
Protein Expression and PuriWcation 45 (2006) 72–79

www.elsevier.com/locate/yprep
Immobilized �-cyclodextrin polymer coupled to agarose gel properly 
refolding recombinant Staphylococcus aureus elongation factor-G 

in combination with detergent micelle

Jing-Jing Li a, Musturi Venkataramana b, Suparna Sanyal b, Jan-Christer Janson c, 
Zhi-Guo Su a,¤

a National Key Laboratory of Biochemical Engineering, Institute of Process Engineering, Chinese Academy of Sciences, 
P.O. Box 353, Beijing 100080, China

b Department of Cell and Molecular Biology, BMC, Uppsala University, Uppsala, P.O. Box 596, SE-75124, Sweden
c Department of Surface Biotechnology, BMC, Uppsala University, Uppsala, P.O. Box 577, SE-75123, Sweden

Received 1 April 2005, and in revised form 17 May 2005
Available online 14 June 2005

Abstract

A novel artiWcial chaperone system using a combination of interactions between the unfolded protein, a detergent and a chroma-
tographic column packed with immobilized �-cyclodextrin (�-CD) polymer coupled to an agarose gel, was introduced to refold
recombinant Staphylococcus aureus elongation factor-G (EF-G). Pre-mixing of 10% Triton X-100 and unfolded EF-G at 24 mg/ml
followed by a 20-fold dilution into refolding buVer led to successful capturing of EF-G by Triton X-100 resulting in formation of a
detergent–protein complex at 1.2 mg/ml of Wnal protein concentration. The complex was subsequently applied to the immobilized
�-CD polymer column resulting in correct refolding of EF-G at a concentration of 530 �g/ml with 99% mass recovery. Detergent
concentrations above critical micelle concentration were required for eYcient capturing of EF-G at high protein concentration.
Other detergents with hydrophile–lipophile-Balance values similar to that of Triton X-100 (Triton N-101, Noindet P40 (NP40), and
Berol 185) also produced similar result. Soluble polymerized �-CD was more eYcient than the monomer to remove the detergent
from the protein complex in a batch system. Immobilized �-CD polymer column further improved the capability of detergent
removal and was able to prevent aggregation that occurred with the addition of soluble �-CD polymer at high protein concentration
in the batch system. The mechanism for this system-assisted refolding was tentatively interpreted: the released protein could correctly
refold in an enclosed hydrophilic environment provided by the integration of matrix and �-CD polymer, and thus avoided aggrega-
tion during detergent removal.
  2005 Elsevier Inc. All rights reserved.

Keywords: Protein refolding; Chaperone; EF-G; �-Cyclodextrin polymer; Immobilization
A popular method of large-scale production of pro-
teins for medical therapy and biological research is by
over-expression in recombinant Escherichia coli. How-
ever, it frequently results in formation of insoluble and
inactive inclusion bodies [1]. Recovery of active protein
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from inclusion bodies involves a series of procedures
such as dissolution in a strong denaturant (e.g., 6 M
Guanidine–hydrochloride (Gu–HCl)1 or 8 M urea)

1 Abbreviation used: Gu–HCl, Guanidine–hydrochloride; �-CD, �-
cyclodextrin; CMC, critical micelle concentration; NP40, Nonidet P40;
ID, internal diameter; CD, circular dichroism; RP-HPLC, reverse-
phase high performance liquid-phase chromatography; CV, column
volume; HLB, hydrophile–lipophile-Balance.
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followed by refolding through controlled removal of the
denaturant [2]. When classical dilution methods is used,
refolding and aggregation often compete with each
other, where the latter becomes dominant at increasing
protein concentration causing very low refolding yield
[3]. In vivo refolding of nascent polypeptides is highly
eYcient and apparently independent of protein concen-
tration due to the presence of molecular chaperones
[4,5]. A typical molecular chaperone like GroEL can
capture unfolded and partially refolded polypeptides in
hydrophobic pockets, and enable correct refolding by
releasing them into a hydrophilic cage through struc-
tural transformation induced by binding of GroES and
ATP hydrolysis [6].

