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Abstract Fusion ferritin (heavy chain ferritin, F, + light chain ferritin, F), an iron-binding pro-
tein, was primarily purified from recombinant Escherichia coli by two-step sonications with urea
[1]. Unfolded ferritin was refolded by gel filtration chromatography (GFC) with refolding enhan-
cer, where 50 mM Na-phosphate (pH 7.4) buffer containing additives such as Tween 20, PEG,
and L-arginine was used. Ferritin is a multimeric protein that contains approximately 20 mono-
meric units for full activity. Fusion ferritin was expressed in the form of inclusion bodies (IBs).
The IBs were initially solubilized in 4 M urea denaturant. The refolding process was then per-
formed by decreasing the urea concentration on the GFC column to form protein multimers. The
combination of the buffer-exchange effect of GFC and the refolding enhancers in refolding
buffer resulted in an efficient route for producing properly folded fusion ferritin.
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INTRODUCTION

High-level expression of the cloned gene product as in-
clusion bodies (IBs) limits the production of genetically
engineered proteins from Escherichia coli. These aggre-
gates have no known biological activity and it is necessary
that the inclusion bodies be solubilized and the protein
refolded into its native structure [2]. After the dissolution
of IBs, strong chaotropic agents, such as 8 M urea and
guanidine hydrochloride, are added to reduce disulfide
bonds. Finally, the denatured protein is refolded towards
its native conformation in non-denaturation environ-
ments. Generally, this is achieved by dilution or dialysis
[3]. In recent years, the process of refolding by chroma-
tography methods has been rapidly developed; these
methods include ion exchange chromatography, chelating
chromatography, hydrophobic interaction chromatogra-
phy, and gel filtration chromatography (GFC) [4-7] etc.
Batas [7] indicated that refolding in a GFC packed col-
umn was based on an alternative buffer-exchange mecha-
nism to remove high denaturant concentrations.

Fetritin is an iron-binding protein which regulates the
iron metabolism or defense mechanism [8]. Natural fer-
ritin has been purified from horse spleen and formulated
as a drug for iron supplementation [9]. However, it was
banned for the market because of viral contamination.
Recombinant technology is, therefore, a good solution for
meeting clinical needs in large amounts. Ferritin is ex-
pressed as IBs in E. coli; the renaturation of the protein is
crucial for high production yield [10].
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In the present paper, a method will be described for the
refolding and purification of fusion ferritin (heavy chain
ferritin, Fy; + light chain ferritin F;) produced in E. coli
as IBs, in order to obtain the purified ferritin with high
activity recovery. Refolding enhancers, such as Tween,
PEG, and arginine, were selected and tested for high ac-
tivity recovery. Ferritin is a multimeric protein with a
complex subunit composition from heavy chain (Fy) and
light chain (F,) ferritin monomeric proteins. The high
activity of ferritin is associated with a proper formation of
shell and core through the combination of Fyand F;. The
mechanism of iron uptake activity is explained as a cata-
Iytic role of the protein shell in a complex series of hydro-
lytic polymerization reactions of Fe (III) [11].

MATERIALS AND METHODS
Chemicals and Primary Separation

Urea, Tween 20, polyethylene glycol (PEG), L-arginine,
tris (hydroxymethyl) aminomethane (Tris), and ampicillin
were purchased from Sigma. Sephacryl 5-200 gel for
GFC was obtained from Amersham Biosciences in Swe-
den. All other agents were of analytical grade.

As the expression host, we used recombinant E. coli
BL21 carrying fusion ferritin gene, which had been
grown in a fermenter containing 1.8 L LB medium with
50 ug/mL ampicillin. Cells were harvested by centrifuga-
tion and the collected pellets were re-suspended in lysis
buffer and crashed twice by an ultrasonic homogenizer.
The cell homogenate was then applied to a centrifuge for
IBs collection. The collected inclusion bodies were re-
suspended in denaturation buffer (4 M urea and 50 mM
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Fig. 1. Refolding chromatogram of ferritin without folding ad-
ditives in AP-1 column. Ferritin loading: 500 pL at 3 mg/mL.
Elution flow rate: 6 mL/cm 2 h. Elution buffer: 50 mM sodium
phosphate (pH 7.4). Samples were fractionated every 15 min.
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Fig. 2. 15% SDS-PAGE of fractioned samples from Fig. 1.

phosphate buffer at pH 7.4). Details of the fermentation
and the preparation of loading sample for GFC are given
elsewhere [1].

