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Abstract

The ultimate goal of proteomics is to identify biologically active proteins and to produce them using biotechnology tools such as bacterial hosts.
However, proteins produced by Escherichia coli must be refolded to their native state. Protein folding liquid chromatography (PFLC) is a new
method developed in recent years, and it is widely used in molecular biology and biotechnology. In this paper, the new method, PFLC is introduced

and its recent development is reviewed. In addition the paper includes definitions, advantages, principles, applications for both laboratory and large
scales, apparatus, and effecting factors of PFLC. In addition, the role of this method in the future is examined.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the purposes of proteomics is to identify unknown
iologically active proteins and use this information to develop
ovel drugs. Some active proteins occur at very low levels in the
uman body and thus have to be produced by biotechnology.
scherichia coli is one of the mostly used host cell in biotech-
ology. But when proteins are expressed in E. coli, they often
orm inactive protein aggregates called inclusion bodies. A step
ecessary in recovering active proteins from E. coli is protein
efolding (it is simply called protein folding here) or protein
enaturation; it is usually the key step during the production of
herapeutic proteins by biotechnology, especially at the indus-
rial scale. The yields from refolding by traditional methods are
sually very low, typically 5–20%. Application of liquid chro-
atography (LC) to protein folding is one of the most interesting

nd exciting methods to develop in recent years. When it is used
n protein folding, the bioactivity recovery increases, the folded
rotein can be easily separated from misfolded forms, protein
oncentration after refolding is relatively high, and it is easy to
cale up and automate, therefore it is regarded as an efficient,
nd close to ideal refolding method [1,2]. Additionally, it has
he potential to be used at an industrial or large scale, today it
as become a very popular technique for protein folding.

Protein refolding by liquid chromatography can be sim-
ly named as “protein folding liquid chromatography”. It is
efined as “a kind of liquid chromatography, with various kinds
f biochemical and/or physicochemical processes originally
ccomplished in solution, which can result in either raising the
fficiency, or shortening the time of protein folding” [3].
An ideal PFLC should have the following four functions
epicted simultaneously in Fig. 1 [3]. They are the removal
f denaturants, refolding of target proteins, separation from
ontaminant proteins including misfolded intermediates of the

ig. 1. Scheme of an ideal protein folding liquid chromatography having four
unctions simultaneously [3]. Four functions: removal of denaturants, refolding
f target proteins, separation from contaminant proteins including misfolded
ntermediates of the target protein, and easy recovery of denaturants.
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arget protein, and easy recovery of denaturants. It usually takes
0–40 min to complete a chromatographic run with simulta-
eous protein folding. In addition, by continuously changing
he components of the mobile phase, different proteins can be
eparated with suitable folding conditions to refold and simul-
aneously purify in only one chromatographic run.

By using the normal dilution method for protein folding,
enaturants and contaminant proteins cannot be removed. Some
recipitates of target proteins will form during dilution; this not
nly results in a low recovery, but also requires centrifugation
fter an overnight incubation. Therefore, the target protein must
e further processed using coarse fractionation and fine fraction-
tion. In addition, using the usual dialysis method for protein
olding, it typically takes 24 h to refold a protein, with numer-
us changes of buffer during dialysis. This method can remove
ost of the denaturants, but cannot completely remove them, and

annot separate the target protein from contaminant proteins.
In the past years, Guo and Geng [4], Li et al. [5], Jungbauer et

l. [6], Middelberg [2] and two books [3,7] separately introduced
FLC and reviewed its development from different aspects. A
omprehensive review of this field is presented in this paper,
ncluding their principles, recent developments and applications,
pparatus, recent developments for PFLC at large scale, and
ffecting factors were summarized and discussed.

. Principles

From a scientific point of view, PFLC includes size exclusion
hromatography (SEC), hydrophobic interaction chromatogra-
hy (HIC), ion exchange chromatography (IEC), and affinity
hromatography (AFC). As it is well known that there is no
bvious interaction between denatured protein and the station-
ry phase of SEC, but there are strong interactions between
enatured proteins and the stationary phase in the other three
hromatographic methods, therefore for convenience, the latter
re referred to as adsorption liquid chromatography. The mech-
nisms for protein folding are discussed for the two kinds of
C.

.1. SEC

The principle of protein folding by SEC was proposed by
atas and Chaudhuri [8]. They reported that denatured proteins
ave a much larger Stokes radius than denaturants, so the for-
er move much faster than the latter and result in a gradual

ecrease in denaturant concentration around denatured protein

olecules, causing protein folding step by step, and as this

appens their Stokes radius decreases gradually. When protein
olding is accomplished, their Stokes radius is constant, and the
rotein is eluted out in its native state. They thought that their
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ispersion rate decreased when the denatured protein molecules
ntered gels, which reduced aggregation. They further tested the
bove mechanism using high performance SEC [9].

.2. Adsorption chromatography

.2.1. Thermodynamic equilibria [3,7]
The key point here is that the chromatographic process for

ny kind of adsorption LC can be elucidated by thermodynamic
quilibrium, providing a basis to describe the principle of pro-
ein folding for this kind of LC. In regular LC, only adsorption
P(N,mo,a)) and desorption (P(N,mo,d)) of the native protein in a
onomeric state with the stationary phase involving the usual
C and any separation depends on the partition coefficient of
roteins between these two phases, while protein folding in
he usual buffer is mainly controlled by the primary structure
f the protein. During protein folding in buffer, on the one
and, a series of aggregation processes, such as unfolding of
he monomer, P(U,mo,d) to dimer, trimer, multimer, until protein
recipitates may form, being unfavorable protein folding. On
he other hand, the denatured state P(U,mo,d), can also be con-
erted to its native state, P(N,mo,d) under a suitable conditions,
eing favorable protein folding. However, with PFLC, the sta-
ionary phase (see Section 2.2.2) makes chemical equilibrium

ove from precipitate and/or its polymers to its monomer in the
nfolded state, P(U,mo,d) to fold to its monomeric native state,
(N,mo,d), until finally it elutes out of the column.

