
Folding aggregated proteins into functionally active forms
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The successful expression and purification of proteins in an

active form is essential for structural and biochemical studies.

With rapid advances in genome sequencing and high-

throughput structural biology, an increasing number of proteins

are being identified as potential drug targets but are difficult to

obtain in a form suitable for structural or biochemical studies.

Although prokaryotic recombinant expression systems are

often used, proteins obtained in this way are typically found

to be insoluble. Several experimental approaches have

therefore been developed to refold these aggregated proteins

into a biologically active form, often suitable for structural

studies. The major refolding strategies adopt one of two

approaches — chromatographic methods or refolding in free

solution — and both routes have been successfully used to

refold a range of proteins. Future advances are likely to involve

the development of automated approaches for protein

refolding and purification.

Addresses

Integrated Toxicology Division, US Army Medical Research Institute

of Infectious Diseases, Fort Detrick, MD 21702, USA

Corresponding author: Swietnicki, Wieslaw

(wes.swietnicki@amedd.army.mil)
Current Opinion in Biotechnology 2006, 17:367–372

This review comes from a themed issue on

Protein technologies

Edited by Deb K Chatterjee and Joshua LaBaer

Available online 5th June 2006

0958-1669/$ – see front matter

Published by Elsevier Ltd.

DOI 10.1016/j.copbio.2006.05.011

The current rapid expansion in genome sequencing,

protein structure/function prediction, and systems biol-

ogy offers the possibility that the search for therapeutics

or prophylactics against a given target might be per-

formed on a computer instead of in a laboratory. Never-

theless, the final step in the search, a confirmation, will

still involve classic laboratory work.

To facilitate the rapid screening of potential protein

targets, recombinant expression systems have been

developed specifically for the fast, high-yield production

of soluble proteins. In general, these expression systems

can be divided into three groups on the basis of the host

used: bacterial, insect or yeast, and mammalian. Plant

systems are not widely used commercially and will not be

discussed in the current review.
www.sciencedirect.com
Mammalian systems offer, in general, human-like post-

translational modifications and most proteins produced

in this way are correctly folded; unfortunately, how-

ever, these systems have the lowest yield. Another

problem associated with the mammalian systems is the

heterogeneity of the recombinant proteins, owing to

post-translational modifications, and the high cost of

production [1].

Yeast or insect cells typically provide faster and cheaper

systems for protein production, and can offer a higher

yield than mammalian systems. However, the protein

folding control machinery is less well advanced than in

mammalian systems and post-translational modifications,

mostly glycosylation, are not as complex [2,3]. This

problem is currently being addressed through the use

of genetically engineered host cells to give a human-like

glycosylation pattern [4].

Bacterial expression systems are the cheapest and fastest,

but have two major problems. The protein folding

machinery is the least complex and the post-translational

modifications of expressed proteins (e.g. glycosylation)

are not present. As a result, these systems are generally

unsuitable for the expression of glycoproteins and the

recombinant proteins produced are frequently insoluble,

forming aggregates termed inclusion bodies. Neverthe-

less, bacterial expression systems are still the most com-

monly used and, for this reason, the current review will

focus on approaches to correct the misfolding of proteins

obtained from these hosts.

The current methodologies for refolding aggregated

proteins can be divided into two major procedures:

chromatographic and non-chromatographic. The first is

more expensive, but typically yields a better quality

protein, whereas the second is the method of choice

for rapid refolding screens.