Gel Filtration Chromatography

GFC in an FPLC system (Pharmacia, Uppsala, Swe-
den) was carried out at room temperature using an AP1
column (Waters, Milford, MA, USA) packed with 14.5
mL Sephacryl S-200 gel media. The packed column was
equilibrated with refolding buffer (50 mM phosphate
buffer at pH 7.4 with or without refolding additives, such
as Tween, PEG, and L-arginine). 500 ul. of denatured
protein sample was loaded through a sample loop and
eluted with the same buffer at a flow rate of 6 mlL/cm?h.
The elution fractions were collected and assayed for total
protein concentration, ferritin activity, HPLC, and SDS-
PAGE analysis.

Assay Methods

The total protein concentration was determined by
Coomassie Brilliant Blue assay [12] using bovine serum
albumin as a reference. Sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) was per-
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Fig. 3. Chromatogram of GF-HPLC of ferritin without folding
additives. Elution flow rate: 0.6 mL/min. Ferritin loading: 20
pL. Wave length: 220 nm. Equilibrium and elution buffer: 50
mM NaH,PO, (pH 6.8). The retention time of native ferritin
(450 kDa) is 8.5 min.

18.32 (%)

formed, according to the method of Laemmli [13]. The
concentration of running gel was 15% and that of the
stacking gel was 5%. The biological assay was performed
by iron storage capacities, which were examined by ana-
lyzing the amount of unbound free iron after incubation
with ferric chloride [14].

Reversed-phase high performance liquid chromatogra-
phy (RP-HPLC) was performed to discriminate the folded
ferritin from contaminants by using a Hypersil C8 col-
umn (45 mm ID x 150 mm L). Acetonitrile and deion-
ized water were mixed in a ratio of 25/75 with 0.1% TFA
and eluted at a flow rate of 1.0 mL/min. Additionally, a
BIOSEP-SEC-S300 (Phenomenex, 45 mm ID x 300 mm
L) column was used for gel filtration high performance
liquid chromatography (GF-HPLC). The phase was 50
mM NaH,PO, (pH 6.8) with a flow rate at 0.6 mL/min.
Detection wavelength was 220 nm.

RESULTS AND DISCUSSION

The use of GFC is a process in which the protein re-
folding is initiated and the purification of protein from
contaminants is simultaneously achieved. The 0.5 mL
sample of denatured ferritin in the denaturing buffer is
injected into the GFC column equilibrated with the re-
folding phosphate buffer. Fig. 1 shows the chromatogram
of ferritin refolding by GFC where the first main peak
refers to ferritin, and the following peaks refer to small
molecules. Ferritin fractions 3~7 were detected by SDS-
PAGE analysis, as shown in Fig. 2. The monomeric form
of fusion ferritin has a molecular weight of 40 kDa,
which was calibrated by molecular markers of 14.4, 44,
and 68 kDa proteins.

The resolution of the AP-1 GFC column was high
enough for molecular weight determination that the pool
of fractions 3~5 would be reassayed by GF-HPLC. Fig. 3
shows that the ferritin (450 kDa) which contains ap-
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Fig. 4. Chromatogram of GF-HPLC of Twveen 20-treated ferritin.
Elution flow rate: 0.6 mL/min. Ferritin loading: 20 pL. Wave
length: 220 nm. Equilibrium and elution buffer: 50 mM
NaH2PO4 (pH 6.8). The retention time of native ferritin (450
kDa) is 8.5 min and the retention time of albumin (44 kDa) is
9.7 min.

proximately ten monomers has a retention time of 8.5
min, and the contaminants correspond to the peak at
12.8 min. As seen in Fig. 4, the peak height of 8.5 min
retention time relatively increases by the retolding process
with Tween 20 detergent. Tween 20 detergent helps fer-
ritin monomers to form multimeric ferritins. The first
two peaks correspond to the multimeric ferritins and the
third peak was found to be monomeric ferritin. The peak
at 6.6 min seems to be a ferritin which contains more
than ten monomers.