In summary, PFLC is the favorable chemical equilibrium
o convert from aggregate to P(N,mo,d), resulting in either an
ncrease in the protein folding efficiency, or an acceleration in
he folding process. As long as the chromatographic process can
e described by thermodynamic equilibrium, the reported prin-
iple is suitable for each kind of LC listed above, IEC, HIC, and
FC.

.2.2. Molecular mechanism
From the standpoint of molecular interactions, the mech-

nism of protein folding for each kind of adsorption
hromatography mentioned above should be different from each
ther. Because the molecular mechanism of protein folding by
EC and AFC has not yet been reported, HIC is taken as an
xample to demonstrate it.

The mechanism of protein folding by HIC was presented in
992 [10] and reported in detail in 2002 [3,11,12]. The unfolded
rotein molecules are pushed by hydrophobic interaction forces
rom the mobile phase at a high salt concentration to move for-
ard to stationary phase of HIC (STHIC) and tightly contact the
THIC with apolar region of amino acid sequence residues to
orm a stable complex and the hydrophilic parts of the unfolded
rotein molecules face to the mobile phase. Thus, the unfolded
rotein molecules cannot aggregate in this circumstance. The
nfolded protein molecules take enough energy at the molecule
evel from the STHIC and simultaneously carry out three func-

ions: (i) The STHIC can recognize a specific hydrophobic
egion of a polypeptide. (ii) Squeezing out water molecules in
hydrated state from both the hydrated unfolded protein and

he STHIC. (iii) The microdomains of the protein molecules
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n the STHIC are formed. The unfolded protein molecules
esorb from the STHIC as the salt concentration decreases,
r as the water concentration in the mobile phase increases.
rotein molecules with incorrect microdomains would be cor-
ected by the microdomains spontaneously disappearing in the
obile phase due to their unstable thermodynamics. After many

ounds of adsorption and desorption of the protein during
radient elution, the incorrect microdomains would decrease,
hile the protein molecules with correct microdomains would

ncrease, resulting in the protein attaining complete refolding.
he complete refolded protein can be separated from its sta-
le intermediates, or its incompletely refolded forms. Several
nfolded proteins can be simultaneously refolded and, at the
ame time, separated from each other.

. Applications

.1. SEC

SEC is most often applied to PFLC due to its ease of oper-
tion, easy scale up and suitability to the refolding of a wide
ange of proteins. In 1992, one of the authors [10] used SEC to
efold three kinds of standard proteins. In 1994, Werner et al.
13] prepared recombinant human ETS-1, bovine ribonuclease

and integration host factor (IHF), and increase the capacity
f the technique to the mg scale. In 1996, Batas and Chaud-
uri [8] used Sephacryl S 100 as SEC gel, and refolded hen
gg white lysozyme and bovine carbonate anhydrase (CAB) at
n initial protein concentration of 80 mg/mL, their bioactivity
ecovery was 63% (a specific bioactivity recovery of 104%)
nd 56% (a specific bioactivity recovery of 81%), respectively,
hey investigated the SEC refolding method in detail. In order
o provide a wild environment for protein folding, Gu et al. [14]
eported urea gradient SEC, in which a gradually decreasing
radient of urea concentration from top to bottom was initially
ormed in the SEC column, denaturants were removed linearly
y this method and good results were obtained for denatured pro-
eins with a high protein concentration. For denatured/reduced
ysozyme at an initial concentration of 17 mg/mL, a bioactivity
ecovery as high as 90% could be obtained in 40 min. In addi-
ion, they developed a SEC refolding method with dual gradients
f pH and urea concentration, the results were relatively good.
ong et al. [15] combined SEC and the artificial molecular chap-

rone, they used cetyltrimethylammonium bromide (CTAB) as
detergent and �-cyclodextrin as a stripping agent (i.e., elu-

nt), denatured/reduced lysozyme with an initial concentration
f 80 mg/mL was refolded using this method. The results showed
hat this method is favorable for protein folding under conditions
f high flow rate of the mobile phase. Chaperone solvent plug
EC proposed by Liu and Chang [16] could obviously reduce
recipitates formed before denatured protein entered the top of
he column, and relatively high mass recovery was obtained.
chlegl et al. [17] reported a continuous matrix assisted protein

olding system based on SEC refolding and continuous annular
hromatography (CAC), it forces denatured proteins to refold
o their native states quantitatively and continuously. Recently,
imulated moving bed chromatography (SMB) in SEC mode
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Table 1
Examples of refolding of proteins by SEC

Refolding proteins Type of gel Results of refolding Years Reference

Bovine serum albumin
ribonuclease A lysozyme

Shimadzu diol 150 1992 [10]

E. coli integration host factor Superdex 75 60% 1994 [13]
rhETS-1 Sephacryl S 100 71% 1994 [13]
RNase Sephacryl S 100 >90% 1994 [13]
Bovine carbonic anhydrase Sephacryl S 100 HR 56% 1996 [8]
Lysozyme Sephacryl S 100 HR Activity recovery was 46% at a protein

concentration of 80 mg/mL
1996 [8]

Recombinant interlukin-6 Superdex G-25 Activity recovery was 17% 1999 [20]
Recombinant lysozyme Sephacryl S 100 Activity recovery was 35% 1999 [21]
Heterodimeric platelet-derived

growth factor
Superdex 75 Activity recovery was more than 75% 1999 [22]

Lysozyme Superdex 75 Activity recovery was 90% at a protein
concentration of 17 mg/mL

2001 [14]

Urokinase plasminogen activator Sephacryl S 300 Activity was more than 5 times of dilution
method

2000 [23]

Lysozyme Sephacryl S 100 Activity recovery was near 100% at a con-
centration of 40 mg/mL