Chromatographic procedures
Li et al. [5] provide a recent overview of chromatographic

procedures together with a discussion of the basic con-

cepts. In general, there are three major chromatographic

procedures for refolding proteins from inclusion bodies:

solvent exchange by size-exclusion chromatography

(SEC); on-column refolding (the reversible immobiliza-

tion of denatured proteins to a solid support and slow

removal of the denaturant by solvent exchange); and

chaperone-assisted refolding (in which a chaperone is

immobilized to a solid support and the partially denatured

protein passed over the support to facilitate folding, or

vice versa).
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Solvent exchange by size-exclusion
chromatography
The concept of solvent exchange by SEC is based on the

fact that partially denatured protein usually has a high

tendency to aggregate when free in solution, owing to the

exposure of buried hydrophobic residues. The gel matrix

used for SEC restricts the aggregation by physically iso-

lating the molecules, similar to a ‘cage’ effect, and fre-

quently allows for the successful recovery of biologically

active protein. In a typical procedure, isolated inclusion

bodies are solubilized in denaturant (e.g. guanidine hydro-

chloride or urea) and loaded onto a column equilibrated

either with the denaturant or with the final refolding

buffer. Denaturant-free buffer is then used to elute the

protein. Using this approach, Neely et al. [6] successfully

refolded the b1b subunit of a calcium channel in an active

form. In this case, inclusion bodies were first isolated by

cell disruption and extensively washed with B-PER mild

detergent (Pierce, Rockford, IL) and the purified inclusion

bodies resuspended in buffer comprising 6 M guanidine

hydrochloride, 0.1 M NaH2PO4, 10 mM Tris base, 10 mM

dithiothreitol (DTT) (pH 8.0). The sample was then

heated to 95 8C to reduce the disulfide bonds, cooled

down, and loaded onto a Superdex 200 26/60 preparatory

column. The refolded protein was monomeric and tested

positively for biological activity in a Xenopus oocyte assay

by affecting channel conductivity. The refolded protein

was also able to bind to a recombinant fragment of the a1

subunit of the calcium channel. In this example, SEC

refolding was the method of choice as attempts to refold

the denatured protein by rapid dilution or dialysis were

unsuccessful. In another example, Ouellette et al. [7] used

purified inclusion bodies of human interleukin (IL)-7,

which were first denatured and reduced and then loaded

onto a Superdex 200 column. The protein concentration

was maintained at 0.1 mg/ml and 0.5 M arginine was added

to prevent aggregation. After the initial refolding, the

protein was further purified by hydrophobic interaction

chromatography, ion exchange, and finally SEC. The

activity was tested in a cell proliferation assay and was

found to be indistinguishable from that of the commer-

cially available protein. In a similar way, SEC refolding was

successfully used to obtain biologically active forms of the

a5 subunit of the 20S proteasome from human [8], Pseu-
domonas fluorescens lipase [9], ESAT-6 (6 kDa early secre-

tory antigenic target) secretory protein from Mycobacterium
tuberculosis [10], urokinase plasminogen activator fragment

[11], and platelet-derived growth factor [12], among

others. In a variation of the scheme, the seven-disulfide

bothropstoxin-1 phospholipase was first denatured,

reduced and derivatized with 2-nitro-5-thiobenzoic acid

to protect the cysteine residues [13]. The protein was then

refolded by SEC and the disulfide bonds restored by

incubation in a reduced/oxidized glutathione solution.

The final activity of the phospholipase was verified using

an assay in which the enzyme released a fluorescent dye

from artificial liposomes.
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On-column refolding
The concept of on-column refolding is similar to that

described for SEC refolding, but the protein is reversibly

immobilized to a solid support to prevent aggregation

during denaturant removal. Depending on the nature of

the linkage, the strategy allows for the exploitation of

more diverse conditions (e.g. refolding into a non-phy-

siological buffer) and can be used to obtain proteins that

are normally degraded or unstable in host cells. The

purity of proteins obtained in this way is higher (80–

90%) than in typical affinity-capture chromatography, and

the proteins are typically free of proteases. The most

common strategy uses a six to ten histidine residue

affinity tag at the end of the protein for reversible binding

to a resin pre-charged with metal, typically nickel. The

protein–nickel bond is very stable in the pH range 6.4–8.5

and is usually resistant to denaturants (6 M guanidine

hydrochloride, 8 M urea), non-ionic detergents (1–2%),

high salt (<1 M NaCl) and low (5–10 mM) concentrations

of reducing agents such as DTT, reduced glutathione or

phosphine derivatives like Tris(2-carboxyethyl)pho-

sphine (TCEP). Proteins are typically bound to the resin

in the denatured state and then slowly refolded by

gradually removing the denaturant. To prevent aggrega-

tion for aggregation-prone proteins, the resin binding is

done in batch mode, typically at concentrations of 1 mg of

protein per ml of resin. The refolded protein is eluted

with high (100–500 mM) concentrations of imidazole.

