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Abstract A two-intein purification system was developed for
the affinity purification of GFPmut3*, a mutant of green
fluorescent protein. The GFPmut3* was sandwiched between
two self-cleaving inteins. This approach avoided the loss of
the target protein which may result from in vivo cleavage of a
single intein tag. The presence of N- and C-terminal chitin-
binding domains allowed the affinity purification by a single-
affinity chitin column. After the fusion protein was expressed
and immobilized on the affinity column, self-cleavage of the
inteins was sequentially induced to release the GFPmut3*.
The yield was 2.41 mg from 1 | of bacterial culture. Assays
revealed that the purity was up to 98% of the total protein. The
fluorescence and circular dichroism spectrum of GFPmut3*
demonstrated that the purified protein retains the correctly
folded structure and function.

Z. Zhao

College of Biological Sciences, China Agricultural University,
Beijing 100094, China

e-mail: gill2015@hotmail.com

W. Lu - S. Ping -+ W. Zhang - M. Chen *+ M. Lin (PX)
Biotechnology Research Institute,

Chinese Academy of Agricultural Sciences,
Beijing 100081, China

e-mail: linmin57@vip.163.com

B. Dun

Institute of Crop Science,

Chinese Academy of Agricultural Sciences,
Beijing 100081, China

D. Jin
Biotechnology Research Center, Southwest University,
Chongging 400716, China

M.-Q. Xu
New England Biolabs,
Beverly, MA 01915, USA

Keywords Intein - Protein splicing -
Green fluorescent protein - Protein purification

Introduction

Protein splicing is a post-translational process analogous to
RNA splicing. In this process, inteins catalyze their self-
splicing from the precursor protein with the concomitant
ligation of flanking polypeptide sequences, termed exteins,
via a native peptide bond. Intein-mediated protein purifica-
tion is a convenient and cost-effective approach, and it
utilizes the inducible self-cleavage activity of an engineered
intein to isolate the target protein (Chong et al. 1998). The
method is able to isolate recombinant proteins by affinity
chromatography without the use of exogenous proteases
(Guo et al. 2004; Wu et al. 2002; Katragadda and Lambris
2006; Xu and Evans 2003; Singleton et al. 2002). In
addition, this approach was applied to express protein
ligation, to protein semisynthesis, and to specific labeling
of proteins and peptides (David et al. 2004; Muir et al.
1998; Evans et al. 1999a). One drawback of the system is
that in vivo cleavage activity of the intein can affect the
recovery of the target protein, leading to a low yield. Intein-
mediated purification with two intein tags (TWIN system)
was originally developed for generation of cyclic proteins
or peptides and multimers (Evans et al. 1999a, b; Xu and
Evans 2001). The system incorporates two intein tags as
fusion partners. The target protein is fused between two
self-cleaving inteins, Synechocystis sp. DnaB intein
(inteinl) and Mycobacterium xenopi GyrA intein (intein2).
Each of the inteins has a chitin-binding domain (CBD) as a
fusion partner, which allows the purification of the
precursor protein on a chitin resin. Inteinl is engineered
to undergo temperature- and pH-dependent cleavage at its
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C-terminal splice junction (Mathys et al. 1999). Intein2 is
modified for thiol-induced cleavage at its N-terminal by
dithiothreitol or 2-mercaptoethanesulfonic acid (MESNA)
and releases the target protein (Evans et al. 1999a).
Following cleavage of the two intein tags, the target protein
is released from the chitin resin (as shown in Fig. 1).

In this report, we have successfully expressed and
purified GFPmut3*, a mutant of wild-type green fluores-
cent protein (GFP; Andersen et al. 1998; Cormack et al.
1996), using the two-intein system. GFPmut3* has highly
shifted excitation maxima, the folding was more efficient
than that of the wild-type GFP, and its fluorescence
intensity was significantly enhanced. The presence of the
two intein fusion partners appeared to increase the final
yield by overcoming the problem associated with in vivo
cleavage activity of a single intein tag. The expression
conditions for active GFPmut3* were determined by
examination of fluorescence of the Escherichia coli host
cells, and the folding was further characterized by the
fluorescence and circular dichroism spectrum of the
purified GFPmut3*.

Materials and methods
Bacterial strains, plasmids, and media

T7-expressed E. coli ER2566 (New England Biolabs,
Beverly, MA, USA) was used as a host for protein
expression. E. coli strain JM109, the host strain used for all
plasmid construction, was cultivated in Luria—Bertani (LB;
1% tryptone, 1% NaCl, 0.5% yeast extract; pH 7.5).
pTWIN1 (New England Biolabs, USA) and pGEM T-easy
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Fig. 1 Protein purification process by the TWIN system. The target
protein—intien fusion protein is bound to chitin beads. Inteinl is first
induced to cleave at its C-terminal splice site. Then thiol-induced
excision of intein2 releases the target protein. The target protein is
eluted from the column, whereas the two intein-CBD tags remain
bound to chitin beads
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vector (Promega, USA) were used as expression and cloning
vectors, respectively. The plasmid pJH2 containing gfpmut3*
gene was obtained from the Institute of Plant Protection,
Chinese Academy of Agricultural Sciences.