2001 [24]

Urokinase plasminogen activator
fragment

Sephacryl S 300 Activity recovery was 15.3% 2000 [25]

Lysozyme Sephacryl S 100 Activity recovery was 80% 2002 [15]
Lysozyme Superdex 75 HR Activity recovery was >90% 2003 [16]
Bovine carbonic anhydrase B Superdex 75 Activity recovery was 85% 2003 [26]
recombinant Pseudomonas

Xuorescens lipase
Sephacryl S 200 Refolding yield was 14% 2005 [27]

B lymphocyte stimulator Sephacryl S 200 Refolding yield was 30% 2005 [28]
Lysozyme Superdex 75 HR Activity recovery was nearly 100% 2006 [29]
Lysozyme Sephacryl S 100 Refolding yield was 96% 2006 [19]
r Speci 8
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as also used to refold proteins [18,19], this gave new inspira-
ion to the development of SEC. Table 1 shows some examples
f protein folding by SEC.

.2. HIC

As pointed out previously, in 1991–1992, one of the authors
10] refolded several denatured proteins and rhIFN-� using
IC. In 1997, HIC was applied to the refolding and purifi-

ation of several HIV protease mutants by Du-Pout-Merck
o. [31,32]. So far, many proteins, such as recombinant
uman interferon-� (rhIFN-�) [10,33–35], bovine insulin [36],
ysozyme [37], recombinant bovine prion protein [38] were suc-
essfully refolded using HIC, and good results were obtained.
dditionally, in 2004 and 2006, the refolding with simulta-
eous purification of rhIFN-� [34] and recombinant human
ranulocyte colony-stimulating factor (rhG-CSF) [39] were
eported, respectively, downstream processes for their produc-
ion in biotechnology were simplified greatly. Li et al. [40,41]
efolded the originally denatured lysozyme and recombinant
taphylococcus aureus elongation factor G (EF-G) separately
sing HIC with several urea gradients. Recently, they refolded

onsensus interferon (C-IFN) using HIC with a dual-gradient of
ecreasing guanidine hydrochloride concentration and increas-
ng PEG concentration [42]. Compared with dilution refolding,
he gradient HIC process, in the presence of PEG, gave about

t
a
f
e

fic activity was 1.2 × 10 IU/mg,
recovery was 30%

2006 [30]

.6-folds of increase in specific activity, 30% increase in solu-
le protein recovery. Urea denatured recombinant human stem
ell factor (rhSCF) produced by E. coli were renatured with
imultaneous purification using a high performancehydropho-
ic interaction chromatographic (HPHIC) column packed with
acking materials with an end group of PEG400 [48]. The
efolded rhSCF had a good bioactivity and a high purity. Table 2
hows some examples of protein folding by HIC.

.3. IEC

Protein folding by IEC was introduced by Creighton [49,50]
n 1986, he used a refolding system consisting of three buffers,
n which a decreasing gradient of urea concentration was used
o refold protein, then an increasing gradient of salt concen-
ration was performed to elute the refolded protein. Suttnar
t al. [51] used 0.01 mol/L NaOH solution to solubilize the
nclusion body of papilloma virus HPV16 E7MS2 fusion pro-
ein, and successfully refolded the solubilized target protein
sing Mono Q strong anion exchange chromatographic col-
mn. Stempfer et al. [52] fused a polycation tag containing
exa-arginine onto �-glucosidase, and refolded this fusion pro-

ein by IEC with a polyanionic support. This method provides

novel protocol for proteins with very few charges, but the
usion and cleavage of the tag was relatively complex. Kweon
t al. [53] refolded cyclodextrin glycocyltransferase fused with
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Table 2
Examples of protein refolding by HIC

Refolding proteins Refolding results Years References

rhIFN-� Activity recovery was 2–3 times of dilution method,
purity was more than 85%

1991, 1992 [10,33,43]

HIV protease mutants 1997, 1998 [31,32,44,45]
Bovine insulin Refolding yield was 66% 2002 [36]
Recombinant bovine Mass recovery was 2004 [38]
Prion protein 87%, purity was 96%
Recombinant Mass recovery was 2003 [46]
Human proinsulin 94%, purity was 90%
rhIFN-� Activity recovery was 2–3 times of dilution method 2001 [47]
Lysozyme Activity recovery was 94.6% 2003 [37]
rhIFN-� Specific activity was 1.3 × 108 IU/mg, purity was >95% 2004 [35]
Recombinant human stem cell factor Purity was 94%, specific activity of 1.2 × 106 IU/mg 2006 [48]
rhIFN-� Injection mass was about 2.0 g, injection volume was

700 mL, purity was >95%, specific activity was
5.7 × 107 IU/mg

2002 [12]

rhG-CSF Injection mass was about 1.5 g, injection volume was
speci
very

2006 [39]
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200 mL, purity was 95.4%,
2.3 × 108 IU/mg, mass reco

-IFN Mass recovery was more th

0 lysine residues at the C-terminus (CGTK10ase) using strong
ation exchange chromatography (SCX) with SP Sepharose gel,
he refolded yield was approximately 100% and the protein
oncentration after elution was 2.5 mg/mL, the initial protein
oncentration was 7.5 mg/mL. This method is similar to that
ntroduced by Stempfer et al. [52]. Li et al. [54] improved
he refolded yield of lysozyme using urea and pH dual gradi-
nt SCX with soft gel SP Sepharose. In 2002, Cho [55] used
xpanded bed adsorption chromatography (EBA) packed with
weak anion exchange resin to refold proteins, it simplified

he production procedure for proteins in inclusion bodies. In
005, Machold et al. [56] used preparative continuous annu-
ar chromatographic (P-CAC) packed with DEAE Sepharose to
efold �-lactalbumin continuously. Liu et al. [57] recently pro-
osed a relatively versatile refolding method using IEC with a
ilica-based weak cation exchanger, very high mass and bioac-
ivity recoveries were obtained for denatured lysozyme. In this