An artiWcial chaperone based on a combination of a
detergent and �-cyclodextrin (�-CD) was reported to
refold some proteins by mimicking the sequent steps of
capture and release for in vivo molecular chaperone-
assisted refolding [7–10]. A linear dextrin could replace
the �-CD to act as the removal reagent of detergent [11]
and self-assembled nanogels were able to capture protein
[12]. A solid-phase artiWcial chaperone based on an
insoluble �-CD polymer bead was recently introduced to
refold some protein combining with the expanded-bed
technique [13]. However, target protein is often unable to
be eYciently captured by detergents with denaturant
dilution particularly at high protein concentration,
resulting in aggregation. On the other hand, released
protein from detergent complex into aqueous solution
also faces the competition between refolding and aggre-
gation. Even insoluble �-CD polymer bead failed to
enhance refolding when it was used with a packed-bed
column [13], suggesting the absence of macro pores able
to individually accommodate protein molecules and sep-
arate from each other. The refolding eYciency of those
artiWcial chaperones was considered to be signiWcantly
dependent on protein concentration.

In the present work, we introduced a system using a
combination of a micelle of detergent, agarose, and immo-
bilized �-CD polymer. A detergent of the concentration
above critical micelle concentration (CMC) was adopted
to enclose unfolded protein resulting in its capture to pre-
vent aggregation. Agarose beads can primarily separate
protein molecules due to the presence of large amount of
inner macro pores. A soluble �-CD polymer was prepared
and then immobilized to the agarose gel so as to further
seclude released protein molecules from each other as well
as to improve the capability of removing detergent from a
protein complex. Moreover, immobilized �-CD polymer
can act as a Xexible hydrophilic spacer arm favorable for
limiting dispersion of protein molecules. We have chosen
recombinant EF-G from Staphylococcus aureus, a 76 kDa
protein, which mostly formed inclusion bodies when it
was over-expressed in E. coli as the target protein in this
study. The capability of capturing, detergent removal, and
correct refolding with our artiWcial system was investi-
gated and compared with the classical artiWcial system. A
potential mechanism for our system-assisted refolding
was proposed.

Materials and methods

Materials

Triton X-100 was from Sigma and Triton N-101,
Tween 80, Nonidet P40 (NP40) from Roche, German.
Berol 185 was obtained from Akzo Nobel Surface
Chemistry AB, Sweden. Pluronic F108 was the product
of BASF, USA. All chromatography equipment, media,
and columns were obtained from GE Healthcare, Upp-
sala, Sweden. All chemicals were of analytical grade.

Synthesis of the �-CD polymer and its coupling to the 
agarose matrix

Two hundred and Wfty milliliters of 50% NaOH,
250 ml water, and 0.6 g NaBH4 were mixed in a 2000 ml
glass Xask with a few minutes stirring followed by 250 g
�-CD addition and the reaction was allowed to proceed
overnight at room temperature. In the next morning the
temperature was increased to 30 °C, 175 ml epichlorohy-
drin was rapidly added. After 4 h, 250 ml acetone was
added to reduce the reaction. pH of the mixture was then
decreased to around 12 with 6 M HCl. After the top
layer of non-reacted epichlorohydrin was removed by
aspiration, the temperature was then increased to 50 °C
and the stirring was continued for 6 h. Finally, the reac-
tion was stopped by adjusting the pH to around seven
with 1 M HCl. The obtained �-CD polymer mixture was
loaded to Sephadex G-25 column (21.6 £ 10 cm internal
diameter (ID), 1.7 L) equilibrated in water and the void
fraction was collected.

One hundred grams wet allyl group-substituted
Sepharose HP (prepared as reported previously [14]),
100 mM sodium acetate, and 400 ml water were added to
a 1000 ml beaker equipped with a stirrer. To this mix-
ture, bromine was added dropwise until a yellow color
appeared. The brominated gel was washed with water
and 165 ml of synthesized �-CD polymer was added to
the reaction vessel, and the mixture was stirred at
100 rpm for 1 h at room temperature followed by addi-
tion of 12.5 g NaOH and 0.2 g NaBH4. The coupling
reaction was allowed to continue overnight at 30 °C.
After adjustment of pH to 6–7 with 50% acetic acid the
gel was washed with water.