Oligomeric proteins are typically released using a combi-

nation of imidazole and/or pH (pH 5.8 or lower). Because

the linkage is very stable, variations of the scheme can be

used to form disulfide bridges (typically by using the

glutathione/reduced glutathione mix only in the denatur-

ant), to refold proteins into membranes (by including

detergent in the refolding mix) or simply to elute a

reduced protein (using TCEP or DTT). The disadvan-

tages of the method are the requirement for 300–500 mM

salt in the buffer to screen for non-specific binding to the

resin and the limited pH range for protein refolding; the

former may be a problem when refolding oligomeric

proteins sensitive to salt concentrations, and the latter

could be problematic when dealing with proteins that are

stable under acidic conditions.

In a variation of the on-column refolding procedure, an

ion-exchange resin has been used to capture the protein

denatured in urea under low salt conditions. The protein

is then refolded by the gradual removal of urea and eluted

with salt. The method is usually limited to room tem-

perature, as concentrated urea crystallizes easily at 4 8C.

In a typical example of the refolding procedure, on-

column refolding has been successfully used to refold

human prion proteins of suitable quality for structural

studies [14,15]. In this case, total protein from bacterial

cells was denatured in 6M guanidine hydrochloride in the

presence of 10 mM reduced glutathione (GSH), 100 mM
www.sciencedirect.com
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potassium phosphate (pH 8.0). The protein was then

bound to a Ni-agarose resin in batch mode at 4 8C, and

the denaturant and GSH removed over a 2 h period. To

prevent oxidation, the denaturant with GSH was freshly

made and kept on ice during the refolding procedure. In a

typical refolding procedure, 20–40 mg of purified

refolded protein was obtained per liter of bacterial cell

culture in a single refolding step. Including a second

refolding step increased the yield by about 50%. Because

there was no known interaction partner for the prion

protein at that time, the refolded protein was tested for

using a monoclonal antibody specific for prion protein.

Also, the refolded protein had a tendency to aggregate in a

form resistant to proteinase K digestion, as do pathogenic

forms of tissue-isolated prion protein. Similar on-column

refolding procedures have been used to obtain a whole

host of proteins, including enzymes, receptors, antibody

fragments and other proteins of immunological signifi-

cance, among others [16,17�,18��,19–23,24�,25–30]. In an

interesting variation of the scheme, denatured inclusion

bodies can be bound to an affinity Ni-agarose resin and

refolding accomplished by several washes with final buf-

fer containing detergent [31��]. The detergent is then

removed by washes with cyclodextrin. Because the pro-

cedure can be carried out on gravity-flow columns, it can

be easily automated to screen proteins for crystallization.

Chaperone-assisted refolding
The strategy of chaperone-assisted refolding aims to

mimic the function of the natural GroEL–GroES chaper-

onin. In vivo, GroEL forms part of a tunnel through which

newly synthesized proteins pass to help them form a

native structure [32]. GroEL apparently first captures

the non-native protein substrate by binding to exposed

hydrophobic surfaces, which prevents both aggregation

and proper folding of the protein substrate. In a second

step, GroEL interacts with ATP and the protein substrate

is released in the folded form. GroES also plays a role in

the release of the protein substrate. Based on this scheme,

there are two methods of chaperone-assisted refolding:

one involving the passage of partially denatured substrate

through a column that contains immobilized protein

chaperone, and the second involving the passage of

removable chemicals, ‘artificial chaperones’, to prevent

the aggregation of immobilized protein substrate after

elution.