ethod, 4.0 mol/L urea was a constituent of the equilibration and
lution buffers, and ammonium sulfate which is good for main-
aining the stability of native proteins was selected as the elution
gent. A similar method was also applied to rhG-CSF [58,59].
u et al. [60] refolded recombinant dual human stem cell fac-

or using IEC similar to Creighton’s method, the target protein
btained had a purity of 90%, and a refolded yield of 19.46%.
enatured/reduced bovine serum albumin (BSA) which con-

ains 17 pairs of disulfide bonds was renatured using strong anion
xchange chromatography (SAX) with a Q Sepharose column
61]. BSA was eluted after an incubation of 40 h in the SAX
olumn, its refolded yield and mass recovery were 55 and 67%,
espectively, this is one of the most complex proteins refolded
y LC. Examples for protein folding by IEC are listed in Table 3.
.4. AFC

Specific affinity interactions between ligands and target
roteins are responsible for reducing aggregates between dena-

6

a
W

fic activity was
was 36.9%
% 2006 [42]

ured protein molecules and increasing the refolded yield. AFC
pplied to protein folding can be classified into three types
ccording to their ligands: immobilized metal ion affinity chro-
atography (IMAC), immobilized liposome chromatography

ILC), and immobilized molecular chaperone chromatography
IMCC). In 1994, Phadtare et al. [69] immobilized the molecular
haperone GroEL on the surface of a stationary phase and used
his column on tublin and glutamine synthetase. In 1997, Altami-
ano et al. [70] immobilized histidine-fused GroEL (191–345)
ith 17 amino acid residues at the N-terminus on Ni-NTA resin

hrough a chelating interaction, and used the column packed
ith this modified resin to refold indole 3-glycerol phosphate

ynthase (IGPS) mutants IGPS (49–252) denatured by 8 mol/L
rea, its mass recovery was 92%, and the refolded protein had a
ioactivity of 100%. They also used this affinity column to refold
yclophilin A, its mass recovery was 84% and its bioactivity
ecovery was 98%. In 1999, they immobilized molecular chaper-
ne/disulfide isomerase/proline PPI on agrose resin and formed
tri-component stationary phase, they used this column to refold
corpion toxin Cn5 [71], which could not be refolded at all using
ther methods. Its mass recovery was 87% and its bioactivity
ecovery was near 100%, and thus they called this method as
efolding chromatography. They also used this method to refold
nother recombinant protein [72]. Gao et al. [73] refolded rhIFN-
using an immobilized molecular chaperone fragment. Guan

t al. [74] immobilized mini-molecular chaperone sht GroEL
191–345) on activated Sepharose Fast Flow gel and used a col-
mn packed with this modified gel to refold rhIFN-�, the results
howed that this method was very useful for the refolding of
hIFN-�. When 100 �L of rhIFN-� solution with a protein con-
entration of 17.8 mg/mL was injected into the column, the mass
ecovery of the target protein was 74.25% and its bioactivity was

.74 × 106 IU/mL.

IMAC is based on the affinity interaction between the lig-
nds and the histidines tagged at the end of the target proteins.

hen protein molecules are adsorbed on the IMAC column,
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Table 3
Examples for protein refolding by IEC

Proteins Stationary phases Refolding results Years References

Cytochrome c CM-cellulose Mass recovery was more than 80% 1986 [49,50]
Ovalbumin DEAE-cellulose Refolding yield was 50% 1990
Trypsin inhibitor CM-cellulose Mass recovery was more than 90%
Fused �-glucosidase Heparin Sepharose Bioactivity recovery was four times of dilution 1996 [52]
Papilloma virus HPV16 E7MS2 fusion protein Mono Q 1994 [51]
Lysozyme Silica-based WCX Activity recovery was approximately 100% 2003 [62]

when initial protein concentration was up to
20 mg/mL

2005 [57]

Lysozyme SP Sepharose Activity recovery was approximately 95%
when initial protein concentration was up to
40 mg/mL

2002 [54]

Recombinant lysozyme SP Sepharose FF Activity recovery was approximately 100%
when initial protein concentration was up to
4 mg/mL

2002 [63]

Single-chain Fv-cellulose binding domain proteins Cellulose Refolding yield was 60% 1999 [64]
rhG-CSF Q Sepharose FF Specific activity was 2.3 × 108 IU/mg, mass

recovery was 43%, purity was 97%
2005 [58]

Recombinant secretory leukocyte protease inhibitor DEAE-cellulose Protein concentration was enhanced 6.4-fold
than dilution method, activity recovery was
46%, mass recovery was 96%

1996 [65]

�-Lactoalbumin Fractogel EMD DEAE Refolding yield was 84% 2005 [66]
CGTK10ase SP Sepharose The refolding yield was approximately 100%

and the protein concentration after elution was
2.5 mg/mL

2004 [53]

Recombinant LK68 Q-Sepharose Hi-Trap Refolding yield was 68%, which is 1.7-fold of
dilution method

2005 [67]

rhGH-GST STREAMLINE DEAE Refolding yield was 84% 2002 [55]
E
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GFP Q Hyper Z
ecombinant dual human DEAE Sepharose
tem cell factor FF

ydrophobic interactions between denatured protein molecules

re prevented. Under a high concentration of denaturants, the
istidine tail of the target protein can still retard on its surface
f IMAC, therefore it can accomplish refolding and purification
imultaneously [75–77]. For the refolding of Ykt6p SNARE by

A
a
a
d

able 4
xamples for protein refolding by AFC

roteins Stationary phases Re

ublin Immobilized GroEL
His)6-LECT2 Ni-NTA Re
His)6-voltage-dependent

anion-selective channel
Talon

His)6-aequorin Ni-NTA Spe
His)6-interleuin-15 receptor �-chain Ni-NTA Ma
ecombinant Toc75 Ni-chelated Sepharose FF

