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Abstract A CP1201 RIR1 intein is found in the ribonu-

cleotide reductase alpha subunit (RNR a subunit) protein of

lytic bacteriophage P1201 from Corynebacterium glutam-

icum NCHU 87078. This intein can be over-expressed and

spliced in Escherichia coli NovaBlue cells. Mutations of

C539, the N-terminal residue of the C-extein in the CP1201

RIR1 protein, led to the changes of pattern and level of

protein-splicing activities. A G392S variant was found to

be a temperature-sensitive protein with complete splicing

activity at 17 and 28�C but not at 37�C or higher. We also

found that the cleavage at the CP1201 RIR1 intein C-ter-

minus of the double mutant G392S/C539G was blocked,

but other cleavage activities could be efficiently performed

at 17�C. G392S/C539G variant possessed the properties

of low-temperature-induced cleavage at the intein

N-terminus.

Introduction

Protein splicing is a post-translational process, in which an

intervening segment, called intein, catalyzes its own exci-

sion from a protein precursor, and ligation of the flanking

regions, called extein, by peptide bond formation [1]. Little

overall sequence similarity is found in inteins; however,

comparative analysis of intein sequences reveals the motifs

used to identify and characterize inteins from different

organisms [2, 3]. Over 375 inteins have been found in

eukaryotes, eubacteria, and archaebacteria [4], suggesting a

wide distribution.

The chemistry of protein splicing has been discussed in

some cases tested experimentally [5–9]. Protein splicing is

initiated by an N–S or N–O acyl rearrangement of the intein

N-terminal Cys, Ser, or Ala to form a linear thioester or ester

with the C-terminal residue of the N-extein. A transesteri-

fication reaction shifts the N-extein onto the side chain of the

Cys/Ser/Thr at the first residue of the C-extein. The resultant

branched (thio) ester intermediate is resolved by the cycli-

zation of the C-terminal Asn of the intein, leading to excision

of intein and ligation of the exteins by peptide bond. Intein-

contained gene has been modified to change the cleavage

activities at the N- or C-terminal splice junction, and used to

develop intein-based protein purification systems [10], with

target protein as the N-extein or the C-extein and an affinity

domain as the C-extein or the N-extein.

We have experimentally identified the RIR1 intein of

the bacteriophage P1201 from Corynebacterium glutami-

cum NCHU 87078 [11]. This intein that interrupts the RNR

a subunit (RIR1) can be over-expressed in Escherichia coli

[11]. In this report, site-directed mutagenesis of the

N-terminal residue (C539) of the C-extein in the CP1201

RIR1 protein was performed, and the extent and pattern

of protein-splicing activities were determined. We
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demonstrated that the cleavage at the intein C-terminus is

blocked in the double mutant, while other cleavage activ-

ities can be performed at lower temperature.

Materials and Methods

Bacteria, Phage, Plasmids, and Media

Corynebacterium glutamicum NCHU 87078, a glutamic acid

hyper producing strain, was grown in CM medium (1% pep-

tone, 1% yeast extract, 1% glucose, and 0.25% NaCl; pH 7.5)

and TYG medium (1% tryptic peptone, 0.6% yeast extract,

0.5% glucose, and 0.1 M MgSO4�7H2O; pH 7.2) at 30�C.

Escherichia coli NovaBlue was used as host for recombinant

plasmids. Plasmid pQE30 (Qiagen, Valencia, CA) was used

for gene expression. Cells were cultivated in Luria–Bertani

medium (LB; 1% trypton, 1% NaCl, 0.5% yeast extract; pH

7.5). Ampicillin (100 lg/ml) was added when necessary.

Isolation of phage P1201 from C. glutamicum NCHU 87078

and purification of phage DNA were performed essentially

using the methods described previously [11].

Construction of RIR1 Variants

The open reading frame (ORF) of putative RNR a subunit

gene (rir1) containing the CP1201 RIR1 intein sequence

was amplified from phage P1201 DNA using gene-specific

primers ORF56-F (50-CGGGATCCATGACTAAAGATAC

CTAC–30) and ORF56-R (50-AACTGCAGCTACAAAGC

GCAGCTTAG–30). The amplified PCR products were

cloned into BamHI and PstI sites of pQE30 to generate

plasmid pRNR.

The ORF of rir1 gene was subjected to site-directed

mutagenesis. Site-directed mutagenesis was performed

essentially according to the method of overlap extension

PCR [12, 13] using plasmid pRNR as the template. The

following primers contain the desired mutations: RIR

1C539N-F (50-AAC GGT TTG GTA ACG GGA NNN TGC

TCG GAG-30) and RIR1C539N-R (50-CTG GAA AAT CTC

CGA GCA NNN TCC CGT TAC-30), that encoded each of

the 20 amino acids (NNN) at position 539. The Gly392Ser

substitution was amplified using primers: RIR1G392S-F

(50-CCT GAC CTC CAG GAG CTA CCG TCG TGC-30)
and G392S-R (50-GCA CGA CGG TAG CTC CTG GAG

GTC AGG-30). All mutations were confirmed by DNA

sequencing of the whole ligated PCR fragment.