Construction of the S. aureus EF-G expression plasmid 
and over-expression in E. coli

For cloning of the S. aureus EF-G, fusA gene was
ampliWed from the total genomic DNA isolated from the
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wild-type strain (kindly provided by Diarmaid Hughes,
ICM, Uppsala University). The following primers had
been used for PCR ampliWcation; start primer: (5�)GAC
GAC GAC AAG ATG GCT AGA GAA TTT TCA TTA
GAA AAA ACT and the end primer (5�)GAG GAG AAG
CCC GGT AAT TTC ACC TTT ATT TTT CTT GAT
AAT ATC T. The primers were designed following recom-
mendations of the Novagen EK/LIC cloning kit, contain-
ing obligatory 5�sequences needed for ligation-cloning in
pET-30 EK/LIC vector. The insert-speciWc parts (written
in bold-letters in the primer sequence) were derived from
the published fusA gene sequence [15]. The gel puriWed
PCR product was treated with T4 DNA polymerase and
then ligated to the pET-30EK/LIC vector according to the
manufacturer’s instructions (Novagen). The recombinant
plasmid DNA was sequenced to check the insert sequence.

The pET30 plasmid containing S. aureus fusA insert
was transformed into E. coli BL21 (DE3) for over-
expression of EF-G protein. The transformed cells were
grown in LB containing 50 �g/ml kanamycin at 30 °C
and was induced with 1 mM IPTG at OD595 of 0.4–0.5.
The over-expressed protein was found mostly in inclu-
sion body (80%) and the rest was in soluble form (20%).
The soluble fraction was puriWed using a His-trap Ni-
chelating column and was used as reference for the pro-
tein refolded from inclusion body.

Isolation and dissolution of the EF-G inclusion bodies

Harvested cells were suspended in ice-cold lysis buVer
containing 100 mM Tris, pH 8.0, containing 1 mM
EDTA, 1�g/ml DNase I, and 1 mM PMSF and were dis-
rupted by repeated passage through a French press.
Obtained suspension was centrifuged 30 min at 17,000g.
The collected pellet containing inclusion bodies was
washed twice in 50 mM Tris, pH 8.5, containing 1% Tri-
ton X-100 and 1 mM EDTA. The isolated inclusion
bodies were dissolved in 50 mM Tris, pH 8.7, containing
6 M Gu–HCl, 1 mM EDTA, and 150 mM DTT followed
by 30 min centrifugation at 17,000g. The supernatant
was stored at 4 °C before use. SDS–PAGE of the dis-
solved inclusion body preparation indicated a purity of
the denatured EF-G higher than 90%.

Refolding of EF-G in a batch system

For dilution refolding, 50 �l of Gu–HCl-denatured
S. aureus EF-G at a concentration of 24 mg/ml was
refolded by dropwise addition to 5 ml refolding buVer
(50 mM Tris, pH 8.6, containing 5 mM GSH, 0.5 mM
GSSG) with continuous stirring.

For soluble artiWcial chaperone-assisted refolding, 50�l
unfolded EF-G described above was mixed with 50�l of
10% Triton X-100 and was 20- and 50-fold diluted by the
refolding buVer followed by the addition of 3% (w/v) �-
CD and 3% (w/v) �-CD polymer, respectively.
Capturing of denatured EF-G by detergent and subsequent 
refolding of EF-G by columns

Gu–HCl-denatured EF-G was mixed with various
detergents at diVerent ratio for optimal capturing of the
protein by detergent. This capturing step was best achieved
with 1:1 (v/v) mixture of unfolded EF-G at a concentration
of 24mg/ml and 10% Triton X-100 (w/v). Then, 100�l of
the mixture was added to 0.9ml of the refolding buVer
(50mM Tris, pH 8.6, containing 5mM GSH, 0.5mM
GSSG) and the mixture was immediately applied to col-
umns (10£1cm ID) packed with diVerent resins such as
allyl group-substituted Sepharose HP, monomer �-CD
coupled Sepharose HP, and polymerized �-CD coupled
Sepharose HP, respectively. These columns were equili-
brated with refolding buVer and the refolded protein was
eluted at 0.5ml/min on AKTAexplorer 10 system.

In a control experiment, 50 �l of Gu–HCl-denatured
sample at a concentration of 24 mg/ml was directly
applied to above columns and was eluted with the above
step. To prevent protein aggregation in column, 100 �l
denaturant containing buVer was injected before and
after sample loading.

