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Abstract

Recombinant Staphylococcus aureus elongation factor G (EF-G) is diYcult to refold by dilution due to the formation of large
amounts of misfolded structures. However, refolding of EF-G by adsorption to a chromatographic column packed with immobilized
polyethylene glycol 20,000 (PEG 20 K) followed by pulse elution with 8 M urea resulted in 88% mass recovery and 80% of correctly
refolded structure. The PEG 20 K was coupled to brominated allyl group derivatized Sepharose High Performance to construct a
mild hydrophobic adsorbent. Various other hydrophobic interaction adsorbents were also attempted to refold EF-G. However,
ligands with high hydrophobicity tended to misfold EF-G, resulting in irreversible adsorption. Various solvents, detergents, and low
temperature as well as 8 M urea were tried to release bound EF-G. Only pulse elution with 8 M urea was eYcient. Urea concentra-
tions favorable for eYciently refolding EF-G were investigated. Low urea concentration produced more misfolded structures.
  2005 Elsevier Inc. All rights reserved.
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Elongation factor G (EF-G) promotes the GTP-
dependent translocation of the nascent protein chain
from the A-site to the P-site of the ribosome [1]. Staphy-
lococcus aureus (S. aureus) is a gram-positive bacterium
that causes staphyloenterotoxicosis and staphyloentero-
toximia. Fusidic acid has been used for more than 35
years to treat this bacterial infection [2]. This antibiotic is
known to bind the translational elongation factor G
(EF-G) in the presence of 70S ribosomes and GDP, and
prevents its release from the complex [3]. However, the
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numbers of antibiotics resistant strains are steadily
increasing. The sequencing analysis of fusA gene from
these resistant strains showed point mutations in diVer-
ent domains of EF-G [4]. So, we have cloned and over-
expressed S. aureus fusA gene from the wild type, and
resistant strains (clinically isolated) in Escherichia coli
and attempted puriWcation of the expressed proteins to
obtain enough materials to study the evolution of resis-
tant strains through observing the eYciency of binding
of fusidic acid, eYciency of translocation and GTP
hydrolysis. In addition, we are interested in analyzing the
crystal structure of EF-G and to localize the binding site
of fusidic acid on EF-G. However, over-expression of S.
aureus EF-G in E. coli gave rise to insoluble and inactive
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inclusion bodies that requires refolding process. Now,
there were no reports of refolding EF-G, a complex pro-
tein of 76 kDa, which was assumed to be signiWcantly
diYcult.

Protein refolding is a critical technique in practical
biotechnology based on the recovery of active recombi-
nant protein from inclusion bodies that is dominantly
formed when prokaryotic cell such as E. coli acts as
expression system. Classical refolding methods based on
dilution tend to produce aggregate that accounts for low
refolding yield [5,6]. Refolding of unfolded protein
through a solid matrix packed in a column has gained
much attention in recent years because of its inherent
ability to spatially separate the individual protein mole-
cules during denaturant removal thus avoiding the risk
of aggregation and also allowing automation of the
refolding process [7]. Size-exclusion chromatography
(SEC) [8], ion exchange media [9], metal chelating adsor-
bents [10] were tried to refold some proteins. Hydropho-
bic interaction media are considered potentially more
eYcient to enhance refolding than other media because
hydrophobic interaction between media and partially
refolded or unfolded protein with a large amount of
exposed hydrophobic clusters will further decrease
aggregation. However, adsorption should not interfere
with the refolding pathway that is mainly driven by
hydrophobic collapse. So, a combination of suitable
releasing agents and an adequately adjusted hydropho-
bic interaction should be able to facilitate the refolding
process by preventing intermolecular aggregation.

In the present work, hydrophobic interaction media
were introduced to refold S. aureus EF-G from inclusion
bodies. We investigated the eVect of various hydropho-
bic interaction media on the refolding eYciency. Mainly
two procedures were attempted. The Wrst involved iso-
cratic elution at low salt concentration and the other was
based on elution after adsorption at high salt concentra-
tion. Various elution methods were selected to release
the bound protein. A refolding mechanism was proposed
based on the result of these experiments. In view of the
diYculty to measure EF-G activity, reverse phase high
performance liquid chromatography (RP-HPLC) was
used to estimate the content of active EF-G in the
refolded product. SEC was also attempted to analyze the
content of correctly refolded protein.