Table 1 illustrates an increase in the activities of ferritin
treated with folding additives such as Tween 20, PEG,
and L-arginine. The additive is a key factor for mediating
the refolding of denatured protein [15]. As a detergent,
Tween 20 may not only control hydrophobic interactions
of ferritin monomer, but also influence the solubility and
stability of the native, denatured intermediate states dur-
ing refolding. The activity of ferritin decreased as the
concentration of Tween increased from 0.1% to 0.5%
(v/v). Therefore, it is reasonable to postulate that concen-
trations of Tween 20 in the refolding buffer which are too
high could prevent the proper shell and core formation of
ferritin monomers. PEG [16] does not behave as a good
activity enhancer, as activity increases less than 10%. In
contrast, L-arginine is a useful refolding additive, which
enhances activity by more than 50%.

RP-HPLC and GF-HPLC were performed to under-
stand the activity change by HPLC [17]. Fig. 5 is the RP-
HPLC chromatogram of ferritin without folding enhan-
cer. The peak area ratio between the first and the second
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Fig. 5. Chromatogram of RP-HPLC of ferritin without folding
additives. Loading: 20 uL. Elution flow rate: 1.0 mL/min. Wave
length; 220 nm. Area of first to second peak = 80:8.
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Fig. 6. Chromatogram of RP-HPLC of Tween 20-treated fer-
ritin. Loading: 20 uL. Elution flow rate: 1.0 mL/min. Wave
length: 220 nm. Area of first to second peak = 38:36.
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peaks equals 80:8. The second peak corresponding to
refolded active ferritins increases in size in Figs. 6 and 7.
The ratio of the two peaks in Figs. 6 and 7 is 38:8. This
observation implies that the folding enhancers of Tween
20 and PEG act as helpers to promote the formation of
multimeric ferritins, which are more hydrophobic and

- Table 1. Results of iron uptake assay of ferritin with and without folding additives

. 0.1% (v/v) 0.1% v/v) 0.5M 0.2% (v/v) 0.5% (v/v)
No additive Tween 20 L-arginine Tween 20 Tween 20
Activity 8.1 10.1 14.5 6.9 6.6

(uM Fe/min)
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Fig. 7. Chromatogram of RP-HPLC of PEG-treated ferritin.
Loading: 20 pL. Elution flow rate: 1.0 mL/min. Wave length:
220 nm. Area of first to second peak = 38:36.
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Fig. 8. Chromatogram of GF-HPLC of 0.5 M L-arginine-
treated ferritin. Elution flow rate: 0.6 mL/min. Wave length:
220 nm. Equilibrium and elution buffer: 50 mM NaH,PO, (pH
6.8). The retention time of fractioned sample is 7.4 min. The
retention time of ferritin is 7.4 min (800 kDa).

have longer retention times than monomeric ferritins.
PEG- associated ferritin peaks in Fig. 7 show that there
are heterogenous forms of multimeric ferritin revealed by
RP-HPLC. This phenomenon could be ascribed to the
lower enhancing effect on the activity by PEG. Fig. 8 ex-
plains the highest activity of ferritin by L-arginine, ferritin
is assembled with the help of L-arginine. Large macro-
molecules of ferritin at 7.4 min are capable of containing

more iron atoms inside the core surrounded by ferritin
shells.

CONCLUSION

Using the process based on the GFC technique, the
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ferritin can be successfully refolded and simultaneously
purified from the inactive I1Bs. To overcome the high in-
solubility of the protein, a reliable method was developed
for recovering recombinant ferritin by the use of 4 M
urea in the loading buffer, as well as the refolding addi-
tives of Tween 20 and L-arginine. The presence of L-
arginine generates an increase of activity of approxi-
mately 50%. The recovery of bioactive ferritin from IBs is
based on the first dissolution in 4 M urea and the GFC
process for ferritin refolding. This is a valuable method
that could obtain large amounts of natural and active fer-
ritin for the purposes of clinical therapy.

Acknowledgements This work was financially supported
by the Bioseparation Process Engineering Research Center
(BSEP ERC). The authors make a grateful acknowledgment to
the Korea Science and Engineering Foundation (KOSEF).

