankyo Co., Ltd. in Japan.

Sample Availability: Plasmids will be available from www.addgene.org (accessed on 26 September
2021).

References and Notes
1. Eipper, B.A.; Stoffers, D.A.; Mains, R.E. The Biosynthesis of Neuropeptides: Peptide alpha-Amidation. Annu. Rev. Neurosci. 1992,

15, 57–85. [CrossRef]
2. Merkler, D.J. C-Terminal amidated peptides: Production by the in vitro enzymatic amidation of glycine-extended peptides and

the importance of the amide to bioactivity. Enzym. Microb. Technol. 1994, 16, 450–456. [CrossRef]
3. Chong, S.; Mersha, F.B.; Comb, D.G.; E Scott, M.; Landry, D.; Vence, L.M.; Perler, F.B.; Benner, J.; Kucera, R.B.; A Hirvonen, C.;

et al. Single-column purification of free recombinant proteins using a self-cleavable affinity tag derived from a protein splicing
element. Gene 1997, 192, 271–281. [CrossRef]

4. Southworth, M.W.; Amaya, K.; Evans, T.C.; Xu, M.-Q.; Perler, F.B. Purification of proteins fused to either the amino or carboxy
terminus of the mycobacterium xenopi gyrase a intein. Biotechniques 1999, 27, 110–120. [CrossRef]

5. Instruction manual, IMPACT™ Kit (NEB #E6901, New England Biolabs).
6. Wood, D.W.; Wu, W.; Belfort, G.; Derbyshire, V.; Belfort, M. A genetic system yields self-cleaving inteins for bioseparations. Nat.

Biotechnol. 1999, 17, 889–892. [CrossRef] [PubMed]
7. Fan, Y.; Miozzi, J.M.; Stimple, S.D.; Han, T.-C.; Wood, D.W. Column-free purification methods for recombinant proteins using

self-cleaving aggregating tags. Polymers 2018, 10, 468. [CrossRef] [PubMed]
8. Cottingham, I.R.; Millar, A.; Emslie, E.; Colman, A.; Schnieke, A.E.; McKee, C. A method for the amidation of recombinant

peptides expressed as intein fusion proteins in Escherichia coli. Nat. Biotechnol. 2001, 19, 974–977. [CrossRef] [PubMed]
9. Minato, Y.; Ueda, T.; Machiyama, A.; Shimada, I.; Iwaï, H. Segmental isotopic labeling of a 140 kDa dimeric multi-domain protein

CheA from Escherichia coli by expressed protein ligation and protein trans-splicing. J. Biomol. NMR 2012, 53, 191–207. [CrossRef]
10. Guan, D.; Ramirez, M.; Chen, Z. Split intein mediated ultra-rapid purification of tagless protein (SIRP). Biotechnol. Bioeng. 2013,

110, 2471–2481. [CrossRef]
11. Cooper, M.A.; Taris, J.E.; Shi, C.; Wood, D.W. A convenient split-intein tag method for the purification of tagless target proteins.

Curr. Protoc. Protein Sci. 2018, 91, 5.29.1–5.29.23. [CrossRef] [PubMed]
12. Ciragan, A.; Aranko, A.S.; Tascón, I.; Iwaï, H. Salt-inducible protein splicing in cis and trans by inteins from extremely halophilic

archaea as a novel protein-engineering tool. J. Mol. Biol. 2016, 428, 4573–4588. [CrossRef]
13. Sakakibara, N.; Han, M.; Rollor, C.R.; Gilson, R.C.; Busch, C.; Heo, G.; Kelman, Z. Cloning, purification, and partial characteriza-

tion of the halobacterium sp. NRC-1 minichromosome maintenance (MCM) helicase. Open Microbiol. J. 2008, 2, 13–17. [CrossRef]
[PubMed]

14. Reitter, J.N.; Cousin, C.E.; Nicastri, M.C.; Jaramillo, M.V.; Mills, K.V. Salt-dependent conditional protein splicing of an intein from
halobacterium salinarum. Biochemistry 2016, 55, 1279–1282. [CrossRef]