Materials and methods

Materials

Triton X-100 was purchased from Sigma. The non-
ionic, non-UV-absorbing, detergent Berol 185 was
obtained from Akzo Nobel Surface Chemistry AB, Sten-
ungsund, Sweden. PEG 20 K was the product of BDH
Chemicals, England. All other chemicals were of analyti-
cal grade. AKTAexplorer 10, Phenyl Sepharose 6 Fast
Flow (low sub), Butyl Sepharose 4 Fast Flow, and allyl
substituted Sepharose High Performance (allyl content
0.20 mM) was obtained from GE Healthcare, Uppsala,
Sweden.

Construction of the S. aureus EF-G expression plasmid

For cloning of the S. aureus EF-G, fusA gene was
ampliWed from the total genomic DNA isolated from the
wild type strain (kindly provided by Diarmaid Hughes,
ICM, Uppsala University). The following primers have
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
recommendations of the Novagen EK/LIC cloning kit,
containing 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 [4].
PCR was performed in 100 �l reaction mixture contain-
ing 1£ Taq polymerase buVer provided with Taq DNA
polymerase (Amersham Biosciences), 200 �M dATP,
dCTP, dGTP, and dTTP, 1 �M of each primer and 2.5 U
of Taq DNA polymerase. The PCR was done in PTC-
100 thermocycler with an initial melting step at 95 °C for
3 min, followed by 30 cycles of 1 min at 95 °C, 45 s at
55 °C, 1 min at 72 °C, and an additional extension for
10 min at 72 °C. The PCR product was gel puriWed and
was treated with T4 DNA polymerase and was ligated to
the pET-30EK/LIC vector according to the manufac-
turer’s instructions (Novagen). The nucleotide sequence
of the inserted EF-G DNA was determined by sequenc-
ing in automated ABI PRISM 3.2 sequencer.

Expression of S. aureus EF-G

The pET30 plasmid containing S. aureus fusA insert
was transformed into E. coli BL21 (DE3) for over-
expression of EF-G protein. The bacterial cells contain-
ing the recombinant plasmid were grown in LB medium
containing 50 �g kanamycin/ml at 30 °C until the cell
density reached to OD595 of 0.4–0.5. Then, IPTG (iso-
propyl-�-D-thiogalactopyranoside) was added at 1 mM
(Wnal concentration) for induction of the EF-G expres-
sion and the growth was continued for four more hours.
The over-expressed protein was found mostly in inclu-
sion body (80%) and the rest was in soluble form (20%).
The cells were harvested by centrifugation at 4000 rpm
for 35 min at 4 °C, and the cell pellet was shock-frozen
in liquid nitrogen and saved at ¡80 °C for further use.
The soluble fraction was puriWed separately and was
used as a reference for the protein refolded from inclu-
sion body.
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Isolation and solubilization of EF-G inclusion bodies from 
E. coli

Ten grams of collected EF-G containing E. coli bacte-
ria was suspended in 70 ml of 100 mM Tris–HCl, pH 8.0,
containing 1 mM EDTA, 1�g/ml Dnase, and 1 mM
PMSF (phenylmethylsulfonyl Xuoride). After three pas-
sages through a French press cooled in ice, the suspension
was centrifuged 30 min at 17,000 rpm. The supernatant
was discarded and the pellet was washed twice with
50 mM Tris–HCl, pH 8.5, containing 1 mM EDTA and
1% Triton X-100. The washed inclusion bodies were dis-
solved in 20 ml of 50 mM Tris–HCl, pH 8.7, containing
6 M guanidine hydrochloride (Gu-HCl), 1 mM EDTA,
and 150 mM DTT (dithiothreitol), and centrifuged for
30 min at 17,000 rpm to remove remaining particulate
material. Analysis by SDS–PAGE showed that the purity
of the denatured EF-G was higher than 90%.