Reagents and enzymes

Restriction enzymes, T4 DNA ligase, RNase, and chitin
beads were purchased from NEB; Ex Taq DNA polymerase
was from Takara, Japan;, MESNA was obtained from
Sigma, USA. Other chemicals used in this study were of
analytical or higher grade.

Construction of expression plasmid pTG

The gfpmut3* gene bearing the mutations S2R, S65G, and
S72A (Andersen et al. 1998), was amplified from the
plasmid pJH2 by polymerase chain reaction (PCR) with the
following two primers: 5-GGGCTCTTCCAACTGTT
CAGCAGGAACAATGCGTAAAGGAGAAG AA-3' and
5'-CCGCTCTTCCGCAATAACCCCTTCCCTC
GATTTTGTATAGTTCATCC ATG-3'. The PCR-amplified
fragments were then cloned into pGEM T-easy vector and
verified by DNA sequencing. The clone was digested with
Sapl and was subcloned into the expression vector
pTWINI using Sapl sites, resulting in the plasmid pTG.
The gfpmut3* gene was sequenced at the Chinese Academy
of Agricultural Sciences.

Expression and purification of GFPmut3*

pTG was transformed into E. coli ER2566. The cells were
grown in 1 1 of LB medium containing 100 pg/ml
ampicillin at 37°C. When the cell density reached ODggg
of 0.5-0.7, expression was induced by the addition of
isopropyl [3-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.3 mM, followed by an additional
incubation at 15°C for 16 h. Cells were then collected by
centrifugation at 4,000xg for 10 min and lysed by
sonication in buffer A [20 mM Tris—HCI, pH 8.0, with
500 mM NaCl and 1 mM ethylenediaminetetraacetic acid
(EDTA)]. The cell extract was centrifuged at 19,000xg for
30 min, and the supernatant was applied to a chitin-binding
column pre-equilibrated with buffer B (20 mM Tris—HCI,
pH 7.0, with 500 mM NaCl and 1 mM EDTA). The column
was washed with 200 ml of buffer B and incubated at 23°C
for 20 h. Following incubation, the column was washed
with ten column bed volumes of buffer B. The column was
quickly flushed with three column volumes of buffer C
(20 mM Tris—HCI, pH 8.5 containing 50 mM 2-mercaptoe-
thanesulfonic acid, 500 mM NacCl). The column flow was
stopped and left at 4°C for 16 h to induce the cleavage of
intein2. Then, the target protein was eluted with buffer B.
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Approximately 100 pl of samples from each step were
saved and analyzed by 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

Determination of protein concentration and purity

The concentration of the eluted protein was determined by
Bradford Assay and analyzed by Coomassie Blue-stained
12% SDS-PAGE gels. Protein purity was estimated by
comparing the intensity of samples run on SDS-PAGE. The
stained SDS-PAGE gel was quantified by gel document
scanning with Bio-Rad Quantity One 4.6.1 1-D Analysis
software.

Confocal microscope scanning and spectroscopy
of GFPmut3*

Leica TCS SP2 laser scanning spectral confocal microscope
(Germany) was used for detecting fluorescence in E. coli
ER2566 cells that contain pTG. Objective is 100x oil-
immersion lens. The excitation wavelength was 488 nm
emission ranges, and detection bandwidth was 500 to
600 nm.

To calculate the recovery of GFP during purification,
fluorescence spectrums were recorded with Hitachi F-4500
spectrofluorometer at 23°C. A cuvette with 1 cm path
length was used. The sample for the emission and
excitation scans was prepared in 20 mM Tris—HCI,
pH 7.0, with 500 mM NaCl and 1 mM EDTA. Absorbance
was measured on a Hitachi U-3010 spectrophotometer at
23°C, 10 mM Tris—HCI, pH 8.0.

Circular dichroism measurements

Circular dichroism (CD) wavelength scans were recorded
with a Jasco-715 spectropolarimeter. The protein sample
was prepared in 10 mM Tris—HCI1 (pH 8.0). The concen-
tration of the sample was 0.25 mg/ml. The data was

normalized to molar ellipticity with a path length of 0.1 cm.