His)6-exopolyphosphatase Ni-chelated Sepharose FF Ma
ecombinant bovine prion Ni-NTA Ma
v2430c Ni-NTA
sp-antigen fusion protein Ni-agarose Re

hG-CSF Cu-chelated Spe
ma

ysozyme Immobilized liposome Ac
ovine carbonic anhydrase Immobilized liposome Ac
ysozyme Immobilized GroEL Ac
ragment 450–650 of the spike
protein of SARS-coronavirus

Ni-NTA Ma

hIFN-� sht GroEL (191–345) Ma
P10-scFv fusion protein Ni-chelating Re
Refolding yield was 90% 2005 [68]
Refolding yield was 19.46%, purity was 90% 2005 [60]

MAC, its mass recovery was 88%, and its purity was 94% [78].

equorin was adsorbed onto Ni-NTA agarose in batch mode,

fter that the agarose beads were packed into column, then the
dsorbed aequorin was refolded by IMAC [75], crowding of
enatured proteins on the top of the column was avoided in this

folding results Years References

1994 [69]
folding yields was 81% 2003 [84]

2003 [76]

cific activity was 2.2 × 1010 RLU/mg 2003 [75]
ss recovery was 6-fold of dilution method 2003 [85]

1998 [86]
ss recovery was 51% 2003 [77]
ss recovery was 11% 2003 [79]

2004 [87]
folding yield was 34.5% 2004 [88]
cific activity was 2.3 × 108 IU-mg−1,

ss recovery was 36.4%
2004 [80]

tivity recovery was 100% 2000 [81]
tivity recovery was 83% 1998 [83]
tivity recovery was 81% 2000 [89]
ss recovery was 31.5% 2005 [90]

ss recovery was 74.25% 2006 [74]
folding yield was 45% 2006 [91]
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Fig. 2. Chromatogram of standard proteins separated by USRPP [7]. (a) USRPP
with a dimensionless of 10 mm × 50 mm i.d., 1, cytochrome C; 2, myoglubin;
3, ribonuclease A; 4, lysozyme; 5, �-chymotrypsin; 6, �-mylase; 7, insulin. (b)
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anner, and aggregates decreased. Tien and co-workers [79]
sed the octapeptide repeated sequence in recombinant bovine
rion as a natural affinity tag, and refolded the protein by Ni-NTA
MAC and the target protein with correct structure was obtained,
ts mass recovery was 11%. Wild rhG-CSF without any affinity
ag was also refolded successfully using IMAC [80].

Yoshimoto et al. [81–83] separately refolded bovine carbon-
te anhydrase, lysozyme and ribonuclease A using ILC. They
hought that liposome could be regarded as a kind of aqueous
wo-phase system and can function as an artificial molecular
haperone, it has a high selectivity for different conformations of
roteins denatured with different concentration of denaturants,
nd retention of proteins with different molecular conformations
n the column has a relationship with the local hydrophobicity.
uring protein folding, the ILC can combine with protein fold-

ng intermediates, thus aggregates between denatured protein
olecules were prevented and refolding yield was improved.
ome examples for protein folding using AFC are listed in
able 4.

. Apparatus

.1. Unit of simultaneous renaturation and purification of
roteins

For PFLC, a series of problems exists, such as aggregates
ould form when loading the denatured protein solution. When

ggregates formed, the back pressure of the column would
ncrease significantly, even blocking the column. Additionally,

ass and bioactivity recoveries of the target protein would
ecrease. This problem is more important in large scale PFLC.
eng and co-workers [92,93] designed and manufactured in a

eries of units for simultaneous renaturation and purification of
roteins (USRPP), also called chromatographic cake, its length
s very short, only 1.0–5.0 cm, but its diameter is up from 2.0 to
0 cm or even larger. Its cross section is very large, so the increase
n the column back pressure is not obvious when a few precipi-
ates accumulate on the filter or on the top of column bed. This
nit has very good resolution for proteins in laboratory (Fig. 2a)
nd large scales (Fig. 2b), it has been applied to the refolding of
any proteins, and was used for the refolding with simultaneous

urification of rhIFN-� [34] and rhG-CSF [39] at an industrial
cale. When the USRPP with a size of 10 mm × 200 mm i.d.
as used, rhIFN-� with a purity of more than 95%, and a spe-

ific bioactivity of 8.9 × 107 IU/mg can be obtained by using
SRPP within 2 h, bioactivity recovery can reach 24-fold that
f traditional methods, the time it takes was only half that of the
raditional method. When using the USRPP with a dimension
f 10 mm × 300 mm i.d., 700 mL of rhIFN-� solution extracted
y 7.0 mol/L GuHCl containing 2.0 g of total protein could be
rocessed in one run with a flow rate of 120 mL/min [34]. And
he USRPP was also used to refold rhG-CSF with simultaneous
urification at large scales [39].
USRPP has a very good performance, but its price is relatively
igh due to packing with supports with small particles and using
tainless steel for cake bodies. Based on the fact that the reten-
ion of biopolymers in LC is dominated by the contact surface

4

d

SRPP with a dimensionless of 10 mm × 200 mm i.d., (1) cytochrome c; (2)
yoglubin; (3) lysozyme; (4) �-amylase; (5) insulin.

rea between biopolymers and the stationary phase employed
7,94,95,96], a short column packing with small particles (i.e.,
ess than 10 �m) should theoretically have an identical resolution
o that of a longer column packed with the same kind packing
ith large diameter particles (i.e., 50–100 �m), but the latter is
uch cheaper than the former. Thus, a series of simple and cheap

olumns were manufactured [3,39,97], in which large particu-
ates were packed and the HPHIC column packing materials are
ilica-based, it is much cheaper than the USRPP. Compared to
ig. 2a, although it still has a good resolution for protein (Fig. 3),

ts resolution is a little worse. It can be used either for investi-
ating chromatographic conditions in laboratory scale, or as a
re-column for other uses.
.2. Expanded bed adsorption chromatography