Preparation of PEG 20 K, Triton X-100 substituted 
Sepharose HP

One hundred grams of wet weight allyl group substi-
tuted Sepharose HP (allyl content 0.20 mM) was placed
in a 500 ml glass beaker followed by 400 ml of distilled
water and sodium acetate to a Wnal concentration of
0.1 M. Bromine was slowly added drop by drop with stir-
ring until the color of the gel remained yellow. The bro-
mine-substituted gel was washed with distilled water on
a sintered glass funnel until the color remained white.
The washed gel was transferred to a 1-L round bottomed
glass reaction vessel followed by 40 ml of distilled water
and 25 g PEG 20 K. After stirring at 100 rpm for 1 h, 9.3 g
NaOH and 0.2 g NaBH4 were added to the reaction ves-
sel. The reaction was allowed to continue overnight at
30 °C with continuous stirring followed by pH adjust-
ment to 6–7 by 1 M acetic acid. Finally, the gel was
washed with 10 L distilled water on a sintered glass fun-
nel. The amount of coupled PEG 20 K was estimated by
subtracting the lyophilized dry weight of a wet aliquot of
the original allyl group substituted Sepharose HP from
the corresponding dry weight of a lyophilized aliquot of
the PEG 20 K substituted gel.

For the synthesis of Triton X-100 gel, the same proce-
dures as those for PEG 20 K were adopted except 10 g
Triton X-100 was added to 100 ml of the suspension of
brominated gel, resulting in 10% (w/v) Triton X-100 con-
centration.

Refolding of EF-G by dilution

Fifty microliters of Gu-HCl-denatured EF-G in
inclusion bodies 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.
Refolding of EF-G by pulse elution with 8 M urea after 
adsorption to various hydrophobic interaction media

Various hydrophobic interaction media-packed col-
umns (10 £ 1.0 cm ID) were equilibrated with 20 mM
Tris–HCl, pH 8.2, containing 3 M (NH4)2SO4 (BuVer
A). After the injection of 100 �l of 6 M Gu-HCl in
50 mM Tris–HCl, pH 8.7, containing 1 mM EDTA, a
sample of 100 �l unfolded EF-G (24 mg/ml) was applied
to the column followed by injection again of 100 �l
denaturant. After washing with 1 CV buVer A and 2 CV
20 mM Tris–HCl, pH 8.6, containing 5 mM �-ME
(BuVer B), 2 ml of 50 mM Tris–HCl, pH 8.6, containing
8 M urea (BuVer C) was used to release bound EF-G
followed by 2 CV buVer B. All column procedures were
performed using a FPLC system at a Xowrate of 0.5 ml/
min.

Refolding of EF-G by isocratic elution with refolding 
buVer on immobilized PEG 20 K column

A column packed with PEG 20 K coupled Sepharose
HP (10 £ 1.0 cm ID) was equilibrated in 50 mM Tris–
HCl, pH 8.6, containing 5 mM GSH and 0.5 mM
GSSG. After injection of 100 �l of 50 mM Tris–HCl,
pH 8.7, containing 6 M Gu-HCl and 1 mM EDTA a
sample of 100 �l unfolded EF-G (24 mg/ml) was loaded
and eluted with the equilibration buVer at a Xowrate of
0.5 ml/min.

RP-HPLC analysis

Five-hundred-microliter samples were applied to a
�RPC, C2/C18, 4.6/100 column (4.6 £ 100 mm ID) (GE
Healthcare, Uppsala, Sweden) equilibrated in 0.1% tri-
Xuoroacetic acid (TFA) and connected to AKTAex-
plorer 10. After washing the column with 1 CV of 0.1%
TFA, a 2 CV gradient of 0.1% TFA to 35% acetonitrile
in 0.1% TFA eluted some impurities. After introducing a
10 CV gradient from 35 to 70% acetonitrile in 0.1%
TFA, diVerent structural varieties of EF-G were eluted
at a Xowrate of 0.5 ml/min.

Size-exclusion chromatography (SEC) analysis

One-hundred-microliter samples were injected to a
Superdex 200 HR10/30 column (GE Healthcare, Upp-
sala, Sweden) equilibrated in 50 mM Na2HPO4, pH 8.4,
containing 2 M urea and 0.15 M NaCl. The column was
connected to AKTAexplorer 10 and was eluted at a
Xowrate of 0.5 ml/min.