True chaperone-assisted refolding

Most true chaperone-assisted refolding is performed in

solution (discussed below); however, a variation of this

approach has been developed using chromatography. A

denatured protein, human interferon-g, was passed

through a short Sephadex G 200 gel-filtration column

to partially remove denaturant and then passed through a

second column containing an immobilized GroEL cha-

perone fragment (amino acids 191–345) [33]. The

approach allowed for reuse of the same column and the
www.sciencedirect.com
use of the gel matrix generally prevented aggregation of

the denatured protein, similar to the SEC approach dis-

cussed earlier. Including the chaperone column increased

the refolding yield sixfold, as compared with SEC-only

refolding. In another interesting approach, a so-called

‘mini-chaperone’ GroEL fragment (amino acids 191–

345), disulfide isomerase DsbA, and peptidyl prolyl iso-

merase were all immobilized on an agarose gel and

applied to a solution of a denatured and reduced Cn5

toxin. Amazingly, all four disulfide bonds in Cn5 were

reformed with a total protein yield of 87% and 100%

recovery of activity [34].

Artificial chaperone-assisted refolding

This method capitalizes on the ability of chemicals such

as cyclodextrin to prevent the aggregation of renatured

protein when denaturants and/or detergents are removed.

In a typical scheme, the denatured protein is immobilized

reversibly on a solid support [35] and the denaturant

removed by solvent exchange with cyclodextrin. The

cyclodextrin is then removed by another solvent

exchange and the properly folded protein released from

the column. In a variation of this strategy, Li et al. [36]

used an immobilized cyclodextrin column to adsorb

denatured Staphylococcus aureus elongation factor G in

the presence of detergent. The detergent was removed

by a simple wash and the protein removed from the

column by elution with a soluble cyclodextrin. Other

approaches have used immobilized cyclodextrin without

detergents to refold lysozyme, carbonic anhydrase [37] or

a-glucosidase [38].

Non-chromatographic procedures
Non-chromatographic procedures for protein refolding

are based mainly on the rapid dilution of denatured

protein in a denaturant-free solution to prevent protein

aggregation. The non-aggregated species are captured by

ion-exchange chromatography and are cleaned up by

other chromatographic procedures. Examples include

true chaperone-assisted refolding [39–43] and artificial

chaperone-assisted refolding [44–48]. Both procedures

are generally of low yield, prone to protein aggregation,

and not very efficient in terms of chaperone reuse.

In an interesting application of refolding by dilution, an

increasing number of biologically active multiprotein

complexes of mammalian immune proteins, normally

considered unsuitable for expression in bacterial systems

owing to the lack of complicated mammalian assembly

machinery have been produced with suitable quality for

structural studies. The rapid dilution strategies work

surprisingly well for refolding protein complexes of major

histocompatibility complexes class II or class I molecules,

alone or in the presence of captured peptide [49–51].

Protease mutants [52] have also been successfully

refolded using this approach. The disulfide bonds are

typically formed using a mixture of reduced/oxidized
Current Opinion in Biotechnology 2006, 17:367–372
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glutathione, and glycerol, L-arginine or even low concen-

trations of urea (2–4 M) are added to prevent protein

aggregation during refolding.

The refolding of active proteins can also be accomplished

using high pressure. This method was successfully

applied to obtain functional nuclear receptor proteins,

such as farnesoid X receptor, estrogen receptor b, and

liver receptor homolog 1 LRH1 [53�]. Purified inclusion

bodies were sealed in a bag and placed in a pressure cell

that was slowly pressurized to 2.5 kbar. After a 16 h

incubation at room temperature, the cell was slowly

depressurized and soluble proteins were purified by

SEC. All three receptors were biologically active, as

shown by binding to their putative ligands.

The refolding of proteins in free solution is most com-

monly used owing to its simplicity, low cost and surprising

effectiveness. The method is becoming more popular as

random refolding screening kits are offered commercially

for different protein targets, including transmembrane

proteins (EMD Biosciences, Inc., San Diego, CA). These

kits can be routinely used to screen for proper refolding

conditions before using a fully automated (e.g. AKTAEx-

press; GE Healthcare, Piscataway, NJ) protein purifica-

tion system. The AKTAExpress system is optimized for

purifying soluble proteins in up to four steps: affinity

chromatography (His-tag or GST-tag), desalting, ion

exchange, and gel filtration. The refolding of proteins

is generally not recommended with the supplied low-

pressure (0.3 MPa pressure limit) columns, owing to

protein aggregation during purification. Instead, higher

pressure resins and batch packing of the columns are

preferred.