Expanded bed adsorption chromatography (EBA) is a newly
eveloped chromatographic technique in recent years and it
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ig. 3. Chromatogram of five standard proteins separated by Kelin® fast protein
urification column [3] (1) cytochrome c; (2) myoglubin; (3) lysozyme; (4)
-amylase; (5) insulin.

s a large-scale industrial chromatographic technique. It is an
lternative to traditional clarification (centrifugation, tangen-
ial, micro- and ultrafiltration) and the first chromatography
tep. The work of refolding proteins using EBA was initiated
y Mannen et al. [98], they immobilized molecular chaper-
ne on the chromatographic support and using EBA to refold
enatured proteins. In 2002, Cho et al. [55] used EBA column
acked with STREAMLINE DEAE resin to refold the E. coli
ell homogenate of the fusion protein of recombinant human
rowth hormone (rhGH) and glutathione S-transferase (GST)
ragment, its refolding yield was up to 84%. Choi et al. [67]
ompared the refolding efficiencies of an EBA and a packing
ed for recombinant LK68, the results indicated that both were
omparable. Cabanne et al. [68] refolded enhanced green fluo-
escent protein (EGFP) expressed in E. coli using EBA with an
nion exchanger, good results were obtained. Jin et al. [99] used
BA packed with Streamline SP strong cation exchange chro-
atographic resin to refold rhIFN-� solubilized by 8 mol/L urea
ith simultaneous purification, its mass recovery was 52.7%,

nd its specific bioactivity was 8.18 × 106 IU/mg.
Applying EBA to protein folding not only can reduce aggre-

ates and improve refolded yield, but can also increase purity,
educe steps during refolding process, and lower production
osts. EBA provides PFLC with an alternative routine to over-
ome the increase in column back pressure resulting from protein
recipitation.

.3. Continuous annular chromatography

Continuous annular chromatography (CAC) is also a new
hromatographic technique. It can allow sampling and separa-
ion to be performed continuously, and it is a very important
reparative chromatographic technique. Schlegl et al. [17]

eported a continuous matrix assisted protein folding system
ased on SEC refolding and continuous annular chromatogra-
hy (CAC). This system consisted of a preparative CAC and an
ltrafiltration system, the CAC was used for protein folding and

h
k
c

ogr. B 849 (2007) 69–80

eparation, the ultrafiltration was used to recover protein aggre-
ates formed during protein folding, and then the recovered
ggregates were re-injected into the CAC for refolding again.
his system can help make denatured proteins be refolded into

heir native states quantitatively and continuously. When using
uperdex 75 PrepGrade as a gel to refold bovine �-lactoalbumin,
refolded yield of only 30% was obtained by using the normal
atch SEC, but the refolded yield was increased to 41% by using
he continuous system when the recycle rate was 65%. If the
ggregates could be quantitatively solubilized and recycled to
he sample solution, the refolded yield might have a potential
o achieve nearly 100%. Lanckriet and Middelberg [100] also
efolded lysozyme by using CAC. Machold et al. [56] refolded �-
actoalbumin in continuous operation mode using a preparative
ontinuous annular chromatographic (P-CAC) column packed
ith DEAE Sepharose resin. A solution containing 2 mol/L
uHCl was used to dissolve protein aggregates and precipi-

ates in the column during refolding. The re-dissolved proteins
ere recovered by ultrafiltration and were re-injected into the

hromatographic system for refolding again; the refolded yield
as enhanced to a certain extent. Continuous operation of pro-

ein refolding by IEC was achieved in this method, and it
epresents a very good idea for recovery of protein precipi-
ates during PFLC. However, P-CAC is not stable, especially
ts flow rate is unstable, its peak wiggle, and it is not easy to
perate.

.4. Simulated moving bed chromatography

Simulated moving bed chromatography (SMB) is also a con-
inuous chromatographic process. It has some advantages such
s high reproducibility, low solvent cost, low product dilution
atio, therefore, its operational cost is relatively low, but its one-
ff investment is relatively high. For separation at preparative
nd productive scales, low operational cost is in the highest flight
ompared to high one-off investment, therefore, the separation
ost of SMB is lower than batch chromatography [101]. This
echnique has been used for large scale separation in many fields.
ark et al. [18,19] used four-zone SMB in SEC mode to refold
enatured/reduced lysozyme continuously, both its bioactivity
nd mass recoveries were more than 90%. During the process,
he productivity was high, cost of refolding buffer was low and
upport use rate was high. Compared to batch SEC, the concen-
ration of lysozyme obtained by SMB was high, and the cost of
dsorbents was low.

It can be seen from the above that PFLC at a large scale and
t an industrial scale has been performed from various points of
iew, and relatively good results were achieved. However, work
n this field is only underway just now, and much research should
e carried out to further develop this method.

. Factors effecting the PFLC
The expenses for manufacturing therapeutic proteins are very
igh and thus it is desirable to reduce these. Besides selecting the
ind of LC for protein folding, the optimization of the renatured
ondition for each LC is also significant.