Study of the aggregation kinetics of the detergent-capturing 
process of EF-G

The degree of aggregation of the detergent captured
EF-G at various protein concentrations and with diVer-
ent detergents of various concentrations was estimated
by turbidity measurements at 340 nm.

Fluorescence and circular dichroism spectroscopy

Detergent-captured EF-G and refolded EF-G from
the poly-�-CD column were desalted on a 5 ml HiTrap
desalting column (GE Healthcare, Sweden) equilibrated
with 50 mM Tris–HCl, pH 7.5, containing 0.15 M NaCl.
Fluorescence measurements were carried out using a
Jasco FP-750 spectroXuorometer at a protein concentra-
tion of 230 �g/ml adjusted with the same buVer. The
samples were excited at 280 nm and emission spectra
were monitored from 300 to 400 nm. The circular dichro-
ism (CD) spectral measurements were performed using a
Jasco J810 spectropolarimeter equipped with a 0.1 mm
pathlength cuvette at a protein concentration of 414 �g/
ml. In all the measurements native soluble EF-G was
used as a reference for the refolded samples.

Reverse-phase high performance liquid-phase 
chromatography (RP-HPCL) analysis

Samples of 500 �l were applied to a �RPC C2/C18 ST
4.6/100 RPC column (GE Healthcare, Sweden) equili-
brated with 0.1% TFA (buVer A) connected to AKTA-
explorer 10. After washing the column with 1 column
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volume (CV) buVer A, a 2 CV gradient of buVer A to
35% buVer B (acetonitrile in 0.1% TFA) eluted contami-
nant components. A 10CV gradient of 35% B to 70% B
eluted the structural variants of EF-G. A Xow rate of
0.5 ml/min was used throughout.

Results and discussion

Refolding of EF-G from a detergent-captured complex 
using a �-CD polymer-coupled agarose column

When S. aureus EF-G was cloned in pET-30 vector
and expressed in E. coli BL21 (DE3) by IPTG induction,
most of the expressed protein produced inclusion body
(80%). We previously reported that when EF-G was
refolded by dilution from inclusion bodies misfolding as
well as aggregation competed against on-pathway
refolding, resulting in very low refolding yield [16]. Table
1 shows the comparison of the result of our new strategy
involving the combination of detergent and a column
packed with immobilized �-CD polymer coupled to
Sepharose HP, 34 �m diameter cross-linked agarose gel
particles, with that of dilution refolding.

For dilution refolding, total refolding yield was only
23% with 49% of mass recovery. During immobilized �-
CD polymer-assisted refolding, unfolded EF-G was
mixed with 10% Triton X-100 of equal volume and was
subsequently diluted 20-time into refolding buVer. A
clear solution, called protein–detergent complex mix-
ture, was formed at Wnal protein concentration of 1.2 mg/
ml. Then the complex was added to the immobilized �-
CD polymer column and further eluted with refolding
buVer. Ninety-nine percentage of mass recovery was
obtained at a protein concentration of 530 �g/ml with
the total refolding yield as high as 99%. Only the Wrst
peak that corresponded with that of native EF-G peak
was observable compared to multiple peaks for dilution
refolding, suggesting that misfolding or partially refold-
ing was successfully prevented (Fig. 1).

Fluorescence and CD spectral analyses were used to
further analyze the structure of refolded EF-G by the
new strategy. As shown in Fig. 2, EF-G refolded in our
method as described above produced a Xuorescence
spectrum similar to that of native EF-G indicating that
its tertiary structure was close to the native state. The
Xuorescence intensity was also the same. When excited at
280 nm the emission maxima of such refolded EF-G was
found at 340 nm that was distinctly diVerent from that
obtained with captured EF-G (315 nm) and unfolded
EF-G (350 nm). A CD spectrum similar to that of native
EF-G was also obtained which indicated the presence of
similar secondary structures. Therefore, refolding with
an immobilized poly-�-CD column after capturing with
Triton X-100 can be considered an eYcient tool to get
correctly refolded EF-G.