Protein determination

Protein concentrations were measured as described
[11] using bovine serum albumin as the standard.
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Results and discussion

Correct refolding of EF-G adsorbed to immobilized PEG 
20 K column

Previous studies have shown that PEG could facili-
tate protein refolding by transient binding to a refolding
intermediate [12]. Immobilized PEG acts as a “mild”
hydrophobic interaction ligand [13]. In the present work,
we have applied immobilized PEG 20 K column to
refold EF-G. In a control experiment, Gu-HCl-unfolded
EF-G was refolded by dilution. As shown in Table 1, the
turbidity of the refolded protein solution was round 0.37
suggesting the formation of aggregate. Furthermore,
protein recovery of soluble protein was about 49% at
0.12 mg/ml of protein concentration with the removal of
aggregate by centrifugation. RP-HPLC analysis showed
that in supernatant of refolded product large amounts of
oV-pathway refolding intermediates as well as correctly
refolded EF-G was discovered (Fig. 1B). These interme-
diates were found to fail to recover their native structure
during the incubation phase. Integral of EF-G peaks of
various structures showed that about 46% correctly
refolded EF-G was obtained. As a result, refolding yield
was about 23%. It was supposed that refolding of EF-G
by dilution leaded to misfolding as well as aggregation.

When Gu-HCl-unfolded EF-G was applied to a col-
umn packed with immobilized PEG 20 K equilibrated
with a buVer of high salt concentration resulting in com-
plete adsorption with the removal of denaturant by
washing with the same buVer. Two milliliters of 50 mM
Tris–HCl, pH 8.5, containing 8 M urea was used to

Table 1
The comparison of refolding eYciency by dilution and by immobilized
PEG 20 K HICa

a Ten grams of wet weight cells suspended in 70 ml disruption
buVer was disrupted by sonication resulting in 6.4 g wet inclusion
bodies. After being washed by the buVer containing 1% Triton X-100,
the inclusion bodies were dissolved in 20 ml denaturant containing
Gu-HCl and 24 mg/ml of denatured protein was obtained. Fifty and
hundred microliters of this Gu-HCl-unfolded EF-G acted as the start-
ing material for refolding by dilution and by PEG 20 K HIC, respec-
tively. The turbidity was represented by absorbance at 340 nm. Correct
structure content was represented by the relative area of the correct
refolded EF-G peak to the all EF-G peaks upon RP-HPLC analysis of
pooled fractions. Refolding yield was the ratio of correctly refolded
EF-G mass to the sample mass.

Refolding procedure Dilution PEG 20 K 
HIC

Sample mass (mg) 1.2 2.4
Turbidity of pooled solution 0.37 Clear
Protein concentration of refolded 

EF-G (mg/ml)
0.12 0.58

Refolded EF-G mass (mg) 0.59 2.1
Mass recovery (%) 49 88
Correct structure content (%) 46 80
Refolding yield (%) 23 70
release the bound EF-G followed by washing with 2 col-
umn volumes of refolding buVer. Eighty-eight percent of
protein recovery was obtained and the pooled fraction
was clear, which shows that the use of a small amount of
denaturant, called pulse elution, can eYciently weaken
the hydrophobic interaction between the bound EF-G
and the PEG 20 K ligand resulting in successful elution
of bound protein as well as prevention of aggregate. RP-
HPLC analysis revealed that the content of correctly
refolded EF-G was about 80%. OV-pathway refolding
intermediates were almost unable to be observable (Fig.
1C). In the end, the refolding yield was around 70%,
more three times than that of dilution refolding. The
concentration of the refolded EF-G was 580 �g/ml, evi-
dently higher than that of dilution refolding. Table 1
also gives the result of our strategy, showing satisfactory
recovery. These data demonstrate the practical useful-
ness of immobilized PEG 20 K and pulse elution with
8 M urea for the eYcient refolding of EF-G.

Fig. 1. RP-HPLC analysis of refolded EF-G by dilution (B) and PEG
20 K HIC (C) with soluble EF-G as the standard (A). A 0.5 ml sample
was applied to a �RPC C2/C18 (4.6 £ 100 mm ID) column connected
to AKTAexplorer (GE Healthcare, Uppsala, Sweden) and eluted
using a 10 column volume (CV) gradient from 0.1% TFA to 0.1% TFA
containing 35% acetonitrile followed by a 10 CV gradient of 35% ace-
tonitrile to 80% acetonitrile in 0.1% TFA. Flowrate was 0.5 ml/min.
“*,” Correctly refolded EF-G. “#,” OV-pathway refolding intermedi-
ates.
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EVects of ligand hydrophobicity on refolding eYciency of 
EF-G