15. Di Ventura, B.; Mootz, H.D. Switchable inteins for conditional protein splicing. Biol. Chem. 2019, 400, 467–475. [CrossRef]
[PubMed]

16. Ciragan, A.; Backlund, S.M.; Mikula, K.M.; Beyer, H.; Ollila, O.H.S.; Iwaï, H. NMR structure and dynamics of tonb investigated
by scar-less segmental isotopic labeling using a salt-inducible split intein. Front. Chem. 2020, 8, 136. [CrossRef] [PubMed]

17. Oeemig, J.S.; Aranko, A.S.; Djupsjöbacka, J.; Heinämäki, K.; Iwaï, H. Solution structure of DnaE intein fromNostoc punctiforme:
Structural basis for the design of a new split intein suitable for site-specific chemical modification. FEBS Lett. 2009, 583, 1451–1456.
[CrossRef] [PubMed]

18. Spinelli, S.; Frenken, L.; Bourgeois, D.; De Ron, L.; Bos, W.; Verrips, T.; Anguille, C.; Cambillau, C.; Tegoni, M. The crystal structure
of a llama heavy chain variable domain. Nat. Struct. Mol. Biol. 1996, 3, 752–757. [CrossRef] [PubMed]

www.addgene.org
http://doi.org/10.1146/annurev.ne.15.030192.000421
http://doi.org/10.1016/0141-0229(94)90014-0
http://doi.org/10.1016/S0378-1119(97)00105-4
http://doi.org/10.2144/99271st04
http://doi.org/10.1038/12879
http://www.ncbi.nlm.nih.gov/pubmed/10471931
http://doi.org/10.3390/polym10050468
http://www.ncbi.nlm.nih.gov/pubmed/30966502
http://doi.org/10.1038/nbt1001-974
http://www.ncbi.nlm.nih.gov/pubmed/11581666
http://doi.org/10.1007/s10858-012-9628-3
http://doi.org/10.1002/bit.24913
http://doi.org/10.1002/cpps.46
http://www.ncbi.nlm.nih.gov/pubmed/29516483
http://doi.org/10.1016/j.jmb.2016.10.006
http://doi.org/10.2174/1874285800802010013
http://www.ncbi.nlm.nih.gov/pubmed/19088906
http://doi.org/10.1021/acs.biochem.6b00128
http://doi.org/10.1515/hsz-2018-0309
http://www.ncbi.nlm.nih.gov/pubmed/30226200
http://doi.org/10.3389/fchem.2020.00136
http://www.ncbi.nlm.nih.gov/pubmed/32266203
http://doi.org/10.1016/j.febslet.2009.03.058
http://www.ncbi.nlm.nih.gov/pubmed/19344715
http://doi.org/10.1038/nsb0996-752
http://www.ncbi.nlm.nih.gov/pubmed/8784347


Molecules 2021, 26, 5948 13 of 13

19. Renisio, J.-G.; Pérez, J.; Czisch, M.; Guenneugues, M.; Bornet, O.; Frenken, L.; Cambillau, C.; Darbon, H. Solution structure and
backbone dynamics of an antigen-free heavy chain variable domain (VHH) fromLlama. Proteins Struct. Funct. Bioinform. 2002, 47,
546–555. [CrossRef]

20. Fukuchi, S.; Yoshimune, K.; Wakayama, M.; Moriguchi, M.; Nishikawa, K. Unique amino acid composition of proteins in
halophilic bacteria. J. Mol. Biol. 2003, 327, 347–357. [CrossRef]

21. Paul, S.; Bag, S.K.; Das, S.; Harvill, E.; Dutta, C. Molecular signature of hypersaline adaptation: Insights from genome and
proteome composition of halophilic prokaryotes. Genome Biol. 2008, 9, R70. [CrossRef]

22. Tadeo, X.; López-Méndez, B.; Trigueros, T.; Laín, A.; Castaño, D.; Millet, O. Structural basis for the aminoacid composition of
proteins from halophilic archea. PLoS Biol. 2009, 7, e1000257. [CrossRef]