Isolation and simultaneous capture of protein by 
detergents

When the non-ionic detergent Triton X-100 was
adopted to capture EF-G, the detergent concentration,
protein concentration, and refolding procedure was
found to have critical inXuence on capturing eYciency.
As shown in Fig. 3, when Triton X-100 concentration
was 0.5%, i.e., far higher than CMC (0.016%), capturing
was successful and independent of the protein concen-
tration. When the Triton X-100 concentration was
0.05%, the capturing eYciency was signiWcantly aVected
by the refolding procedure. Pre-mixing of unfolded EF-
G and Triton X-100 was favorable for minimizing pre-
cipitation compared to directly adding protein into
refolding buVer containing detergent. At 0.005% Triton
X-100, i.e., much lower than CMC, aggregation could
not be prohibited regardless of refolding procedure. So,
valid capturing can only be achieved at Triton X-100
concentrations higher than CMC, which indicates that
the capturing mechanism is a micelle-mediated process.
It is also speculated that pre-mixing of unfolded EF-G
with detergent is favorable for separation of protein
molecules from each other and formation of protein
molecules-containing micelles thus preventing aggrega-
tion during denaturant dilution. Capturing eYciency in
the presence of excessive detergent was basically inde-
Table 1
EVects of various refolding procedures on refolding recovery of EF-G

Note. In the case of refolding by dilution, 50 �l of Gu–HCl-denatured EF-G at a concentration of 24 mg/ml was diluted in 5 ml of refolding buVer
(50 mM Tris–HCl, pH8.6, containing 5 mM GSH and 0.5mM GSSG). In the case of refolding using immobilized polymerized �-CD column, a mix-
ture of 100 �l unfolded EF-G and 100 �l of 10% Triton X-100 20-fold diluted with the refolding buVer was applied to a �-CD polymer column
(10 £ 1 cm ID) and eluted with the same buVer at 0.5 ml/min. Turbidity is represented by the absorbance at 340 nm indicating the amount of aggre-
gate. The content of correct structure is based on the relative peak area ratio of refolded EF-G to that of native, soluble EF-G obtained by RP-
HPLC.

Refolding procedure Turbidity Protein concentration 
(�g/ml)

Mass recovery 
(%)

Content of correct 
structure (%)

Refolding 
yield (%)

Dilution 0.37 120 49 46 23
Immobilized �-CD 

polymer column
0.035 530 99 100 99
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pendent of the initial protein concentration, which
implied this method is of practical application.

The eVect of various detergents on capturing
eYciency was also investigated. As shown in Fig. 4, the
non-ionic detergents Berol 185, NP40, and Triton N-101
had a capturing behavior similar to that of Triton X-100.
Tween 80 only transiently inhibited precipitation and the
block polymer Pluronic F-108 did not work at all. The
hydrophile–lipophile-Balance (HLB) values of Triton X-
100, Triton N-101, Berol 185, and NP40 are 13.5, 13.4,
13.5, and 13.1 whereas the HLB values of Tween 80 and
Pluronic F108 are 15 and more than 24. Thus, the cap-
turing abilities of detergents may be related to their
diVerent HLB values. If the HLB value is too high the
detergent cannot eYciently bind to the proteins hydro-
phobic region and thus cannot prevent aggregation.

As shown in Fig. 2, the Xuorescence spectrum and
Far-ultraviolet CD spectrum of captured EF-G was dis-
tinctly diVerent from that of unfolded and native EF-G.
Secondary structures were present in captured EF-G,
indicating the presence of a refolding intermediate with
some secondary structures. Therefore, unfolded EF-G is
not only enclosed in the detergent micelles but also cap-
tured by detergent resulting in an intermediate state of
its folding structure. This intermediate was likely diVer-
ent from those obtained by direct dilution and could eas-
ily recover the correct native structure upon detergent
removal.