Results
Construction of two-intein gfpmut3* fusion construct

The TWIN system allowed the purified protein to possess
an N-terminal residue other than methionine and certain
amino acid residues which are unfavorable for the intein
cleavage reaction (Xu and Evans 2001). To clone the
gfpmut3* gene, Sapl sites were incorporated into the
forward and reverse primers. The gene was cloned into
two Sapl sites in pTWINI. Sapl digestion results in
noncomplementary overhangs, and there is no self-ligation

at the two Sapl sites. Another advantage of using Sapl sites
is that the Sapl sites will not be regenerated after the gene
was inserted into pTWINI. This allowed us to isolate the
native protein without vector-derived amino acid residues.
The gfpmut3* was fused between two self-cleaving inteins,
inteinl and intein2. In this study, a threonine residue was
added to the N-terminal residue of gfpmut3* by PCR. Each
intein was also fused with a CBD for affinity isolation of
the precursor protein.

Expression and purification of protein and SDS-PAGE
analysis

Different growth and induction conditions, such as the
induction temperature and time, were tested to optimize the
protein expression. We used the conditions of 15°C for 16 h
to induce the GFPmut3* expression. The cells showed
bright green fluorescent color under confocal microscope
with 550 photomultiplier tube (PMT) volts. Additionally, if
the culture containing pTG was incubated in a shaker at 4°C
for several days without addition of IPTG, the expression of
GFP was still detectable. However, when the strains were
incubated at 37°C for 2 h or 30°C for 3 h, the expression
level of GFPmut3* was very low. The cells showed no
visible green color. The fluorescent signal was detected with
700 PMT volts by confocal microscope, and it was found
that some E. coli cells lacked GFPmut3* expression
(Fig. 2). We conclude that the induction temperature was
critical, and low temperature was required for expression of
correctly folded GFPmut3*. It is assumed that the precursor
protein has to fold correctly to retain the intein-mediated
cleavage activity. In general, folding of a precursor protein
is influenced by different target proteins, and the production
process must be optimized.

After GFPmut3* was expressed, the clarified cell extract
was loaded onto a chitin column. Each step of the
purification processes was monitored by UV lamp. The
clarified cell extract containing the GFPmut3* fusion
protein displayed green fluorescence. After passage of the
cell extract through the chitin column, the fluorescence was
not detectable in the flow-through fraction, whereas the
column showed bright green fluorescence. The column was
washed with buffer B to remove the unbound protein, and
then incubated to induce on-column cleavage of inteinl at
23°C pH 7.0 for 16 h. Following incubation, the column
was then washed with buffer B to remove any unbound
proteins. Then cleavage of intein2 was induced in buffer C
overnight, and GFPmut3* was eluted with buffer B. SDS-
PAGE (Fig. 3, lane 3) analysis showed that the crude cell
extract contained the unspliced full-length precursor protein
CBD-Ssp-GFPmut3*-Mxe-CBD (81 kDa) and unexpected
splicing products CBD-Ssp-GFPmut3* (53 kDa) and Mxe-
CBD (28 kDa), corresponding to their molecular mass. The
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Fig. 2 Expression of GFPmut3*
in E.coli ER2566 strains, which
were incubated at 37°C for 2 h.
a E. coli ER2566 cells with
GFPmut3* expressing exhibited
bright green fluorescence under
UV lamp of 488 nm. b General
optical image of E. coli
ER2566 cells. ¢ Overlay image
of a and b to identify the
GFPmut3* expression

CBD-Ssp-GFPmut3* and Mxe-CBD fragments were gen-
erated by cleavage at the N-terminal junction of the Mxe,
and both bound to the chitin column (Fig. 3, lane 4). The
elution fractions from the chitin column had a bright green
fluorescence, indicating that the GFPmut3* protein was
correctly folded. There was only one major band of 29 kDa
detected in the eluted fraction (Fig. 3, lane 5),
corresponding to the molecular mass of GFPmut3*. The
purity of the fluorescent proteins was determined by
estimating the absorbance ratio at two wavelengths. The
absorbance maximum of GFPmut3* was at 502 nm, which
has highly shifted form the maximum at 395 nm in parental
GFP (Cormack et al. 1996). The absorbance ratio of 502 to
280 nm is about 1.04, which is a good indication of active
GFPmut3* (amount). The yield was 2.41 mg from 1 1 of
bacterial culture. The purity was estimated to be approxi-
mately >98% by SDS-PAGE.