Expression of the CP1201RIR1 Variants

The rir1 gene on plasmid pRNR was expressed in E. coli

NovaBlue. Recombinant E. coli cells were grown at 37�C

with shaking to OD600 of approximately 0.7, induced with

1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG), and

incubated at 17, 28, and 37�C for an additional 0.5–24 h

with shaking. Cells were harvested by centrifugation,

resuspended in Tris–HCl buffer (pH 8.0) containing

100 mM NaCl, and disrupted by sonication. The crude cell

extract was mixed with 29 sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) sample buffer

without DL-1,4-dithiothreitol, boiled for 10 min, and then

subjected to SDS-PAGE analysis. Gels were stained with

Coomassie Brilliant Dye (Sigma).

Results and Discussion

Influence of the Identity of the N-terminal Residue of the

C-extein on the Cleavage Reaction.

Amino acid sequence analysis of RIR1 protein showed

that the CP1201 RIR1 intein, positioned between residue

380 and 538 of the protein, had conserved motifs and

conserved Cys at the N-terminal splice site and Asn at the

downstream splice junction (Fig. 1a). The protein-splicing

activity of the CP1201 RIR1 intein had been proved by

cloning of the ORF of rir1 gene into the BamHI and XhoI

sites of pET28b and expressing in E. coli BL21 (DE3) [11].

SDS-PAGE analysis revealed that apparent molecular

masses of extein and intein are approximately 79 and

18 kDa, respectively (Fig. 1b, lane C).

To determine the effect of the difference in the N-ter-

minal residue of the C-extein on the cleavage reaction, all

the 19 protein variants with the mutation at Cys539 of

RIR1 were constructed. The mutant rir1 genes were cloned

into pQE30 and expressed in E. coli NovaBlue. The crude

cell extract of IPTG-induced E. coli cells in the cleavage

mixture were incubated at 28�C for 6 h and then analyzed

by SDS-PAGE. Since the cloned gene is transcribed by a

powerful T5 promoter, the majority of total protein in the

crude cell extract is from the cloned gene. Protein bands

corresponding to the sizes of precursor fusion protein (P,

97 kDa), extein (E, 78 kDa), intein (I, 19 kDa), N-terminal

extein (N, 42 kDa), C-terminal extein (C, 36 kDa), and

C-terminal extein fused intein (I–C, 55 kDa) were

observed (Fig. 1b). Based on the band pattern, splicing

activities of CP1201 RIR1 variants could be classified into

three types (Table 1, Fig. 2). The residue of wild-type

CP1201 RIR1 protein in position 539 is cysteine, which

belongs to splicing type 1 in our cleavage analysis. It has

been reported that complete splicing is observed when the

first N-terminal amino acid of C-extein was Cys, and Ser

(Fig. 1b, lanes C and S) [14–16]. Variants of C539F,

C539Y, C539 W, and C539T performed type 2 splicing, to

which N-terminal and C-terminal exteins produced by the

cleavage of the precursor proteins could not be linked by

forming peptide bond (Fig. 1b, lanes F, Y, W and T). When
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the amino acid in Cys539 position was replaced with Gly,

His, Asp, Glu, Asn, Gln, Ala, Val, Arg, Leu, Ile, Met, Pro,

and Lys, the type 3 splicing occurred, in which C-terminal

cleavage and extein ligation were not observed. (Fig. 1b,

lanes G, H, D, E, N, Q, A, V, R, L, I, M, P, and K). In types

2 and 3 splicing, the C-terminal cleavage was most effi-

cient for Phe, Thr, Trp, and Tyr, and no C-terminal

cleavage activity for other substituted residues. However,

in Saccharomyces cerevisiae VMA gene containing Sce

VMA intein, the C-terminal cleavage was the most efficient

for the first N-terminal amino acid of C-extein is Ala, Gln,

or Met, but less efficient for Asp, Arg, Glu, His, Ile, Lys,

and Val [17]. In type 3 splicing, the N-terminal cleavage

has the following preference: Asp, Glu, Gly, His [ Ala,

Asn, Gln [ Arg, Ile, Leu, Met, Val [ Lys, Pro. A bran-

ched intermediate with apparent molecular mass (140 kDa)