Successful removal of detergent from the corresponding 
protein complex by �-CD polymer-coupled agarose 
column

As shown in Fig. 5, when captured EF-G by Triton
X-100 was applied to, and eluted from, the �-CD poly-
mer column with refolding buVer, two fractions were
obtained. The Wrst fraction was the correctly refolded
EF-G and the second fraction contained only low
molecular weight components such as DTT. By washing
the column with ethanol, Triton X-100 was eluted as the
third fraction. In a control experiment Triton X-100 was
shown to bind to the column and could likewise be
Fig. 1. Chromatograms of RP-HPLC analysis of refolded EF-G by diVerent ways. 0.5 ml sample was applied to �RPC_c2/c18_ST RPC column
(100 £ 4.6 mm ID) and was eluted by 2CV gradient of A (0.1% TFA) to 35% B (acetonitrile containing 0.1% TFA), and then 10CV gradient of 35% B
to 80% B at 0.5 ml/min on AKTAexplorer 10 system. (A) Soluble, native EF-G; (B) Gu–HCl-unfolded EF-G. (C) Refolding by dilution; (D) refold-
ing by immobilized �-CD polymer column after detergent-capturing. Stars represent EF-G peaks of various structures. Note. For unfolded EF-G in
(B) the peak at 13 min of retention time accounted for unfolded EF-G. The appearance of former two peaks possibly resulted from the partial refold-
ing of unfolded EF-G in the tube from injection valve to the column.
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washed out with ethanol. Thus, the immobilized �-CD
polymer can eYciently remove Triton X-100 from the
captured protein. RP-HPLC analysis showed that there
was no Triton X-100 present in the EF-G fraction eluted
from the �-CD polymer column demonstrating the com-
plete removal of detergent from the captured protein
(Table 2).

As the control experiment, monomeric �-CD and sol-
uble �-CD polymer was used to attempt refolding of EF-
G captured by detergent. As shown in Table 2, at a low
Wnal protein concentration, i.e., 0.48 mg/ml, the solution
remained clear and OD 340 nm was only 0.038 with the
addition of monomeric �-CD into protein–detergent
complex indicating the absence of aggregate. A little
aggregate was visible accounting for 0.10 of absorbance
at 340 nm in the subsequent addition of �-CD polymer.
To compare the capability of detergent removal by these

Fig. 2. Intrinsic Xuorescence (1) and far-ultraviolet circular dichroism
(CD) spectrum (2) of various EF-G. All samples were desalted result-
ing in buVer (50 mM Tris, 0.15 M NaCl, pH 7.5). (a) Captured EF-G
with Triton X-100; (b) soluble, native EF-G; (c) refolded EF-G with
immobilized �-CD polymer column after capturing EF-G with Triton
X-100.
additives, refolding products obtained after the addition
of either �-CD monomer or its polymer were analyzed
by RP-HPLC to detect remaining amounts of Triton X-
100 after additive removal by SEC. The amounts of Tri-
ton X-100 in the solution treated with �-CD polymer
were much less than that of �-CD, which clearly shows

Fig. 3. EVect of protein concentrations and refolding procedures on
capturing eYciency at various Triton X-100 concentrations. (a)
Unfolded EF-G was added to refolding buVer (50 mM Tris, pH 8.6,
containing 5 mM GSH, 0.5 mM GSSG) containing 0.005% Triton X-
100, (b) The refolding buVer was added into the mixture of unfolded
protein and 0.1% Triton X-100 resulting in 0.005% Triton X-100. (c)
Unfolded EF-G was added to the refolding buVer containing 0.05%
Triton X-100. (d) The refolding buVer was added to the mixture of
unfolded protein and 1% Triton X-100 of resulting in 0.05% Triton X-
100. (e) Unfolded EF-G was added into refolding buVer containing
0.5% Triton X-100. (f) The refolding buVer was added to the mixture
of unfolded protein and 10% Triton X-100 of resulting in 0.5% Triton
X-100. Above solutions were measured by absorbance at 340 nm
20 min later.

Fig. 4. EVect of various detergents on aggregate kinetics during captur-
ing EF-G. One milliliter refolding buVer (50 mM Tris, pH 8.6, contain-
ing 5 mM GSH, 0.5 mM GSSG) was added to 50 �l unfolded EF-G
mixed with 50 �l of 10% following detergents. (a) Pluronic F108; (b)
Tween 80; (c) NP40; (d) Triton N-101; (e) Berol 185.
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that the �-CD polymer can remove detergent much more
eYciently than the �-CD monomer. This implies that,
polymerization of the �-CD increases its aYnity for the
detergent. But when compared with the �-CD polymer
immobilized onto the column, the detergent removal
capacity of the soluble �-CD polymer was found to be
inferior. Immobilization of the �-CD polymer to a
hydrophilic support thus further enhances its detergent
removal capability.