REFERENCES

[1] Huh, Y. S. and 1. H. Kim (2003) Purification fusion fer-
ritin from recombinant E. coli using two-step sonications.
Biotechnol. Lett. 25: 993-996.

[2] Shin, H. C. (2001) Protein folding, misfolding, and refold-
ing of therapeutic proteins. Biotechnol. Bioprocess Eng. 6:
237-243.

[3] Lilie, H., E. Schwarz, and R. Rudolph (1998) Advances in
refolding of proteins produced in E. coli. Curr. Opin. Bio-
technol. 9: 497-501.

[4] Fahey, E. M., J. B. Chaudhuri, and P. Binding (2000} Re-
folding and purification of a urokinase plasminogen
activator fragment by chromatography. J. Chromatogr. B
737: 225-235.

[5] Guise A. D. and J. B. Chaudhuri (2001) Initial protein
concentration and residual denaturant concentration strongly
affect the batch refolding of hen egg white lysozyme. Bio-
technol. Bioprocess Eng. 6: 410-418.

[6] Geng, X. D. and X. Q. Chang (1992) High-performance
hydrophobic interaction chromatography as a tool for pro-
tein refolding. /. Chromatogr. A 599: 185-194.

[7] Guan Y.-X., H.-X. Pan, Y.-G. Gao, S.-]. Yao, and M. G.
Cho (2005) Refolding and purification of recombinant
human interferon-y expressed as inclusion bodies in E.
coli using size-exclusion chromatography. Biotechnol. Bio-
process Eng. 10: 122-127.

[8] Lee, G., Y. H. Y. Song, H. T. Chung, M. J. Youn, and S. I.
Jang (1991) Differential effects of ferritin on the humoral
and cellular immune responses in the mouse. Molecular
Cells. 1: 169-175.

[9] Kim, K. S., S. R. Chang, and Y. T. Kim (1995) Purifica-
tion and characterization of recombinant tadpole H-chain
ferritin in E. coli. J. Biochem. Mol. Biol. 28: 238-242,

[10] Lee, J., H. Y. Seo, E. S. Jeon, O. S. Park, K. M. Lee, C. U.
Park, and K. S. Kim (2001) Cooperative activity of sub-
units of human ferritin heteropolymers in. E. coli. J. Bio-
chem. Mol. Biol. 34: 365-370.

[11] Kim, K. S. (1998) Influence of site directed mutagenesis
on protein assembly and solubility of tadpole H-chain fer-



504

ritin. Biotechnol. Bioprocess Eng. 3: 67-70.

[12] Bradford, M. M. (1976) A rapid and sensitive method for
the quantization of protein utilizing the principles of pro-
tein-dye binding. Arnal. Biochem. 72: 248-254.

[13] Laemmli, U. K. (1970) Detection of structural proteins
during the assembly of the head of Bacteriophage T4. Na-
ture 227: 680-685.

[14] Kim, S. W,, Y. H. Kim, and J. W. Lee (2001) Thermal
stability of human ferritin: concentration dependence and
enhanced stability of an N-terminal fusion mutant. Bio-
chem. Biophys. Res. Commun. 289: 125-129,

[15] Gao, Y. G, Y. X. Guan, S. J. Yao, and M. G. Cho (2002)

Biotechnol. Bioprocess Eng. 2005, Vol. 10, No. 6

Refolding of lysozyme at high concentration in batch and
fed-batch operation. Korean J. Chem. Eng. 19: 871-875.

[16] Lee, J.-H., N.-G, Loc, T.-H. Kwon, and M.-S. Yang
(2004) Partitioning of recombinant human granulocyte
macrophage colony stimulating factor from plant suspen-
sion culture in PEG/sodium phosphate aqueous two-phase
systems, Biotechnol. Bioprocess Eng. 9: 12-16.

[17] Hong, S. P, C. H. Lee, S. K. Kim, H. S. Yun, J. H. Lee,
and K. H. Row (2004) Mobile phase compositions for ce-
ramide III by normal phase high performance liquid
chromatography. Biotechnol. Bioprocess Eng. 9: 47-51.

[Received March 4, 2005; accepted September 14, 2005]