Conclusions
This review describes principal recombinant protein

expression systems and summarizes their main features.

The most commonly used system, prokaryotic expres-

sion, typically delivers the highest protein yield per

volume of culture, but can result in frequent aggregation

of the expressed proteins. The current state-of-the-art

methods for converting aggregated proteins into soluble

and biologically active species can be divided into two

groups: those using chromatography and those using

refolding in solution as the main method of conversion.

The first group usually gives better quality proteins and

higher yield, but requires expensive hardware. The sec-

ond group does not require a high setup cost and is most

commonly used, but the quality of the proteins obtained

and the overall protein yield are typically lower. Chro-

matography methods use three major strategies to remove

denaturant and to refold proteins: SEC with free protein

in solution, a linear gradient while the protein is reversibly

immobilized to the solid support, and chaperone-assisted

refolding. These are typically the methods of choice

when dealing with multiple-disulfide, difficult-to-refold
Current Opinion in Biotechnology 2006, 17:367–372
proteins. The free-solution methods typically use refold-

ing by dilution into a denaturant-free solution, with or

without natural (GroEL or its fragments) or artificial

(cyclodextrin or its derivatives) chaperones. More

recently, high pressure methods have also been used to

solubilize inclusion bodies. These solution-based meth-

ods are optimal for assembling protein complexes and can

be easily automated for the random screening of refolding

conditions both for soluble and transmembrane proteins.

This screening feature can be easily included in the

choice of final solvent when refolding or purifying pro-

teins by automated chromatographic purification systems.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Wurm FM: Production of recombinant protein therapeutics
in cultivated mammalian cells. Nat Biotechnol 2004,
22:1393-1398.

2. Kost TA, Condreay JP, Jarvis DL: Baculovirus as versatile
vectors for protein expression in insect and mammalian cells.
Nat Biotechnol 2005, 23:567-575.

3. Gerngross TU: Advances in the production of human
therapeutic proteins in yeasts and filamentous fungi.
Nat Biotechnol 2004, 22:1409-1414.

4. Wildt S, Gerngross TU: The humanization of N-glycosylation
pathways in yeast. Nat Rev Microbiol 2005, 3:119-128.

5. Li M, Su ZG, Janson JC: In vitro protein refolding by
chromatographic procedures. Protein Expr Purif 2004,
33:1-10.

6. Neely A, Garcia-Olivares J, Voswinkel S, Horstkott H,
Hidalgo P: Folding of active calcium channel b1b-subunit
by size-exclusion chromatography and its role on channel
function. J Biol Chem 2004, 279:21689-21694.

7. Ouellette T, Destrau S, Ouellette T, Zhu J, Roach JM, Coffman JD,
Hecht T, Lynch JE, Giardina SL: Production and purification of
refolded recombinant human IL-7 from inclusion bodies.
Protein Expr Purif 2003, 30:156-166.

8. Han YG, Liu HL, Zheng HJ, Li SG, Bi RC: Purification and
refolding of human a5-subunit (PSMA5) of the 20S
proteasome, expressed as inclusion bodies in Escherichia
coli. Protein Expr Purif 2004, 35:360-365.

9. Kim KR, Kwon DY, Yoon SH, Kim WY, Kim KH: Purification,
refolding, and characterization of recombinant
Pseudomonas fluorescens lipase. Protein Expr Purif 2005,
39:124-129.

10. Wang BL, Xu Y, Wu CQ, Xu YM, Wang HH: Cloning, expression,
and refolding of a secretory protein ESAT-6 of Mycobacterium
tuberculosis. Protein Expr Purif 2005, 39:184-188.