To probe into the mechanism of refolding EF-G, var-
ious immobilized hydrophobic media were investigated
for the refolding of EF-G applying a method similar to
the one used for PEG 20 K. Figs. 2 and 3 are the chro-
matograms for refolding EF-G with various HIC col-
umns and corresponding results, respectively. When
unfolded EF-G was adsorbed to immobilized Triton X-
100 at high salt concentration, no EF-G could be eluted
with decreasing salt concentration (data not shown).
However, by the application of an 8 M urea pulse, one
eluted peak could be observed accounting for 56% mass
recovery. RP-HPLC analysis revealed a content of 20%
correctly refolded EF-G and thus merely 11.2% total
refolding yield. Phenyl Sepharose FF (low sub) was also
tried resulting in two eluted peaks and a total mass
recovery of 64%. RP-HPLC analysis showed that the
Wrst eluted fraction consisted of a very little amount of
correctly refolded EF-G but none was found in the sec-
ond fraction. The total content of correct structure was
around 23%. When Butyl Sepharose FF was tried, three
peaks were obtained with a total mass recovery of 77.5%.
The Wrst fraction contained mainly active EF-G, and the
second and the third fractions contained smaller
amounts of active EF-G resulting in a total recovery of
correct refolding of 30%. In comparison, when EF-G
was refolded using immobilized PEG 20 K, a much
larger peak was eluted accounting for 88% mass recov-
ery and with 80% native structure.

Hydrophobicity of those HIC media was remarkably
diVerent with a decreasing order from immobilized Triton
X-100, Phenyl FF, and Butyl FF to immobilized PEG
20 K according to previous report [12]. Triton X-100, a
detergent with a hydrophobic octylphenyl moiety, acts
as a strong hydrophobic ligand since its hydrophilic

Fig. 3. Refolding eYciency of various hydrophobic interaction ligands.
Left bars represent mass recovery (ratio of mass of eluted fractions to
mass of loaded EF-G to columns). Right bars represent ratio of cor-
rect refolded EF-G peak area to total EF-G peak area from RP-
HPLC analysis.
Fig. 2. Elution proWles from urea pulse refolding on various immobilized hydrophobic ligands. Curve (A): Triton X-100 coupled to Sepharose HP;
curve (B): Phenyl Sepharose 6 FF (low sub); curve (C): Butyl Sepharose 4 FF; curve (D): PEG 20 K coupled to Sepharose HP. One hundred microli-
ters of unfolded EF-G (24 mg/ml) was applied to columns equilibrated in 20 mM Tris–HCl, pH 8.2, 3 M (NH4)2SO4. After washing with 1 CV equili-
bration buVer and 2 CV refolding buVer (20 mM Tris–HCl, pH 8.6, 5 mM �-ME), a pulse of 2 ml 50 mM Tris–HCl, pH 8.6, containing 8 M urea was
introduced to release bound EF-G followed by continuous elution with refolding buVer.
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PEG part is used for its immobilization. The conclusion
is that the degree of ligand hydrophobicity has a critical
eVect on the refolding eYciency of EF-G. Strongly
hydrophobic ligands tend to misfold the EF-G as well as
result in irreversible adsorption. The ratio of correctly
refolded EF-G to mass recovery increases with reduced
relative ligand hydrophobicity. PEG 20 K is a mild
hydrophobic ligand and thus optimal for correctly
refolding EF-G.

EVect of the adsorption/desorption procedure on the 
refolding eYciency

Since immobilized PEG 20 K can eYciently refold
EF-G by pulse elution with a small volume of 8 M urea,
attempts were made to refold EF-G by elution with
refolding buVer alone. As shown in Fig. 4, two fractions
were obtained. Table 2 displayed the comparison of

Fig. 4. Refolding EF-G by isocratic elution through the immobilized
PEG 20 K column. One hundred microliters of unfolded EF-G was
applied to the PEG 20 K column equilibrated in refolding buVer
(20 mM Tris–HCl, pH 8.6, 5 mM �-ME) and was eluted with the same
buVer at 0.5 ml/min. Stars represent EF-G containing peaks. To pre-
vent precipitation of EF-G before entering the column, 100 �l denatur-
ant (50 mM Tris–HCl, pH 8.7, 1 mM EDTA, and 6 M Gu-HCl) was
injected before and after sample loading.
refolding results with PEG 20 K HIC by pulse elution
and isocratic elution. For the latter, 78% total mass
recovery of soluble protein was obtained, in which 63%
for the Wrst peak and 15% for the second peak. RP-
HPLC analysis showed that only the Wrst peak con-
tained a small amount of correctly folded EF-G result-
ing in 12% total content of correctly refolded structure,
which was evidently lower than that of the former.