romat

5

a
o
i
r
u
[
w
t
N
a
t
e
e
w
r
c
m
s
c
u

5

p
i
f
p
F
a
a
s
e
[
m
H
P
t
r
H
i
P
s
p
�
s
t
b
w
i
a
d
t
a

n
u
a
t
b
t
b
a

5

t
a
t
t
a
r
m
e
o
[
i
r
o
a
r
i
e
i
w
c
e
g
w
t
a
y
t
t
t
t
d
o
s
fl

5

f
s
s

X. Geng, C. Wang / J. Ch

.1. Denaturant concentration in the mobile phase

A suitable concentration of denaturant in sample solution
nd/or mobile phase can reduce a denatured proteins chances
f aggregating to a minimum, or prevent precipitates appear-
ng altogether facilitating protein elution during PFLC, thus the
efolded yield would be enhanced. Urea is the mostly commonly
sed denaturant added to mobile phases. Muller and Rinase
22] refolded platelet-derived growth factor by using SEC, it
as found that aggregates increased from 10 to 60% when

he mobile phase changed from 0.5 mol/L GuHCl to 0.5 mol/L
aCl. Liu et al. [57] found that bioactivity recovery increased

nd then decreased with increasing urea concentrations during
he refolding of lysozyme by high performance weak cation
xchange chromatography (HPWCX), with the highest recov-
ry at 4.0 mol/L urea. Little bioactivity recovery was obtained
hen the urea concentration was less than 1.0 mol/L. Similar

esults were obtained for the refolding with simultaneous purifi-
ation of rhG-CSF using SAX with Q Sepharose FF gel, but the
ost suitable urea concentration is 3.0 mol/L [58,59]. It can be

een that urea concentration is very critical for the PFLC, espe-
ially for those proteins susceptible to aggregation, but different
rea concentrations are required for different proteins.

.2. Stationary phase

It is believed that the stationary phase adsorbs denatured
rotein molecules playing an important role not only in reduc-
ng aggregates during PFLC, but also in associating protein
olding by means of three functions [3,12], so the stationary
hase plays a very critical role during protein folding by LC.
ahey et al. [25] found that the types of stationary phase had
significant effect on the refolding of urokinase plasminogen

ctivator by SEC. It was thought that the fraction range of the
tationary phase was responsible for the refolding results. Gu
t al. [26] obtained results similar to those above. Wang et al.
38] refolded a recombinant bovine normal prion protein frag-
ent [rbPrP (104–242)] with simultaneous purification using a
PHIC with three different types of stationary phases (phenyl,
EG600 and tetrahydrogen furfural), the results indicated that

he types of stationary phase had a significant effect on the mass
ecovery and purity. Denatured lysozyme was also refolded by
PHIC using the above three types of stationary phase [37],

t was found that the highest refolded yield was obtained when
EG600, which has the weakest hydrophobicity, was used as the
tationary phase. Geng et al. [34] found that types of stationary
hase also had a very significant effect on the refolding of rhIFN-
, the best results were achieved when using PEG200 as the
tationary phase, which has the weakest hydrophobicity among
he seven investigated types of stationary phase. Results obtained
y Li et al. [40] indicated that ligands with strong hydrophobicity
ere susceptible to causing misfolding of EF-G, thus resulting

n irreversible adsorption and lower refolded yields. Machold et

l. [66] found that various refolded yields were obtained with
ifferent anion exchangers for denatured �-lactoalbumin, and
he refolding time was much different with these exchangers. It
lso indicated that refolded yields of lysozyme depended sig-

p
f
b
p

ogr. B 849 (2007) 69–80 77

ificantly on the types of stationary phase during its refolding
sing HPWCX [102]. Various proteins have various structures
nd characteristics, they require different stationary phases for
heir refolding, and therefore a suitable stationary phase should
e selected from various stationary phases. Additionally, sta-
ionary phases with new structures and characteristics should
e developed to broaden the types of stationary phases, thereby
ccelerating the maturation of the PFLC technique.

.3. Flow rate

Flow rate can affect the contact time of denatured proteins
o the stationary phase of a chromatographic column. It can
lso affect the rate of denatured protein molecules entering into
he column and the rate of decreasing the denaturant concen-
ration, thus resulting in different refolded yields. Harrowing
nd Chaudhuri [103] investigated the effect of flow rates on the
efolded yields of �-lactamase by SEC, it was found that the
ass recovery increased with increasing the flow rate. Fahey

t al. [23] found the same phenomenon during the refolding
f urokinase plasminogen activator using SEC. But Gu et al.
26] found that aggregates reduced and the bioactivity recovery
ncreased with a decrease in flow rate. Guan et al. [74] refolded
hIFN-� using gels immobilized with mini-molecular chaper-
ne sht GroEL (191–345), they found that both mass recovery
nd specific bioactivity increased with a decrease in the flow
ate. Liu et al. [29] thought that it was the key for protein fold-
ng using SEC to reduce aggregates before denatured protein
ntered the column and to make protein stay for enough time
n the column. They used higher flow rates during the process
hen the protein was moving from injection valve to the top of

olumn, then lowering the flow rate to make the protein stay long
nough in the column, the results demonstrated that the aggre-
ates were reduced significantly and that the refolding results
ere very good. Liu [102] refolded lysozyme using HPWCX,

hey found that the bioactivity recovery increased somewhat with
n increase in the flow rate, approaching the highest refolded
ield at a flow rate of about 2.0 mL/min, but stayed static after
hat. Li et al. [54] found that bioactivity recovery increased ini-
ially and then decreased with an increase in the flow rate during
he refolding of lysozyme using IEC. Geng et al. [34] found that
he lower flow rate was favorable for improving mass of rhIFN-�
uring its refolding using HPHIC. It can be seen that the effects
f flow rate on the refolded yield is not consistent, this may have
omething to do with refolding methods, but it is affirmative that
ow rate has an important effect on PFLC.

.4. Salts and pH

The kinds of salt in the mobile phase of HIC have not been
ound to affect protein folding significantly [34], but the kinds of
alt in the mobile phase of IEC affect it seriously [57]. However,
ome differences as well as some similarities between effects of

H on the protein folding using LC and dilution method were
ound to contribute to protein folding, because pH can affect
oth retention and elution of proteins during chromatographic
rocesses. Wang et al. [38] found that the most suitable mobile
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hase pH was 7.0 during the refolding of rbPrP (104–242).
weon et al. [53] refolded CGTK10ase using SCX, the results

ndicated that refolded yield and specific bioactivity decreased
rastically when pH was below 7, and they approached approx-
mately 100% between pH 7 and pH 8.5, but its mass recovery
lmost remained constant between pH 6 and pH 8.5. Gener-
lly, mobile phase pH is selected in the range from 7 to 9
ue to the fact that weak basic circumstances facilitate protein
olding.