11. Fahey EM, Chaudhuri JB, Binding P: Refolding and purification
of a urokinase plasminogen activator fragment by
chromatography. J Chromatogr B Biomed Sci Appl 2000,
737:225-235.

12. Muller C, Rinas U: Renaturation of heterodimeric platelet-
derived growth factor from inclusion bodies of recombinant
Escherichia coli using size-exclusion chromatography.
J Chromatogr A 1999, 855:203-213.

13. Ward RJ, de Oliveira AH, Bortoleto RK, Rosa JC, Faca VM,
Greene LJ: Refolding and purification of bothropstoxin-I,
a Lys49-phospholipase A2 homologue, expressed as
inclusion bodies in Escherichia coli. Protein Expr Purif 2001,
21:134-140.
www.sciencedirect.com



Folding aggregated proteins Swietnicki 371
14. Swietnicki W, Morillas M, Chen SG, Gambetti P, Surewicz WK:
Aggregation and fibrillization of the recombinant human prion
protein huPrP90-231. Biochemistry 2000, 39:424-431.

15. Zhang Y, Swietnicki W, Zagorski MG, Surewicz WK,
Sonnichsen FD: Solution structure of the E200K variant of
human prion protein. Implications for the mechanism of
pathogenesis in familial prion diseases. J Biol Chem 2000,
275:33650-33654.

16. Swietnicki W, Barnie AM, Dyas BK, Ulrich RG: Zinc binding and
dimerization of Streptococcus pyogenes pyrogenic exotoxin C
are not essential for T-cell stimulation. J Biol Chem 2003,
278:9885-9895.

17.
�

Tan H, Dan G, Gong H, Cao L: On-column refolding and
purification of recombinant human interleukin-1 receptor
antagonist (rHuIL-1ra) expressed as inclusion body in
Escherichia coli. Biotechnol Lett 2005, 27:1177-1182.

A nice example of an alternative refolding strategy using a strong anion
exchanger. The bacterially expressed mammalian protein was refolded
from purified inclusion bodies, and the column served as a physical
support during refolding and as a high performance anion exchanger
in the next step. The protein was refolded at room temperature from urea
in the presence of DTT and EDTA, the latter agent excluding the use of
metal affinity tags.

18.
��

Baneres JL, Parello J: Structure-based analysis of GPCR
function: evidence for a novel pentameric assembly between
the dimeric leukotriene B4 receptor BLT1 and the G-protein.
J Mol Biol 2003, 329:815-829.

An outstanding example of refolding of transmembrane proteins directly
into the detergent using metal affinity tags. The subsequent character-
ization of the protein is very thorough and demonstrates the validity of that
approach when refolding transmembrane proteins.

19. Baneres JL, Martin A, Hullot P, Girard JP, Rossi JC, Parello J:
Structure-based analysis of GPCR function: conformational
adaptation of both agonist and receptor upon leukotriene B4
binding to recombinant BLT1. J Mol Biol 2003, 329:801-814.

20. Matsumoto M, Misawa S, Tsumoto K, Kumagai I, Hayashi H,
Kobayashi Y: On-column refolding and characterization of
soluble human interleukin-15 receptor a-chain produced in
Escherichia coli. Protein Expr Purif 2003, 31:64-71.

21. Guo JQ, You SY, Li L, Zhang YZ, Huang JN, Zhang CY:
Construction and high-level expression of a single-chain Fv
antibody fragment specific for acidic isoferritin in Escherichia
coli. J Biotechnol 2003, 102:177-189.

22. Schauer S, Luer C, Moser J: Large scale production of
biologically active Escherichia coli glutamyl-tRNA reductase
from inclusion bodies. Protein Expr Purif 2003, 31:271-275.

23. Jobby MK, Sharma Y: Purification of a crystallin domain of
yersinia crystallin from inclusion bodies and its comparison to
native protein from the soluble fraction. Biomed Chromatogr
2006.