Refolded EF-G by above two elution ways was also
analyzed by SEC. The result is shown in Fig. 5. EF-G
refolded by pulse elution with urea gave a peak with
a retention volume identical to that of soluble EF-G
(Figs. 5A and B). The Wrst refolded fraction by isocratic
elution gave two peaks in SEC indicating the presence
of diVerent refolded structures (Fig. 5C). The Wrst peak
had a retention volume similar to that of soluble EF-G
and thus contained the correctly refolded structure. The
second peak that also proved to be EF-G by SDS–
PAGE (data not shown) might contain a partially
refolded structure. A peak with a retention volume
smaller than that of soluble EF-G could be observed in
SEC of the second refolded fraction implying the pres-
ence of soluble aggregates (Fig. 5D). This suggestion
was supported by a slight turbidity compared to the
transparent other peaks. Therefore, it is safe to conclude
that a process consisting of adsorption to immobilized
PEG 20 K at high salt concentration, followed by pulse
elution with 8 M urea is optimal for the correct refolding
of EF-G.

EVect of elution procedure on refolding eYciency

Considering the existence of multiple-site adsorption
of EF-G to the hydrophobic ligands, various methods
were attempted to induce correct refolding by weaken-
ing the corresponding hydrophobic interactions as
shown in Fig. 6. Ethylene glycol is often used to
elute proteins from HIC adsorbents. However, even a
refolding buVer containing almost 100% ethylene glycol
could not eYciently release bound unfolded EF-G. The
protein mass recovery was merely 5%. The addition of
ethanol in 0.1% TFA also failed to elute bound EF-
G. Berol 185, a UV-transparent detergent with a
Table 2
EVects of various elution ways on refolding eYciency when using PEG 20 K HIC to refold EF-G

The turbidity is represented by absorbance at 340 nm.
a Two fractions were obtained. The Wrst was clear. The second was turbid. The turbidity for isocratic elution were integrated. Correct structure

content was represented by the relative area of the correct refolded EF-G peak to the all EF-G peaks upon RP-HPLC analysis of pooled fractions.
These data were obtained from following steps: for pulse elution, 100 �l unfolded EF-G (24 mg/ml) was applied to columns equilibrated in 20 mM
Tris–HCl, pH 8.2, 3 M (NH4)2SO4, a pulse of 2 ml of 50 mM Tris–HCl, pH 8.6, containing 8 M urea was introduced to release bound EF-G followed
by continuous elution with refolding buVer. For isocratic elution, above sample was directly applied to PEG 20 K column equilibrated in 50 mM
Tris–HCl, pH 8.6, containing 5 mM GSH and 0.5 mM GSSG followed by elution with the same buVer.

Elution way Turbidity Protein 
concentration (�g/ml)

Mass 
recovery (%)

Correct structure
content (%)

Pulse elution with 8 M urea Clear 580 88 80
Isocratic elutiona 0.28 440 78 12
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Fig. 6. Comparison of mass recovery after refolding using various elu-
tion procedures on the PEG 20 K column. One hundred microliters of
unfolded EF-G (24 mg/ml) was applied to the PEG 20 K column (�
1.0 £ 10 cm) equilibrated in 20 mM Tris–HCl, pH 8.2, 3 M (NH4)2SO4

and following buVers were attempted to elute bound protein: ethanol
in 0.1% TFA; 100% (v/v) ethylene glycol in refolding buVer (20 mM
Tris–HCl, pH 8.6, 5 mM �-ME); 20% (w/v) Berol 185 in the refolding
buVer; cooled refolding buVer at ice bath; a pulse of 2 ml of 50 mM
Tris–HCl, pH 8.6, containing 8 M urea followed by continuous elution
with refolding buVer.
Hydrophile–Lipophile-Balance (HLB) value similar to
that of Triton X-100, could only release 15% of the
bound EF-G. Thus, it can be assumed that a strong
multiple-site interaction between a hydrophobic ligand
and bound protein cannot be suppressed by the addi-
tion of competitive hydrophobic co-solvents. Low tem-
perature was also tried to release bound protein since
hydrophobic interaction is strongly temperature depen-
dent. After unfolded EF-G was adsorbed to the PEG
20 K column at high salt concentration and room tem-
perature, the column and all buVers were immersed in
an ice bath. Washing with refolding buVer resulted in
the direct elution of 22% of the bound protein, signiW-