On the other hand, at high concentration, i.e.,
1.2 mg/ml of Wnal protein concentration, turbidity in
the presence of �-CD polymer reached 1.93, compared
to 0.25 in the presence of monomeric �-CD. Much
higher turbidity of preparations in the addition of �-
CD polymer than that of �-CD monomer demonstrates

Fig. 5. Chromatogram of refolding EF-G with �-CD polymer column
after capturing. Fifty microliters of unfolded EF-G at 24 mg/ml was
mixed with 50 �l of 50 mM Tris, 10% Triton X-100, pH 8.5, and then
diluted into 2 ml buVer A (50 mM Tris, 5 mM GSH, and 0.5 mM
GSSG, pH 8.5) and was injected into �-CD polymer Sepharose HP
column (10 £ 1.0 cm ID) equilibrated with buVer A. It was eluted with
buVer A followed by cleaning with B (ethanol). Stars denotes EF-G
peak. The high peak at a retention volume of 20 ml represents Triton
X-100.
aggregation tends to compete against refolding with
the removal of detergent, which is enhanced with
increasing protein concentration similar to dilution
refolding. At high protein concentrations, quick
removal of detergent from the complex by soluble �-
CD polymer promotes extensive aggregate formation.
In contrast, none of aggregates were seen in the
refolded product by the �-CD polymer column even at
the protein concentrations of 1.4 mg/ml (but native EF-
G content at this concentration was lower than that at
530 �g/ml (not shown)). Therefore, the conclusion is
that the immobilized �-CD polymer column cannot
only eYciently remove detergent from protein–deter-
gent complex but also prevent aggregation.

�-CD polymer-coupled agarose column facilitates correct 
refolding of EF-G by adopting capture-release step and 
providing an enclosed, hydrophilic environment

To investigate the mechanism of refolding of EF-G
with immobilized �-CD polymer following the forma-
tion of protein–detergent complex, Gu–HCl-unfolded
EF-G was applied directly to the �-CD polymer col-
umn and was eluted with refolding buVer. As shown in
Table 3, the total mass recovery in this case was appar-
ently 100% and aggregate formation was eYciently pre-
vented at a protein concentration of around 600 �g/ml,
which was similar to that of the capture-elution
method. In contrast, in a control experiment, mass
recovery with uncoupled column or with immobilized
�-CD monomer was only around 50%. Thus, it is sup-
posed that immobilized �-CD polymer can prevent
aggregate formation most likely by creating a favorable
environment to keep protein molecules isolated or sep-
arated from each other.

Unfortunately according to RP-HPLC analysis only
19% of total pooled fractions from the immobilized �-
CD polymer column was found to be correctly refolded
EF-G in case of direct column loading method, which
Table 2
Comparison of release eYciency of EF-G by �-CD, soluble �-CD polymer, and �-CD polymer column from the protein–detergent complex

“—,” no data shown here; the turbidity is represented by absorbance of refolded products at 340 nm; column1, the column size is 10 £ 1.0 cm ID, the
sample was 1 ml of captured protein complex of 1.2 mg/ml; column2, the column size is 10 £ 1.6 cm ID, the sample was 10 ml of captured protein
complex of 2.7 mg/ml; “T,” transparent. For the batch system, 50 �l unfolded EF-G mixed with 50 �l of 10% Triton X-100 was 20-fold and 50-fold
diluted by refolding buVer (50 mM Tris, 5 mM GSH, and 0.5 mM GSSG, pH 8.6) followed by the addition of 3% (w/v) �-CD and 3% (w/v) �-CD
polymer, respectively. Obtained refolding solutions at 480 g/ml were analyzed by RP-HPLC to detect remaining amounts of Triton X-100 after addi-
tive removal by Superdex 200 HR 10/30 column (GE Healthcare). For the column system, the protein complex was applied to the immobilized �-CD
polymer column followed by elution with refolding buVer.