24.
�

Jin T, Guan YX, Yao SJ, Lin DQ, Cho MG: On-column refolding of
recombinant human interferon-g inclusion bodies by
expanded bed adsorption chromatography. Biotechnol Bioeng
2006, 93:755-760.

Reports an alternative refolding strategy using commercial-quality cation
exchange resins. Human interferon-g was refolded in high yield using the
same column as support and purification column.

25. Guo JQ, Li QM, Zhou JY, Zhang GP, Yang YY, Xing GX, Zhao D,
You SY, Zhang CY: Efficient recovery of the functional IP10-
scFv fusion protein from inclusion bodies with an on-column
refolding system. Protein Expr Purif 2006, 45:168-174.

26. Zhu XQ, Li SX, He HJ, Yuan QS: On-column refolding of an
insoluble His6-tagged recombinant EC-SOD overexpressed
in Escherichia coli. Acta Biochim Biophys Sin (Shanghai) 2005,
37:265-269.

27. Cao P, Mei JJ, Diao ZY, Zhang S: Expression, refolding, and
characterization of human soluble BAFF synthesized in
Escherichia coli. Protein Expr Purif 2005, 41:199-206.

28. Zhao JC, Zhao ZD, Wang W, Gao XM: Prokaryotic expression,
refolding, and purification of fragment 450-650 of the spike
protein of SARS-coronavirus. Protein Expr Purif 2005,
39:169-174.
www.sciencedirect.com
29. Razeghifard MR: On-column refolding of recombinant human
interleukin-4 from inclusion bodies. Protein Expr Purif 2004,
37:180-186.

30. Vincent P, Dieryck W, Maneta-Peyret L, Moreau P, Cassagne C,
Santarelli X: Chromatographic purification of an insoluble
histidine tag recombinant Ykt6p SNARE from Arabidopsis
thaliana over-expressed in E. coli. J Chromatogr B Analyt
Technol Biomed Life Sci 2004, 808:83-89.

31.
��

Oganesyan N, Kim SH, Kim R: On-column protein refolding
for crystallization. J Struct Funct Genomics 2005, 6:177-182.

Gravity Ni-agarose columns and chemical chaperone (b-cyclodextrin)-
assisted refolding in the first step, and subsequent ion-exchange and/or
size-exclusion chromatography on gravity-run columns in the second
step, were used to obtain proteins suitable for crystallography. The
approach is fast, cheap and allows for high-throughput screening of
proteins.

32. Ellis RJ: Protein folding: importance of the anfinsen cage.
Curr Biol 2003, 13:R881-R883.

33. Gao YG, Guan YX, Yao SJ, Cho MG: On-column refolding of
recombinant human interferon-g with an immobilized
chaperone fragment. Biotechnol Prog 2003, 19:915-920.

34. Altamirano MM, Garcia C, Possani LD, Fersht AR: Oxidative
refolding chromatography: folding of the scorpion toxin Cn5.
Nat Biotechnol 1999, 17:187-191.

35. Liu M, Wang X, Yin C, Zhang Z, Lin Q, Zhen Y, Huang H: One-step
on-column purification and refolding of a single-chain variable
fragment (scFv) antibody against tumour necrosis factor a.
Biotechnol Appl Biochem 2006, 43:137-145.

36. Li JJ, Venkataramana M, Sanyal S, Janson JC, Su ZG:
Immobilized b-cyclodextrin polymer coupled to agarose gel
properly refolding recombinant Staphylococcus aureus
elongation factor-G in combination with detergent micelle.
Protein Expr Purif 2006, 45:72-79.

37. Yamaguchi S, Hong C, Mannen T, Tsukiji S, Nagamune T:
Solid-phase artificial chaperone-assisted refolding using
insoluble b-cyclodextrin-acrylamide copolymer beads.
Biotechnol Lett 2004, 26:1787-1791.

38. Mannen T, Yamaguchi S, Honda J, Sugimoto S, Nagamune T:
Expanded-bed protein refolding using a solid-phase
artificial chaperone. J Biosci Bioeng 2001, 91:403-408.