Spectroscopic characterization of GFPmut3*

The fluorescent properties of purified GFPmut3* were
determined (Fig. 4a). The fluorescence excitation and
mission spectra were very close to the class 4 GFP (Tsien
1998). GFPmut3* contained the mutations S2R, S65G, and
S72A. The fluorescence of GFPmut3* was more intense

@ Springer

than the wild type GFP and has a markedly shifted
excitation maxima. The excitation and emission maxima
wavelengths of GFPmut3* were 501.8 and 510.4 nm,
respectively (Fig. 4a). However, the excitation maxima and
emission maxima of the wild-type GFP was 395 and
504 nm. Iwai et al. (2001) obtained cyclic GFP, which
showed excitation maxima at 399 nm and emission maxima
at 508 nm. GFPmut3 * has a highly shifted excitation
maxima from 395-399 to 501.8 nm, comparing these two
GFP species. It also fluoresces more intensely when excited
at 488 nm. Longer wavelengths of excitation and emission
would be useful for multiple labels and reporters, as well as
to serve as resonance energy transfer acceptors. The minor
excitation peak at 280 nm is presumably due to resonance
energy transfer from a single tryptophan residue with an
excitation maximum at 280 nm. The spectroscopic charac-
terization of GFPmut3* is a result of both its chromophore
formation and folded structure. The GFPmut3* purified by
the technique presented has the same spectroscopic and
structural characteristics as the reported GFPmut3*. The
fluorescence spectrum indicated that the protein has the
correctly folded three-dimensional structure.

The CD spectroscopy was used to identify the
secondary structure of purified GFPmut3* (Fig. 4b).
The known secondary structure of GFP is an 11-stranded
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Fig. 3 Examination of purification of GFPmut3* by SDS-PAGE.
Lane 1 Protein marker; lane 2 uninduced crude cell extract; lane 3
crude cell extract following induction at 15°C contains the precursor
CBD-Ssp-GFPmut3*-Mxe-CBD (81 kDa), Mxe-CBD (28 kDa), and
CBD-Ssp-GFPmut3* (53 kDa); lane 4 clarified cell extract from lane
3 following passage over chitin column (note that precursor CBD-Ssp-
GFPmut3*-Mxe-CBD and CBD-Ssp-GFPmut3* binds to chitin
column); lane 5 proteins eluted from chitin resin. All reactions were
performed as described under “Expression and purification of
GFPmut3*” and analyzed on a 12% SDS-PAGE gel

[3-barrel threaded by an «-helix running up the axis of
the cylinder (Tsien 1998). The result showed that there
was a peak shoulder between 216 nm, which was the
contribution of 3-barrel and was similar to the reported GFP
structure (Iwai et al. 2001). The secondary structure of the
purified GFPmut3* appeared to have no major structural
change. The data strongly suggests that the purified protein
by the TWIN system retains the correctly folded structure
and function.

Discussion

In this study, we have utilized the two-intein system to
purify active GFPmut3*. The result of the SDS-PAGE
indicated that C-terminal intein (intein2) fusion was
unstable. Intein2 underwent substantial in vivo cleavage,
which produced CBD-Ssp-GFPmut3* and Mxe-CBD frag-
ments (Fig. 3, lane 3). This property makes it unsuitable as
a single C-terminal fusion partner, which is the common
strategy employed by its users. In vivo cleavage activity of
an intein tag is usually unpredictable, leading to a reduced
yield of the target protein. By employing the two-intein
strategy, the target protein can still be absorbed onto the
affinity resin after a single intein cleavage event, thereby
increasing the final yield of the product. Thus, this method
presents a practical approach to solve the premature
cleavage problem associated with a single-intein system.
The presence of N- and C-terminal CBD tags made it
possible to isolate the GFPmut3* product in a single
chromatographic column. However, with the CBD tag,

impure proteins could be copurified (Chong et al. 1998;
Singleton et al. 2002). Use of other affinity tags, such as
polyhistidine (his-tag) or E. coli maltose-binding protein,
complementary to CBD may ensure intactness of the
product. Engineering two complementary tags, such as
CBD and six-His tag, would require use of both chitin and
Ni-nitriloacetic acid (NTA) affinity columns in order to
recover the product. Furthermore, production of certain
enzymes and pharmaceutical proteins often requires protein
processing and activation to remove amino terminal
methionine residue. The use of a fusion partner facilitates
protein purification, but the tag may exert adverse effects
on the structure and function of the proteins. The two-intein
system may provide a means to overcome these problems
and is capable of isolating proteins with an amino terminal
residue other than methionine and free of a fusion tag.

a
£
c
=4
L4
-
=3
3
L3
©
T T T T T T T T T T ¥ T T 1
250 30 350 400 450 300 3% 600
Wavelength [nm]
1.0 <
S
£ 05+
-
~
E
o
2 0.0
T
o
[=]
=
}_} 0.5 -
=
2
W .10
£
=
]
=
1.5 T T T T T T T T T T T 1
190 200 210 220 230 240 250
Wavelength [nm)

Fig. 4 Spectroscopic characterization of GFPmut3*. a Fluorescence
excitation and emission spectra of GFPmut3* (solid and dashed lines,
respectively). Fluorescence excitation spectrum of GFPmut3* was
recorded at an emission wavelength of 510 nm at pH 7.0. b CD
spectra of GFPmut3*. The spectrum was measured at 23°C, 10 mM
Tris—HCI, pH 8.0
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