higher than its unspliced precursor (97 kDa) was found

when the Cys539 was replaced with Lys and Pro (Fig. 1b,

lanes K and L). The accumulation of branched intermediate

is also reported from the splicing of N454A/C455S double

mutant of S. cerevisiae VMA protein [18]. Our data indi-

cated that protein-splicing activities could be determined

Fig. 1 Protein splicing of CP1201 RIR1 intein. a schematic illustra-

tion of the precursor protein containing N-terminal extein (N), intein

(I), and C-terminal extein (C). b SDS-PAGE analysis of cleavage of

the C-extein as a function of the identity of the N-terminal residue of

the C-extein. The one-letter amino acid code of the N-terminal

residue of the C-extein for each protein is given above the

corresponding lane. Each variant was incubated under the cleavage

conditions as described in materials and methods for 6 h at 28�C. For

each sample, 5 lg crude cell extract was loaded. The bands labeled

P*, P, E(NC), I, N, C. and I–C correspond to branched intermediate,

uncleaved precursor protein, extein, intein, N-terminal extein,

C-terminal extein, and C-terminal extein fused intein, respectively

Table 1 Effect of the first C-extein residue on cleavage at the C-terminus of the CP1201RIR1 intein

The first C-extein Residue Splicing type Completed splicing N-cleavage C-cleavage Ligated extein

C, S 1 ? ? ? ?

F, Y, W, T 2 - ? ? -

G, H, D, E, N, Q, A 3 - ? - -

V, R, L, I, M, P, K

Fig. 2 A schematic representation of the three major splicing types

of CP1201RIR1 variants
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by the N-terminal residue of C-extein, and the level of

cleavage activities is largely depends on the difference of

the intein-contained proteins.

Temperature-Dependent Splicing of G392S Variant

A G392S variant of RIR1 protein was obtained unexpect-

edly from the site-directed mutagenesis of the N-terminal

residue of the C-extein by overlap PCR method. No

splicing activity was detected at 37�C, whereas protein

bands corresponding to the precursor protein, extein, and

intein were found in the cleavage mixture incubated at 17

and 28�C (Fig. 3). Apparently, G392S variant was a tem-

perature-sensitive protein with the splicing activity at lower

temperature. Temperature-induced protein splicing is also

found in DNA polymerase II (Pol II) DP2 subunit from

Pyrococcus abyssi. [19]. In contrast to G392S variant,

unspliced precursor fusion protein of the P. abyssi Pol II

DP2 subunit in E. coli is found at 20�C, and the protein-

splicing activity of precursor fusion protein is undergone in

vitro at 40�C or higher.

If temperature-sensitive (G392S) variant is designed for

the protein purification using cleavage at the intein N-ter-

minus, then the C-terminal cleavage activity must need to

be blocked. Since variants C539G and C539I have no

C-terminal cleavage activity (Table 1), two double mutants

of G392S/C539G and G392S/C539I were constructed.

Variant G392S/C539G was spliced at 28�C and more

efficient at 17�C, showing protein bands corresponding to

the sizes of the precursor protein (97 kDa), N-terminal

extein (42 kDa), and C-terminal extein-fused intein

(55 kDa) (Fig. 4a). However, G392S/C539I variant was

expressed as inclusion bodies at tested temperatures

(Fig. 4b). The temperature shift experiment for variant

Fig. 3 SDS-PAGE analysis of N- and C-terminal cleavages of

G392S variant. The variants were incubated at 17, 28, and 37�C. In

each lane, 5 lg of total crude cell extract was loaded and SDS-PAGE

was performed

Fig. 4 SDS-PAGE analysis of the cleavage of G392S/C539G variant

(a) and G392S/C539I variant (b). The variants were incubated at 17,

28, and 37�C. In each lane, 5 lg of total crude cell extract was loaded

and SDS-PAGE was performed

Fig. 5 Temperature shift assay of G392S/C539G variant. An over-

night culture of E. coli NovaBlue cells carrying G392S/C539G RIR1

variant was inoculated into 10 ml of LB medium containing

ampicillin (100 lg/ml) and then grown at 37�C until an OD600 of

0.7 was reached. The cells were induced with 1 mM IPTG at 37�C for

4 h (lane 1) and subsequently shift to 37�C (lane 2) and 17�C (lane 3)

for 16 h. For each sample, 5 lg crude cell extract was loaded
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G392S/C539G was carried out using the recombinant E.

coli cells which have been induced for rir1 gene expression

at 37�C for 4 h. It was found that the G392S/C539G pro-

tein could be synthesized at 37�C (Fig. 5, lane 1) thereby

being inhibited from splicing, and would subsequently

undergo splicing when shifted to 17�C (Fig. 5, lane 3).

In summary, we demonstrated that the C539 residue is

important in the splicing activities of CP1201RIR1 and

substitution of C539 with other residues leads to the

changes of pattern and level of protein splicing. The

G392S/C539G-variant protein could be synthesized at

37�C and spliced at 17�C. However, the mechanism of

low-temperature-induced splicing remains to be elucidated

by 3D structure analysis.
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