.5. Additives

Additions of small molecular additives help proteins to refold
nto their native state; this method is also used in PFLC. Intro-
uction of a detergent to a buffer for protein folding can reduce
ggregates during refolding of exopolyphosphatase using IMAC
77]. Li et al. [40] found that inclusion of 50% glycerol in the
efolding buffer could markedly improve the refolded yield of
ysozyme. A suitable concentration of glycerol could also ben-
fit the refolding of rhG-CSF using IMAC or SEC [30,80]. This
s probably because the addition of glycerol favors the forma-
ion of correct refolded intermediates. The combination of PFLC
nd refolding additives can have an additive effect, and thus has-
en the protein folding; therefore more experiments should be
erformed in the future.

.6. Sample loading

Similar to protein folding by dilution method, the injected
otal mass of unfolded protein can also affect protein folding. It
as found that the refolded yields decreased by increasing the

nitial protein concentration during the refolding of carbonate
nhydrase and urokinase plasminogen activator by using SEC
23,26]. Guan et al. [74] obtained a similar result during the
efolding of rhIFN-� by using AFC. Li et al. [54] found that
he bioactivity recovery decreased by increasing the injection

ass during the refolding of lysozyme using IEC, the bioactivity
ecovery decreased from 100 to 62% as injected mass increased
rom 2 to 30 mg. Liu et al. [57] found that the bioactivity recovery
ncreased gradually by increasing the initial protein concentra-
ion when the initial protein concentration was relatively low,
ut decreased by further increasing the initial protein concen-
ration, this is consistent with the results obtained by Stempfer
t al. [52]. Langenhof et al. [61] found that both refolded yield
nd mass recovery decreased by increasing the injection mass
uring the refolding of BSA using IEC. This is because the
igher injected mass of protein would affect the adsorption
f the denatured protein molecules by the stationary phase,
hus resulting in increasing aggregation of the partially refolded
rotein molecules. Partial refolded intermediates also form at
igher local protein concentration during elution process. But
rotein concentrations after elution and production efficiency
ould improve as injected protein mass increased; however,

rotein purity would decrease to a certain extent. Therefore,
everal factors, such as refolded yield, production efficiency and
rotein purity must be considered together when investigating
njection mass.

t
t
p
t

ogr. B 849 (2007) 69–80

. Summary and future

PFLC is a newly developed method which enables many
iochemical and physicochemical processes, and performs pro-
ein folding which was originally in normal buffer by liquid
hromatography. It has many advantages compared with other
ethods for protein folding, but it is not as simple to operate as
C. Actually, many technical difficulties and theoretical prob-

ems must be overcome. Although the presence of the stationary
hase in an LC system brings many advantages for protein fold-
ng, because the mechanism of protein folding carried out in the
sual buffer has not been fully understood yet, much more com-
licated theoretical problems stemming from PFLC are required
o be solved. Thus, PFLC is only at the starting point of its devel-
pment cycle. However, because it has so many advantages, such
s easy operation, high automatization, easy scale up, refolding
f proteins at higher concentrations and also purifies target pro-
eins simultaneously during protein folding, scientists may be
ncouraged to pay more attention to develop new theories and
xplore new technologies to facilitate this method. Thus, it can
e expected that PFLC will have a very bright future. However,
lot of difficult problems are encountered during the folding

f a denatured/reduced protein. It involves both thermodynamic
roblem (correct forming of many disulfide bonds existed in a
rotein molecule) and kinetic problem (rapid forming of disul-
de bonds). An approach is to synthesize new chromatographic
acking materials with good properties (having good capabil-
ty of refolding and separating proteins) and low costs, such as
o prepare stationary phases binding to a pair oxidized/reduced
gents, such as glutathione in oxidation form (GSSG) and its
educed form (GSH) to make the forming of disulfide bonds
uring chromatographic process. Because ligands of many kinds
f LC including HIC, IEC, AFC, have hydrophobic region, the
resence of hydrophobic region of an amino acid sequence can
elp to form a correct microdomain, resulting in each thiol, or at
east most of thiols approaching a right place for subsequential
hiol pairing. If a suitable catalyst can be found to accelerate
he oxidation of each thiol, whole refolding of the protein can
e accomplished during the process of elution. If several thi-
ls existed in a denatured/reduced protein, some of these thiols
ould be rapidly oxidized to form correct disulfide bonds on
column, because a corrected domain has thermodynamically

table structure, the remaining thiols cannot freely move and can
e permitted to stand enough time to continuously perform oxi-
ation, or refolding for several hours, even overnight after being
luted out of column. An appropriate regenerization method for
hese types of stationary phase to make the GSSG column regen-
ration should be established. It is also important to find out
ast and low-cost disulfide pairing methods for industrial pro-
uction, to avoid use of expensive agents, such as glutathione,
olecular chaperones, and enzymes for protein folding. To find

ut more effective ways to dissolve the deposit formed by aggre-
ates/precipitates on the packing bed, resulting in recovering the

arget protein and regenerating chromatographic column. Fur-
her broadening the applications of PFLC to various standard
roteins and recombinant proteins in inclusion bodies, especially
hose that have large molecular weight or more than four disul-
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de bonds, and to investigate factors effecting PFLC to provide
ore data for the optimization of protein folding, to thoroughly

evelop PFLC for the industrial scale, to investigate and to sum-
arize rules for scaling-up PFLC; to design a new and cheap

quipment and to facilitate PFLC, and to combine PFLC and
ther refolding methods such as artificial molecule chaperones
o develop new PFLC methods. We do believe that PFLC has a
right future.
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