cantly more than at room temperature. However, RP-
HPLC analysis revealed a content of only 18% active
EF-G. Our data demonstrated that the utilization of
pulse elution with small volume urea is necessary for
releasing bound EF-G and subsequently refold it. The
reason for it to work is that the hydrogen bond between
protein and urea is possibly able to compete against
hydrophobic interaction between bound protein [14]
and HIC ligand and also enhance the Xexibility of the
bound polypeptide Wnally resulting in the release of
bound protein. Desorbed protein starts refolding and
simultaneously removes combined urea when it
encounters a favorable environment. In this point,
appropriate amount of urea should be recommended
Fig. 5. SEC analysis of refolded EF-G with PEG HIC by isocratic elution way. Curve (A): soluble, native EF-G; curve (B): EF-G after refolding in a
PEG 20 K column by pulse elution with 8 M urea; curve (C): Wrst peak obtained after isocratic elution through the PEG 20 K column; curve (D): sec-
ond peak obtained after isocratic elution through the PEG 20 K column. One-hundred-microliter samples were applied to a Superdex 200 HR10/30
column (GE Healthcare, Uppsala, Sweden) and eluted with 50 mM Na2HPO4, pH 8.4, 0.15 M NaCl, 0.05% NaN3, 2 M urea at a Xowrate of 0.5 ml/min.
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because excessive volume likely prevents refolding and
inadequate volume possibly fails to conquer hydropho-
bic binding, which demonstrated by our experiments
(not data shown).

EVect of urea concentration on EF-G refolding

In Fig. 7, the eVect of urea concentration on the refold-
ing eYciency of EF-G adsorbed to immobilized PEG 20 K
is shown. Application of refolding buVer of low salt con-
centration eluted the column resulting in only about 10%
mass recovery. This implicates that most of the bound
protein cannot be released merely by decreasing the salt
concentration, probably due to strong multiple-site
adsorption. The small amount of EF-G eluted in this way
is probably due to fast refolding resulting in reduced
hydrophobicity. RP-HPLC analysis showed that the con-
tent of correctly refolded EF-G in the eluted fraction was
only around 13.5%, which indicates that this fast refolding
easily leads to the formation of misfolded structures. A
chaotropic agent such as urea promotes protein desorp-
tion from hydrophobic ligands by aVecting the ordered
structure of water and/or of the bound proteins during
conventional HIC processes [13]. High concentration of
denaturants is often used to elute tightly adsorbed protein
from hydrophobic ligands but frequently it results in inac-
tivation of the protein. BuVer containing various urea
concentrations are often used to release bound protein
that cannot be eluted by decreased salt concentration.

Fig. 7. EVect of eluent urea concentration on refolding. A sample of
100 �l unfolded EF-G (24 mg/ml) was applied to the column at high
salt concentration. For 0 M urea, a refolding buVer (20 mM Tris–HCl,
pH 8.6, 5 mM �-ME) was used to continuously elute above column
binding protein. For 2 M urea, the refolding buVer containing 2 M urea
was used to continuously elute the column. For 4, 6, and 8 M urea, 2 ml
of 50 mM Tris–HCl, pH 8.6, containing various urea concentrations
was applied to the PEG 20 K column following by continuous elution
with the refolding buVer in the absence of urea. Left bars represent the
refolding EF-G mass recovery. Right bars represent the correctly
refolded EF-G content according to RP-HPLC analysis.
With the aim of Wnding the optimum urea concentration
without irreversible misfolding of the eluted protein, the
application of 2 ml refolding buVer containing various
urea concentrations was investigated. It was found that
pulse elution with 2 M urea failed to release the bound
EF-G. However, by continuous elution, 15% mass
recovery was achieved of which merely 23% was correctly
refolded according to RP-HPLC analysis. When the urea
concentration was increased to 4 M during pulse elution
the mass recovery increased to 72%. However, RP-HPLC
analysis showed that the content of correctly refolded was
only 8%. When 6 M urea was adopted, the mass recovery
increased to 85% but with only 11% correctly refolded
EF-G. Finally, 8 M urea could almost release all bound
protein most of which was shown by RP-HPLC to be cor-
rectly refolded EF-G. Therefore, it can be concluded that
too low urea concentration causes the formation of mis-
folded EF-G structures. However, 8M urea is potent
enough to suppress the hydrophobic interaction simulta-
neously providing optimum polypeptide Xexibility correct
refolding to occur.
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