23. Lee, J.; Timasheff, S. The stabilization of proteins by sucrose. J. Biol. Chem. 1981, 256, 7193–7201. [CrossRef]
24. Guillemin, R.; Brazeau, P.; Bohlen, P.; Esch, F.; Ling, N.; Wehrenberg, W. Growth hormone-releasing factor from a human

pancreatic tumor that caused acromegaly. Science 1982, 218, 585–587. [CrossRef] [PubMed]
25. Iwai, H.; Nakajima, Y.; Natori, S.; Arata, Y.; Shimada, I. Solution conformation of an antibacterial peptide, sarcotoxin IA, as

determined by 1H-NMR. JBIC J. Biol. Inorg. Chem. 1993, 217, 639–644. [CrossRef] [PubMed]
26. Drucker, D.J.; A Nauck, M. The incretin system: Glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors

in type 2 diabetes. Lancet 2006, 368, 1696–1705. [CrossRef]
27. McDonough, S.I.; Swartz, K.J.; Mintz, I.M.; Boland, L.; Bean, B.P. Inhibition of calcium channels in rat central and peripheral

neurons by omega-conotoxin MVIIC. J. Neurosci. 1996, 16, 2612–2623. [CrossRef]
28. Iwai, H.; Züger, S.; Jin, J.; Tam, P.-H. Highly efficient proteintrans-splicing by a naturally split DnaE intein fromNostoc punctiforme.

FEBS Lett. 2006, 580, 1853–1858. [CrossRef]
29. Oeemig, J.S.; Beyer, H.M.; Aranko, A.S.; Mutanen, J.; Iwaï, H. Substrate specificities of inteins investigated by QuickDrop-cassette

mutagenesis. FEBS Lett. 2020, 594, 3338–3355. [CrossRef]
30. Schägger, H. Tricine–SDS-PAGE. Nat. Protoc. 2006, 1, 16–22. [CrossRef]
31. Arakawa, T.; Timasheff, S. The stabilization of proteins by osmolytes. Biophys. J. 1985, 47, 411–414. [CrossRef]
32. Novikova, O.; Jayachandran, P.; Kelley, D.S.; Morton, Z.; Merwin, S.; Topilina, N.I.; Belfort, M. Intein clustering suggests functional

importance in different domains of life. Mol. Biol. Evol. 2016, 33, 783–799. [CrossRef] [PubMed]
33. Guerrero, F.; Ciragan, A.; Iwaï, H. Tandem SUMO fusion vectors for improving soluble protein expression and purification.

Protein Expr. Purif. 2015, 116, 42–49. [CrossRef] [PubMed]
34. Vranken, W.; Boucher, W.; Stevens, T.J.; Fogh, R.H.; Pajon, A.; Llinas, M.; Ulrich, E.L.; Markley, J.L.; Ionides, J.; Laue, E.D. The

CCPN data model for NMR spectroscopy: Development of a software pipeline. Proteins Struct. Funct. Bioinform. 2005, 59, 687–696.
[CrossRef] [PubMed]

http://doi.org/10.1002/prot.10096
http://doi.org/10.1016/S0022-2836(03)00150-5
http://doi.org/10.1186/gb-2008-9-4-r70
http://doi.org/10.1371/journal.pbio.1000257
http://doi.org/10.1016/S0021-9258(19)68947-7
http://doi.org/10.1126/science.6812220
http://www.ncbi.nlm.nih.gov/pubmed/6812220
http://doi.org/10.1111/j.1432-1033.1993.tb18287.x
http://www.ncbi.nlm.nih.gov/pubmed/8223606
http://doi.org/10.1016/S0140-6736(06)69705-5
http://doi.org/10.1523/JNEUROSCI.16-08-02612.1996
http://doi.org/10.1016/j.febslet.2006.02.045
http://doi.org/10.1002/1873-3468.13909
http://doi.org/10.1038/nprot.2006.4
http://doi.org/10.1016/S0006-3495(85)83932-1
http://doi.org/10.1093/molbev/msv271
http://www.ncbi.nlm.nih.gov/pubmed/26609079
http://doi.org/10.1016/j.pep.2015.08.019
http://www.ncbi.nlm.nih.gov/pubmed/26297996
http://doi.org/10.1002/prot.20449
http://www.ncbi.nlm.nih.gov/pubmed/15815974