Removal reagent of detergent System Final protein 
concentration (mg/ml)

Turbidity Relative amount 
of remaining Triton X-100 (%)

�-CD monomer Batch 0.48 0.038 100
�-CD monomer Batch 1.2 0.25 —
�-CD polymer Batch 0.48 0.10 2
�-CD polymer Batch 1.2 1.93 —
Immobilized �-CD polymer Column1 0.53 0.035 0
Immobilized �-CD polymer Column2 1.4 T 0
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is remarkably lower than that by capture-elution way.
Our data demonstrates that correct refolding is not
realistic by direct feed loading sample without a cap-
ture-release process. In another control experiment,
captured EF-G was applied to a monomeric �-CD col-
umn and uncoupled column, respectively. RP-HPLC
analysis showed only 67% active EF-G content
although the mass recovery (72%) was higher than that
obtained on the monomeric �-CD column without a
capturing process. For uncoupled column mass recov-
ery was even much lower than that by direct loading.
Thus, eYcient refolding cannot be achieved in those
columns without the enclosed hydrophilic environment
described above even if a capture-release process is
adopted.

The high mass recovery for both unfolded and cap-
tured EF-G application to the poly-�-CD column sug-
gests that the protein molecules might beneWt from the
enclosed hydrophilic environment provided by the col-
umn. Agarose gel contains large amount of macro
pores able to accommodate protein molecules resulting
in their primary isolation and the immobilized �-CD
polymer further minimize the chance for protein–pro-
tein interaction between the refolding intermediates
with exposed hydrophobic clusters through its Xexible
long hydrophilic spacer arm. This view is supported by
our control experiments where either monomeric �-CD
substituted agarose column or neat agarose column
lacking immobilized �-CD leads to much lower mass
recovery. Our result also demonstrates that a capture-
release step is necessary for correct refolding of EF-G,
suggesting it can facilitate rearrangement of misfolded
structure resulting in the formation of the correct
structure.
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Table 3
Refolding eYciency of EF-G at diVerent states by various columns

“nd,” no precise data available. For the unfolded sample state, 50 �l unfolded EF-G of 24 mg/ml is directly applied to columns (10 £ 1 cm ID) packed
with gel containing above ligands equilibrated with refolding buVer (50 mM Tris, 5 mM GSH, and 0.5 mM GSSG, pH 8.6) and is eluted with the
refolding buVer at 0.5 ml/min. For the captured sample state, 50 �l unfolded EF-G mixed with 50 �l of 10% Triton X-100 followed by dilution with
0.9 ml of the refolding buVer was applied to the columns (10 £ 1.0 cm ID) and was eluted with the same buVer at 0.5 ml/min on AKTAexplorer 10
system. The content of correct structure is based on the relative peak area ratio of refolded EF-G to that of native, soluble EF-G obtained by RP-
HPLC.

Refolding methods Sample state Final concentration (�g/ml) Mass recovery (%) Correct structure content (%)

Uncoupled column Unfolded 296 47 nd
Uncoupled column Captured 125 14 nd
�-CD column Unfolded 322 50 nd
�-CD column Captured 290 72 67
Poly-�-CD column Unfolded 613 100 19
Poly-�-CD column Captured 530 99 100


	Immobilized beta-cyclodextrin polymer coupled to agarose gel properly refolding recombinant Staphylococcus aureus elongation factor-G in combination with detergent micelle
	Materials and methods
	Materials
	Synthesis of the beta-CD polymer and its coupling to the agarose matrix
	Construction of the S. aureus EF-G expression plasmid and over-expression in E. coli
	Isolation and dissolution of the EF-G inclusion bodies
	Refolding of EF-G in a batch system
	Capturing of denatured EF-G by detergent and subsequent refolding of EF-G by columns
	Study of the aggregation kinetics of the detergent-capturing process of EF-G
	Fluorescence and circular dichroism spectroscopy
	Reverse-phase high performance liquid-phase chromatography (RP-HPCL) analysis

	Results and discussion
	Refolding of EF-G from a detergent-captured complex using a beta-CD polymer-coupled agarose column
	Isolation and simultaneous capture of protein by detergents
	Successful removal of detergent from the corresponding protein complex by beta-CD polymer-coupled agarose column
	beta-CD polymer-coupled agarose column facilitates correct refolding of EF-G by adopting capture-release step and providing an enclosed, hydrophilic environment

	Acknowledgments
	References