39. Bera AK, Bernhardt R: GroEL-assisted and -unassisted
refolding of mature and precursor adrenodoxin: the role
of the precursor sequence. Arch Biochem Biophys 1999,
367:89-94.

40. Kwon OS, Churchich JE: Refolding of pyridoxine-50-P oxidase
assisted by GroEL. Biochimie 1999, 81:1057-1064.

41. Sakono M, Kawashima YM, Ichinose H, Maruyama T, Kamiya N,
Goto M: Direct refolding of inclusion bodies using reversed
micelles. Biotechnol Prog 2004, 20:1783-1787.

42. Iametti S, Bera AK, Vecchio G, Grinberg A, Bernhardt R, Bonomi F:
GroEL-assisted refolding of adrenodoxin during chemical
cluster insertion. Eur J Biochem 2001, 268:2421-2429.

43. Kohler RJ, Preuss M, Miller AD: Design of a molecular
chaperone-assisted protein folding bioreactor. Biotechnol
Prog 2000, 16:671-675.

44. Rozema D, Gellman SH: Artificial chaperone-assisted refolding
of denatured-reduced lysozyme: modulation of the
competition between renaturation and aggregation.
Biochemistry 1996, 35:15760-15771.

45. Rozema D, Gellman SH: Artificial chaperone-assisted
refolding of carbonic anhydrase B. J Biol Chem 1996,
271:3478-3487.

46. Nath D, Rao M: Artificial chaperone mediated refolding of
xylanase from an alkalophilic thermophilic bacillus sp.
Implications for in vitro protein renaturation via a folding
intermediate. Eur J Biochem 2001, 268:5471-5478.

47. Yazdanparast R, Khodagholi F, Khodarahmi R: Artificial
chaperone-assisted refolding of chemically denatured
a-amylase. Int J Biol Macromol 2005, 35:257-263.
Current Opinion in Biotechnology 2006, 17:367–372



372 Protein technologies
48. Daugherty DL, Rozema D, Hanson PE, Gellman SH: Artificial
chaperone-assisted refolding of citrate synthase. J Biol Chem
1998, 273:33961-33971.

49. Frayser M, Sato AK, Xu L, Stern LJ: Empty and peptide-loaded
class II major histocompatibility complex proteins produced
by expression in Escherichia coli and folding in vitro. Protein
Expr Purif 1999, 15:105-114.

50. Arimilli S, Cardoso C, Mukku P, Baichwal V, Nag B: Refolding and
reconstitution of functionally active complexes of human
leukocyte antigen DR2 and myelin basic protein peptide from
recombinant a and b polypeptide chains. J Biol Chem 1995,
270:971-977.

51. Clements CS, Kjer-Nielsen L, MacDonald WA, Brooks AG,
Purcell AW, McCluskey J, Rossjohn J: The production,
Current Opinion in Biotechnology 2006, 17:367–372
purification and crystallization of a soluble heterodimeric form
of a highly selected T-cell receptor in its unliganded and
liganded state. Acta Crystallogr D Biol Crystallogr 2002,
58:2131-2134.

52. Gulnik SV, Afonina EI, Gustchina E, Yu B, Silva AM, Kim Y,
Erickson JW: Utility of (His)6 tag for purification and refolding
of proplasmepsin-2 and mutants with altered activation
properties. Protein Expr Purif 2002, 24:412-419.

53.
�

Schoner BE, Bramlett KS, Guo H, Burris TP: Reconstitution of
functional nuclear receptor proteins using high pressure
refolding. Mol Genet Metab 2005, 85:318-322.

An alternative method for refolding proteins with high pressure instead of
column chromatography. The method requires an initial customized hard-
ware setup, but the protein quality is satisfactory for biological assays.
www.sciencedirect.com


	Folding aggregated proteins into functionally active forms
	Chromatographic procedures
	Solvent exchange by size-exclusion chromatography
	On-column refolding
	Chaperone-assisted refolding
	True chaperone-assisted refolding
	Artificial chaperone-assisted refolding

	Non-chromatographic procedures
	Conclusions
	References and recommended reading


